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Abstract

While dried blood spots are a convenient source of genetic material, they are usu-
ally associated with a lower DNA yield than from a native sample. The study evalu-
ated the DNA yield from dried blood samples prepared on glass fibre and cellu-
lose membranes and investigated the reasons for the yield reduction. The extraction
of total DNA from membrane-dried blood samples was optimized by spin-column
extraction method. It was shown that preliminary short-term (20 min) solubilization
of a dried matrix in an aqueous medium, followed by standard extraction protocols
for the mixture of the eluate with membranes, provides the highest DNA yield. The
yield of DNA from a glass fibre membrane was 40-50% lower compared to a native
sample, but on average, two times higher than from a conventional cellulose mem-
brane (filter paper). The reduction of DNA yield when using a dried sample was
found to be due to partial retention of nucleic acids by the membrane material dur-
ing the lysis stage.

Keywords Dried blood samples - DNA - Extraction - Membranes - Cellulose - Glass
fibre

Introduction

Biological samples in the form of Dried Matrix Spots in general and Dried Blood
Spots (DBS) in particular have found application in diverse fields of human medi-
cine, veterinary science, and biology due to the ease of their preparation, small
volume of biomaterial required, convenience of transportation and storage, as
well as the lower cost of these processes compared to standard native samples
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(McClendon-Weary et al. 2020; Jacques et al. 2022; Samsonova et al. 2022). DBS as
a convenient source of genetic material is used to isolate DNA and RNA of patho-
gens, as well as for a variety of genetic studies (Hendrix et al. 2020; Bezerra et al.
2021; Mabhittikorn et al. 2021; Samsonova et al. 2022). The choice of nucleic acids
extraction method and its optimization is one of the fundamental issues (Love Stow-
ell et al. 2018; Panda et al. 2019b). With all the variety of nucleic acids isolation
methods, the researcher’s task is to choose a procedure and optimize the protocol
in accordance with the aim of investigation imposing certain requirements for the
quantity, purity, and storage stability of genetic material. Several works have been
published that focus on optimizing the extraction of DNA and RNA from DBS on
filter paper (cellulose membrane) (Molteni et al. 2013; Kumar et al. 2019; Panda
et al. 2019a; Gulas-Wroblewski et al. 2021; Lee and Tripathi 2023). Typically,
researchers compare different nucleic acid extraction methods empirically without
regard to yield estimates and look for the ways to improve extraction efficiency. It
has been reported that only about 15-25% of the total DNA from DBS on cellulose
cards can be recovered (Sjoholm et al. 2007; Choi et al. 2014).

The objective of this study was to optimize the extraction of total DNA from
membrane-dried whole blood. Various methodological aspects of increasing the
nucleic acids yield from dried blood, as well as different types of membrane mate-
rial (glass fibre and cellulose) for dried blood sampling were considered. A few
DNA extraction techniques for whole blood dried samples were examined as well.
The study evaluated DNA yield from dried samples and investigated the reasons for
the yield reduction.

Materials and Methods

All solutions were prepared with deionized water obtained on a Milli-Q unit (Merck
Millipore, Germany). The following buffers were used: 0.1 M Tris buffer (pH 7.4),
0.1 M Tris—EDTA buffer (TE), Tris—borate-EDTA buffer (pH 8.3) (TBE), and phys-
iological saline (0.9% NaCl).

The following commercial DNA extraction kits were used: D-blood (Biolabmix,
Russia)—silica spin-column based method, sample lysis is carried out in the pres-
ence of proteinase K, Method 1, elution volume 100 pL; Diatom™ DNA Prep 100
(Galart Diagnosticum, Russia)—glass particles method, Method 2, elution volume
50 pL; PROBA-GS-GENETIKA (DNA technology, Russia)—a sorbent method,
Method 3, elution volume 100 pL (all three solid-phase extraction methods), and
Extra-DNA-Bio (ALKOR bio, Russia)—alcohol precipitation method, Method 4,
sample volume 30 pL and elution volume 60 pL. DNA elution was performed by
deionized water. DNA concentration was assessed using a NanoPhotometer NP60
(Implen Gmbh, Germany); sample concentration was averaged of three replicates at
least.

DNA was isolated from the whole blood of domestic goats (Capra hircus) kept at
the Shakhovskaya biostation (VIGG RAS OBFS n0.945). Blood was collected from
the jugular vein into EDTA tubes. Whole blood was stored up to a week at+4 °C;
for longer storage, blood was aliquoted (50-100 pL) and stored at — 20 °C. To obtain
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dried samples, 50—100 pL blood was spotted onto a cellulose membrane (TE46, Hoefer
scientific Instruments, USA) or applied onto a narrow 0.5Xx6 cm strip of glass fibre
membrane (8964, Ahlstrom, Finland). The samples were dried for 1-2 h at room tem-
perature and stored at+4 °C in zip-lock plastic bags with a desiccant. Optimization of
total DNA extraction from strip-dried blood samples was performed with silica spin-
column-based method, Method 1. A few modifications were made to the kit procedure
regarding the pretreatment of dried samples (the direct lysis or the lysis of preliminary
eluted dried blood) and the composition of the lysate mixture at the spinning stage
(Fig. 1, procedures 1-4, Table 1, rows 1-4). In procedures 2—4, DBS was preliminary
eluted into deionized water within 20 min and interval stirring. After spinning stage,
further steps were performed according to the kit instruction, and DNA was eluted by
deionized water. For DNA extraction, the required number of 0.5 0.5 cm sections of a
glass fibre strip (one section absorbs 10 pL of liquid) or one blood spot (cellulose mem-
brane) cut into pieces was used. In each experiment, dried blood samples were run in
parallel with paired liquid blood samples; the liquid blood DNA yield was assumed to
be 100% as the maximum amount of DNA to be expected. The expected DNA yield of
a sample was calculated as follows:
The total liquid volume — The liquid volume retained by the membrane material

Th ted DNA yield = X 100%
¢ expecte yie The total liquid volume !

where “The total liquid volume” is the sum of all liquids volume that undergoes the
lysis stage. “The liquid volume retained by the membrane material” is calculated as
a number of 0.5X0.5 cm sections of a glass fibre strip multiplied by 10 pL (mem-
brane absorption capacity). If membrane pieces were not eliminated from a mixture
before column spinning stage (Table 1, rows 4 and 5), the retained volume was equal
to 0 and expected DNA yield was taken as 100%.
The actual DNA yield of a sample was calculated as follows:
the sample DNA yield

The actual DNA yield = X 100%
¢ actua yie the DNA yield from the paired liquid blood sample ‘

A glass fibre membrane MAPDS-0300 (Arista Biologicals, USA), a polymer mem-
brane MAO120 (Joey Biotech Ltd, China) and a cellulose membrane TNF (Munktel,
Germany) were examined in order to evaluate the absorption of DNA by different
membrane materials. For this, 100 uL of whole blood was mixed with ten 0.5x0.5 cm
sections of a membrane and then treated as described in Table 1, row 5.

Electrophoretic separation of the extracted DNA was carried out in a 1% agarose
gel with ethidium bromide (in TBE buffer) at a voltage of 10-12 V/cm for 50-60 min
using a horizontal electrophoresis chamber. For electrophoretic analysis, 5-10 pL of
DNA extract 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.
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Results and Discussion

Optimization of DNA extraction from strip-dried samples was carried out using a
kit based on selective DNA adsorption to the silica (spin-column method, Method
1). The method is regarded as providing pure genetic material in comparison
to other DNA extraction methods (Ali et al. 2017; Bukyya et al. 2021; Li et al.
2022). DNA extraction kits intended for DBS use usually prescribe the direct
lysis from filter paper DBS (dried filter paper pieces mixed with lysis buffer) fol-
lowed by further DNA extraction/purification stages. When isolating total DNA,
a strip-dried sample (glass fibre membrane) was placed directly into the lysis
buffer (Table 1, row 1) or pre-incubated in an elution solution and then lysed
with or without membranes (Table 1, rows 2-4). In this work, all modifications
of strip-dried blood pretreatment were done in order to demonstrate the difference
in DNA extraction yield on each step modification (Fig. 1, Table 1). Due to a
variety of experiments performed with modified parameters, the final results were
assessed by the value of the actual dried sample DNA yield related to the DNA
yield of paired liquid sample in the same experiment (the latter was considered as
100%). The total DNA amount extracted from goat blood samples on average was
16.1+5.2 ng DNA per one puL of whole blood (n=40). Under direct lysis, the
process of release of the dried matrix into the lysis solution was less effective than
for the two-stage procedure (sample elution—Ilysis) which provides homogeneous
mixture of lysis buffer and eluted sample (Online Resource S1). For direct lysis
(Fig. 1, procedure 1), the actual yield was quite high (49 +9%, n=10) relative
to a paired liquid sample. However, this procedure resulted in low purity DNA
extract with extremely high A,;, value when the membranes were also loaded to
a column after direct lysis. Hence, the lysate only should be spinned through a
column in this procedure to address this challenge. It can be assumed that this
is a result of an unlysed material left on a membrane. It was also observed that
for the pretreatment procedures associated with the separation of the eluate and
membrane pieces at a specific stage (Fig. 1, procedures 1-3), the variability of
the transferred volume has an impact on the final results (Table 1, rows 1-3). The
greater the number of single square (0.5x0.5 cm) pieces per unit of total solu-
tion (eluate or elution solution together with lysis buffer), the greater the loss of
original biomaterial when removing the membranes from the solution. Thus, it is
necessary to strive to ensure that the loss of material removed with membranes is
less, but the total volume of the solution is sufficient to conveniently carry out all
manipulations during DNA isolation process. To sum up among all procedures,
the maximum amount of DNA was extracted when both the eluate and membrane
pieces were loaded onto silica-based columns after preliminary 20 min elution of
dried sample followed by lysis that provided the actual DNA yield of 59 +16%
(n=20) (Fig. 1, procedure 4, Table 1, row 4). Furthermore, this procedure pro-
vided the most reproducible results. The incubation time of a strip-dried sample
with an elution solution ranged from 15 to 60 min did not affect much the final
yield of total DNA (the variation of the actual DNA yield did not exceed +20%),
so, relatively short incubation (15-20 min) with intervals’ stirring was sufficient
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to elute the sample matrix into aqueous media. When using deionized water,
physiological saline, or Tris/TE buffer as an elution solution, almost identical
amounts of DNA were isolated with a slightly higher (15%) yield for water. The
ratio between the dried blood and the volume of elution solution was also var-
ied to investigate DNA extraction performance (number of 0.5x0.5 cm pieces
of membrane were varied from 3 to 20; volume of elution solution—from 200 to
500 pL). According to the experimental data obtained, the elution solution:dried
sample ratio should be at least 2:1-3:1 (Table 2).

A dried sample DNA yield is supposed to be lower than from an equivalent vol-
ume of native sample due to the fact that the membrane material retains part of the
eluate in accordance with its absorption capacity (Fig. 1). As membrane is elimi-
nated from a solution, a portion of the absorbed sample volume is lost, resulting in
a lower DNA yield. Potentially, the maximum DNA yield can be achieved by lysing
the mixture of the eluate together with the membranes and then passing both the
lysate and the membranes through DNA-absorbing column. It is worth noting that
the larger the total volume of the mixture, the less biomaterial is eliminated with
membranes. But one should take into account the dilution factor of lysis buffer and
volume capacity of a spin-column to optimize the extraction procedure. According
to the experimental results with different extraction procedures, the actual yield of
total DNA from a dried blood sample was always lower than for paired liquid sam-
ple, on average by 41-62% (Fig. 2, Table 1, rows 1-4). The reduced dried blood
DNA vyield is apparently associated with partial DNA absorption on the membrane
material at the lysis stage. Silica spin-column DNA purification method is based on
a principle of DNA binding to silica matrix in the presence of chaotropic agents of
lysis solution. It can be considered that the same could be occurred at some extent
towards glass fibre membranes at the lysis buffer because the membranes are fabri-
cated of borosilicate glass. Indeed, it was experimentally shown that the presence
of sample-free glass fibre membranes at the lysis stage reduces the amount of DNA
yield to an average of 57% (Table 1, rows 5 and 6), while the removal of sample-
free membranes from whole blood before lysis has virtually no effect on the actual
DNA yield (Table 1, row 7). Thus, the DNA absorption by the glass fibre material
occurs precisely at lysis stage. It was reported that DNA is absorbed by different
solid materials (Ali et al. 2017; Ye and Lei 2023). In the presence of sample-free
membranes of different chemical composition, the actual DNA yield of liquid blood
was 31% (n=2) for cellulose membranes, 66% (n=06) for three types of glass fibre
membranes, and 74% (n=2) for polymer membranes indicating partial absorption
of the released DNA onto the membrane material during the lysis. This suggests that
for the main membrane materials used for blood sampling and bioanalytical applica-
tions, DNA absorption is a common event. In this case, methodologically, the loss
of DNA due to the removal of membranes with part of the material (after the elution
stage) or due to the absorption of DNA on the carrier was quite similar (Table 1).
Thus, for effective and uniform lysis of a dried blood sample, it is preferable to
first elute the dried biomaterial into a solution (in the simplest case, into deionized
water), with a subsequent lysis of the eluate together with the membranes and fol-
lowed by passing both the eluate and membrane pieces through spin columns.
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10000

<«—Liquid blood=—> <+ (|ass fiibre strip-dried blood =———py

1000

Fig.2 Result of electrophoretic separation of total DNA extracted from pared native and strip-dried
blood samples of domestic goats with the use of silica spin columns (Method 1, sample volume 100 pL,
column elution volume 100 uL). Native blood samples: lanes 1-3, DNA concentration: 1—12.87 ng/
uL; 2—17.40 ng/uL; 3—14.10 ng/pL. Strip-dried blood samples (glass fibre membrane): lanes 4-6—
preliminary elution of dried sample, lysis of the eluate (no membranes); 4—2.80 ng/uL; 5- 2.57 ng/uL;
6—2.65 ng/uL; lanes 7-9—preliminary elution of dried sample, lysis of the eluate with membranes,
lysate through the column; 7—4.48 ng/uL; 8—5.10 ng/uL; 9—5.61 ng/uL; lanes 10,11,12—preliminary
elution of dried sample, lysis of the eluate with membranes, lysate with membranes through the column);
10—6.65 ng/uL; 11—5.91 ng/uL; 13—6.50 ng/uL.

10000

S <« Glass fibre strip-dried blood —— <«——Cellulose dried blood spots—

Fig.3 Result of electrophoretic separation of total DNA extracted from paired dried blood samples
(100 pL) of domestic goats. Lanes 1-5—glass fibre membrane (strip-dried samples), lanes 6—10—cel-
lulose membrane (DBS). DNA was extracted on silica spin columns, Method 1. Sample volume was
100 pL, and column elution volume was 100 pL. Dried samples were eluted into 200 pL of deionized
water for 20 min and then spinned through the column. DNA concentration was as follows: strip-dried
samples—38.14 +1.33 ng/uL, n=S5; cellulose DBS—2.89 +0.37 ng/uL, n=5
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Cellulose DBS can provide a half lower DNA amount (42+10% (n=7)) com-
pared to the same volume of strip-dried sample (Fig. 3) and that corresponds to
about 25% of a native sample which is in agreement with previously published data
(Sjoholm et al. 2007; Choi et al. 2014). This result is probably caused by less effi-
cient elution of the biomaterial from the cellulose during 20 min incubation. How-
ever, it was reported that overnight or even longer incubation of DBS in an elution
solution resulted in similar results (Choi et al. 2014). Cellulose as a hydroxylated
polymer possesses high binding affinity for DNA (Bukyya et al. 2021). Moreover,
cellulose membrane is composed of porous fibres, so biological fluid is distributed
both between and inside the fibres, which results in slower release of biological
material into elution solution. It was also noticed that after spinning through a silica
column, cellulose membranes are slightly coloured, indicating that some biomate-
rial is still trapped inside (Online Recourses S2). In a membrane made of glass or
synthetic polymer fibres, liquid occupies the space between the solid fibres, thereby
facilitating the release of biomaterial (Saushkin et al. 2016; Samsonova et al. 2016).
Actually, only about 25% of the total DNA can be isolated from cellulose DBS,
according the data obtained. On the other hand, glass fibre-dried samples can pro-
vide 50-60% of DNA compared to a native sample.

It should be noted that methods based on the absorption of DNA on different
solid matrices such as spin columns or absorbing particles (Methods 1 and 2) make
it possible to obtain fairly pure samples from strip-dried blood (A,gq050> 1.7) com-
paring to other reagent kits applied in this work (Methods 3 and 4). The quality
of the extracted DNA was sufficient for the amplification of SNP loci and mtDNA
D-loop (data are not presented in this manuscript and will be published in a forth-
coming paper). DNA samples extracted by a sorbent method, Method 3, were char-
acterized by elevated A,;, value that makes it is difficult to evaluate DNA concen-
tration based on A, value. The use of an alcohol precipitation kit (Method 4) led
to contaminated DNA samples in particular due to the presence of haemoglobin
(Online Resources S3). Compared to the spin-column method, particles based DNA
extraction kits are characterized by numerous washing stages, which can be attrib-
uted to the disadvantage of this isolation technique. In addition, when using DNA-
absorbing particles, the membranes should be definitely removed from the eluate
before the adding of the sorbent to avoid its loss.

Conclusion

Thus, the data obtained demonstrate that glass fibre material is more preferable
for total DNA isolation due to higher yield of genetic material compared to cellu-
lose membrane. Almost twofold fall in DNA yield compared to liquid blood was
observed for glass fibre strip-dried samples; however, elution efficiency was high
enough to get sufficient amount of DNA for further manipulations. In order to iso-
late total DNA, one can use methods based on the principle of nucleic acids absorp-
tion provided by silica columns, which require less stages of sample preparation
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and allow membrane presence at the lysis stage without significantly affecting DNA
yield.
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