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Summary. To study associations between genetic variation and

disease, large bio-banks need to be created in multicenter

studies. Therefore, we studied the effects of storage time and

temperature on DNA quality and quantity in a simulation experi-

ment with storage up to 28 days frozen, at 4 8C and at room

temperature. In the simulation experiment, the conditions did

not influence the amount or quality of DNA to an unsatisfactory

level. However, the amount of extracted DNA was decreased in

frozen samples and in samples that were stored for >7 days at

room temperature. In a sample of patients from 24 countries of

the EUROPA trial obtained by mail with transport times up to

1 month DNA yield and quality were adequate. From these

results we conclude that transport of non-frozen blood by ordi-

nary mail is usable and practical for DNA isolation for poly-

merase chain reaction in clinical and epidemiological studies.
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Introduction

Recent advances in molecular technology and molecular genet-

ics are increasing our knowledge of the DNA sequence and its

variants. With this immense amount of data on human genetic

variation that is available now, the comprehension of these data

becomes a challenging task. One field of interest is the dissec-

tion of the genetic architecture of complex diseases, and for that

purpose the analysis of genetic variation can be considered as

the most fundamental approach. Another area of interest is

pharmaco-genetics, the prediction of the response of individuals

to treatment. For these reasons, many clinical and epidemio-

logical studies now include the analysis of the role of genetic

variation with regard to the risk of disease or the response to

treatment.

In order to study associations between genetic polymorphisms

and the risk of disease with sufficient statistical power, large

DNA bio-banks need to be created. A DNA bio-bank can be

defined as a collection of stable genomic DNA, which enables

investigators to perform genetic studies for a long time. DNA

can be extracted from almost all body tissues [1–3] and body

fluids [4]. Blood is usually the biological material of choice

because it is often available in clinical and epidemiological

studies and well-established protocols for DNA extraction with

a good yield are available [5].

Some guidelines on the optimal storage of blood for DNA

extraction have been reported [6]. For maximum DNAyield and

quality, these guidelines advise storage and shipment at 4 8C for

a maximum of 8 days after blood collection, while freezing

should only be considered for long-term storage. In addition, by

preference freezing of the leukocyte pellet should be performed

instead of whole blood freezing, and storage at room tempera-

ture should be considered only when DNA is extracted within

24 h after blood collection [6]. Only for small, single-center

studies can it be expected that these guidelines can be fulfilled.

For most large studies it is not possible to fulfill these ideal

circumstances, because multiple centers participate in these

studies, many of which do not have the experience or facilities

necessary for optimal DNA extraction. This usually means that

blood samples need to be transported to a central facility. In

addition, batch-processing and central analysis of samples is an

important cost-reducing procedure. The use of a central facility

thus implies that shipment and storage of blood will take place

over a prolonged period of time and under various conditions.

Furthermore, many clinical and epidemiological studies in-

clude participants from many countries, and in this situation the

period between blood collection and DNA extraction is often

more than 1 week. Hence, it follows that these samples will be

affected to some degree by the storage conditions and the time

between blood collection and extraction of the DNA.

To document the effects of conditions occurring during

collecting, transport and storage of blood on DNA quality

and quantity, we studied several quality and quantity aspects

of DNA that was extracted from blood that was stored at room

temperature (RT), 4 8C, and �20 8C, for different prolonged

periods of time with a maximum of 1 month. Based on these

results a logistic procedure and quality program were set up for

the creation of a large DNA bio-bank and the effect of DNA
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transport and storage conditions on DNA quality and quantity

was evaluated in a large multicenter clinical study.

Materials and methods

Simulation experiments

Blood samples and storage conditions Blood (45 mL) was

collected from eight healthy volunteers in K3-EDTA tubes.

Blood was pooled per individual and divided into aliquots of

2 mL. Aliquots were placed at RT, 4 8C, or were frozen at

�20 8C and stored for 0, 3, 7, 14, 21, or 28 days. In addition,

severe mechanical transport circumstances were mimicked by

harshly treating whole blood for 24 h at RT on a Heidolph head-

over (15 rounds min�1), vortex (500 rotations min�1), and by

transporting blood samples by ordinary mail.

The degree of hemolysis was determined by observing the

color of the plasma after sedimentation of the erythrocytes. The

size of the leukocyte pellet was determined by observing the

leukocyte pellet after the centrifugation step, which follows the

last lysis step. The amount of hemolysis and the size of the

pellet were registered semiquantitatively. All observations and

analyses were carried out by one trained technician to reduce

interindividual interpretation errors and deviations in the DNA

extraction procedure. All procedures and observations were

recorded according to ISO-9001 standards.

DNA was extracted according to the salting-out procedure

published by Miller, with brief modifications to adapt the

protocol to the small volume of blood [5]. Briefly, erythrocytes

were lyzed by mixing 2 mL blood with 10 mL erythrocyte cell

lysis buffer (3 M NH4Cl, 240 mM KHCO3, 20 mM EDTA)

followed by a 20-min incubation on ice and centrifugation

(3000� g, 10 min) until the leukocyte pellet was off-white.

The pellet was dissolved in 1 mL nucleus buffer (75 mM NaCl,

25 mM EDTA, pH 7.4) containing 0.75% SDS and 0.25%

pronase (Roche Diagnostics, Almere, the Netherlands) for

digestion until the leukocyte pellet was completely dissolved.

If the leukocyte pellet was not completely dissolved after 48 h

extra pronase was added. Proteins were precipitated by mixing

with 336mL 8 M ammonium acetate. After centrifugation

(4000� g, 15 min), the mixture was transferred to one volume

of isopropanol to precipitate the DNA. DNA was washed with

70% ethanol and rehydrated in 75 mL TE buffer (10 mM Tris,

0.1 mM EDTA, pH 7.4) and stored at 4 8C.

Variables for DNA quality

The amount of DNAwas calculated from the optical density (OD)

at l¼ 260 nm using the molar extinction coefficient E¼ 20 mL

mg�1 cm�1.ContaminationwithproteinsorRNAwasdetermined

by calculating the ratio of the OD at l¼ 260 nm and l¼ 280 nm.

Ideally, this ratio should be between 1.7 and 2.0 [7]. The iso-

propanol fraction was centrifuged (13 000� g, 10 min), the pellet

dissolvedinTEbufferandanalyzedbyagarosegelelectrophoresis

to examine DNA loss and DNA degradation during the isolation

procedure. The presence of DNase was determined by visualizing

the DNA on agarose gel after an overnight incubation at 37 8C.

When DNase is absent, a clear high molecular band is observed,

while a smear indicates the presence of DNase. In order to test the

suitabilityoftheDNAforpolymerasechainreaction(PCR)asmall

200 base and a large 1.2-kb fragment were amplified using

routine protocols [8,9].

Multicenter study

A logistic procedure and a quality program for the creation of a

DNA bio-bank were established within the EUROPA trial

(EUropean trial on the Reduction Of cardiac events with

Perinodopril in stable coronary Artery disease), a large multi-

center study including more than 12 000 patients from 527

centers in 22 European countries [10]. In a trial with the size and

complexity of the EUROPA study it is essential that the

collection procedure is very simple. Therefore, each sample

was sent to a central laboratory in a protective box by ordinary

mail. Upon arrival at the central laboratory, the erythrocytes

were lyzed and the leukocyte pellet was stored at �20 8C. The

effect of transport time on the DNA quality and quantity in the

EUROPA trial was tested in a selection of 61 blood samples

representing a wide range of transport times (0–28 days) and

countries. Plasma color, size of the leukocyte pellet, OD260/

OD280 ratio, DNase test, and PCR amplification were deter-

mined as described above.

Results

Simulation experiment

Storage at room temperature. The lysis of the erythrocytes

increased with time and after 14 days the erythrocytes of blood

samples, that were stored at RT, were severely lyzed. This

affected the color of the leukocyte pellet, which gradually

changed from white to brown. Therefore, for the samples

that were stored for 1 week, the lysis step of the erythrocytes

had to be repeated twice. In addition, extra pronase had to be

added to all samples stored for �7 days and extra pronase

needed to be added to complete the full lysis of the

leukocyte pellet. The incubation time had to be extended to

1 week to complete the lysis of all blood samples stored for

21 days or longer. In all samples except for one, DNA pre-

cipitates were present. These DNA precipitates became visibly

smaller after 14 days. The amount of DNA that could be isolated

on day 0 was 43.1 mg mL�1 blood (SD 11.2). The amount of

DNA that could be isolated from blood samples stored for a

prolonged period decreased in time (Fig. 1). After 28 days

(17.8mg mL�1 blood; SD 10.9) less a half the DNA amount

of day 0 was isolated. On agarose gel it could be seen that all

DNA was of high molecular weight (Fig. 2). No DNA could be

isolated from one blood sample after 28 days and one sample

(t¼ 28) showed minimal DNase activity. The mean DNA/

protein absorbance ratio (OD260/280) for blood samples stored

for �3 days was 1.7 (SD 0.1) (Fig. 3). It was possible to amplify

the small and the large PCR products from all DNA samples.
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Storage at 4 8C. As expected, blood stored at 4 8C showed less

hemolysis. For blood samples stored for �21 days, the

leukocyte pellets had to be washed with erythrocyte buffer

twice, and extra pronase and an extended incubation time were

necessary to dissolve the leukocyte pellet completely. In

contrast to blood samples stored at RT, the amount of DNA

extracted was stable at all time points (24.4 mg mL�1 blood) (see

Fig. 1). In addition, the mean DNA/protein absorbance ratio

(OD260/280) from samples stored for �3 days was 1.8 (SD 0.1,

Fig. 3). From all DNA samples it was possible to amplify the

short and the long fragments by PCR and no DNase activity was

observed in any of the samples.

Storage at �20 8C. DNA could be extracted from all samples

that were frozen and stored at �20 8C. However, the quality of

this DNA, as reflected by the OD260/280 ratio, was very variable

among the samples (see large SD in Fig. 3). The amount of DNA

that could be isolated was comparable to the amount in blood

samples that were stored at RT for 14–21 days (24.6mg mL�1

blood (SD 10.3); see Fig. 1). On all samples both PCR reactions

could be performed and no DNase activity was observed.

Mechanical transport conditions. Samples that underwent

severe mechanical transport conditions where the blood was

harshly treated for 24 h on a Heidolph head-over (15

rounds min�1), vortex (500 rotations min�1), and where

blood samples were transported by ordinary mail resulted in

severe hemolysis of the blood samples comparable to samples

that were frozen. In addition, the DNA concentration

(18.3mg mL�1 blood (SD 9.7) and highly variable protein/

DNA ratio were comparable to blood samples stored at �20 8C.

Logistic data from the EUROPA trial

A total of 11 241 blood samples from 22 countries have been

received in the EUROPA trial. The average time between blood

Fig. 2. Representative result from a DNase test showing genomic DNA

obtained from blood samples stored for 28 days at room temperature.

The first lane contains a 1kb base pair ladder, subsequently 4 samples with a

high molecular band, and a positive control (DNase activity present) are

shown.

Fig. 1. Mean amount (SD) of DNA isolated from blood samples stored at

room temperature, 4 8C, and �208C, at different time points.

Fig. 3. Mean protein/DNA ratio (SD) as a measure for the DNA quality

from blood samples stored at room temperature, 4 8C, and �208C, at

different time points.

Fig. 4. Number of severely haemolysed blood samples that were

received in the EUROPA trial in time.
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collection and processing was 10.1 (SD 8.4) days (see Fig. 4).

The period of transport covered 2 years including the hot

summer of 1999. As expected, many of the blood samples

were partially lyzed (62%) (Fig. 4). In 93% of the samples the

leukocyte pellet size was not visibly decreased. In addition, the

amount of isolated DNA was independent of the pellet size. In a

selection of 61 blood samples from all countries, no association

was found between the leukocyte pellet size and the amount of

DNA that could be isolated, and also no association between

leukocyte pellet size and the OD260/280 ratio. We observed no

effect of the region of origin (with varying environmental

temperatures) and the amount of DNA that could be isolated.

In addition, in none of the DNA samples was DNase activity

visible on agarose gel. All DNA samples showed up as high-

molecular DNA, with no degradation products visible. We were

able to perform a 1.2-kb DNA amplification using PCR, sug-

gesting that all DNA obtained could be used for genetic testing.

Discussion

High expectations have been placed on the analysis of genetic

variants and their role in disease. Therefore, numerous clinical

studies, which include this type of analysis, require standardi-

zation and definition of laboratory organization. Recent pub-

lications have tried to fill this gap, but only for the laboratory

assays, not for the logistics before the DNA isolation procedure

and DNA storage [11,12].

Our simulation experiments show that DNA can be extracted

with sufficient yield (approx. 5mg mL�1 blood) and quality

from blood samples that are stored at room temperature, 4 8C, or

are frozen at �20 8C for a maximum of 1 month.

The extracted DNA may be amplified by PCR and is usable

for genotyping analysis. These results suggest that the storage

and transport conditions for blood do not need to be very strict.

The only two requirements are measures to remove hemoglobin

contamination in the leukocyte pellets by reinforcing washing,

and that pronase treatment is also reinforced.

We defined a procedure for the multicenter trial without

freezing the samples, but simply transporting the blood at

environmental temperature. We then used the DNA isolation

procedure of Miller, which is routinely used by many labora-

tories. However, we expect that other isolation methods will

give comparable results. Since there is always a great difference

between well-controlled laboratory conditions and real-life

conditions, we also determined the relationship between DNA

quality and quantity in this large multicenter trial: the EUROPA

trial, which is conducted over 527 centers in 22 countries.

We saw comparable results for the samples studied for the

simulation study and the EUROPA trial. In the trial, blood

samples were transported by ordinary mail under varying

temperatures over a period of 2 years, including the warm

summer of 1999, and under all transport conditions. We were

able to extract sufficient quantities of DNA (17.8mg (SD

10.9) mL�1 blood) from blood samples that were processed

for up to 28 days after collection and stored at room temperature

using the adapted procedure. We even observed that the severe

lysis of the erythrocytes in many of the old samples still resulted

in DNA of a quality that allowed for PCR amplification of both

large and small DNA fragments, and could thus be considered

suitable for many genetic analyses.

Prolonged storage causes lysis of the erythrocytes, which can

be visualized by observing the color of the plasma. Hemoglobin

is an inhibitor of the Taq polymerase enzyme in the PCR

reaction and therefore much effort must be made to reduce

the amount of hemoglobin in the leukocyte pellet [13,14]. In our

experiments the leukocyte pellets often needed to be washed

twice to reduce the amount of cell remnants in the pellet.

Although erythrocytes lyze more easily than leukocytes, when

there is severe hemolysis, it is expected that some of the

leukocytes have lyzed as well, which will result in loss of

DNA during the leukocyte harvesting step in DNA extraction.

In the end, this will result in a reduced DNAyield. Indeed, in the

freezing or thawing step rapid hemolysis occurred and less

DNA could be extracted, independently of the time the sample

was stored at �20 8C. This observation is in agreement with

other studies [6,15,16]. In addition, one study showed that an

increased protein contamination rate was found to affect the

efficiency of a PCR reaction and the reliability of the restriction

analysis pattern, but we did not experience that in our study

[17]. To reduce these lysis-related problems our advice is not to

freeze whole blood but to perform the erythrocyte-lysis step as

soon as possible after blood collection, and if required to store

the leukocyte pellet for later DNA extraction. This procedure

always gives better yields when blood is stored at 4 8C and for

the first week when blood is kept at ambient temperature.

Hemolysis can be considered a marker of cell disruption.

This implies not only that due to this disruption DNA is lost, but

that the contents of the cells may contaminate the DNA as well.

DNA-degrading proteins and hemoglobin both affect the amount

and quality of the DNA extracted. Therefore, most studies

advise against storage as unprocessed whole blood. In our

Fig. 5. Leukocyte pellet size after the erythrocyte lysis step in blood

samples that were received from the EUROPA trial in time. &¼ small

pellet; ¼medium sized pellet; &¼ large pellet.
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study this advice cannot be supported when storage is at 4 8C or

for the first week at room temperature. On the contrary, a larger

reduction in yield was observed in blood samples that were

stored in a frozen condition. This observation is in agreement

with other studies [6,15–18]. Few studies advise against the

freezing of whole blood, but this should be supported because

lysis of the erythrocytes will occur and contribute to DNA

degradation. In this case, storage in processed form, after the

first lysis of the erythrocytes, might be an alternative.

In many studies that include the analysis of genetic variation,

there is also a wish to analyze plasma levels. From many of the

blood samples that are processed using the procedure we

suggest in this paper, the quality of the collected plasma will

be insufficient for protein analysis.

In conclusion, storage and shipment of whole blood samples

at 4 8C yields optimal DNA quantity and quality. However,

storage of whole blood at room temperature provides a simple

and usable alternative for large multicenter studies. Freezing of

whole blood samples should only be considered in the case of

prolonged storage (several months).
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