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1  | INTRODUC TION

Cell-free DNA (cfDNA) is DNA fragments released to plasma as a 
consequence of apoptosis and necrosis. CfDNA was first discovered 
by Mandel and Metais in 1948.1 Leon and colleagues demonstrated 

the importance of cfDNA in clinical practice due to the significant el-
evation of cfDNA level in cancer patients, especially those with met-
astatic cancer.2 These studies shed light on the potential applications 
of cfDNA detection in clinical diagnosis, therapeutic response assess-
ment, and prognosis prediction.3 Compared with healthy controls, an 
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Background: The ratio of target cfDNA in total plasma is low. The abundant gDNA 
background resulting from blood cell lysis caused by improper operation has become 
a major obstacle to accurately measure cfDNA. In this study, we investigated the 
storage capacity of three blood cell collection tubes (BCTs) in the prevention of 
genomic DNA contamination caused by white blood cell rupture and evaluated their 
performance when they were utilized combining with highly sensitive mutation de-
tection technology.
Methods: Blood samples were drawn from six healthy blood donors and stored in 
three types of BCTs (BD K2-EDTA tube, Roche tube, and Streck tube). Plasma sam-
ples were isolated at specific time points (day 0, day 3, day 7, and day 14) for content 
analysis.
Results: Roche BCT was more capable for preventing cfDNA contamination caused 
by white blood cell disruption within 14 days, comparing with BD K2-EDTA tube and 
Streck tube. Severe white blood cell lysis and gDNA contamination were found in the 
BD tube. The impacts of Roche and Streck tubes on the quantity and complexity of 
next-generation sequencing (NGS) libraries did not differ significantly within 3 days, 
satisfying most of our daily demands. In addition, the rupture of WBC was not syn-
chronized with hemolysis in BCTs.
Conclusion: This study showed that capacities of blood collection tubes differed con-
siderably in preservation of blood samples. Therefore, suitable blood collection de-
vices should be selected to minimize gDNA contamination and to standardize blood 
samples processing for achieving more accurate and reliable clinical analysis of 
cfDNA.
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elevated level of cfDNA can be detected in plasma and serum of can-
cer patients.4,5 Besides, in addition to the significance of cfDNA in 
tumor patients, fetal cfDNA can also be detected in pregnant donor 
blood plasma. This raised the interest of fetal DNA in prenatal diagno-
ses, such as sex determination test and fetal gene disorder detection.6

Although cfDNA plays an important role in clinic, the percentage 
of tumoral and fetal cfDNA only accounts for only a small fraction of 
total plasma cfDNA.7,8 Abundant of released genomic DNA (gDNA) 
would mask the cfDNA of interest in subsequent clinical detection 
and calculation procedure.9-11 Therefore, it is necessary to minimize 
gDNA release for preventing cfDNA contamination in the process 
from phlebotomy to laboratorial DNA analysis.

One way to solve this problem is to carry out cfDNA analysis 
immediately after blood collection, so as to prevent the release of 
gDNA to the greatest extent. Nevertheless, this method may limit 
the scope of research and is not suitable for facilities which do not 
possess genetic testing and analysis instruments and capabilities. 
Another way to stabilize blood cell is to add traditional reagents, 
such as formaldehyde and glutaraldehyde, to maintain the integrity 
of biomolecules. However, the key problem of this method is the 
cross-link of nucleic acid-protein, which makes it difficult to isolate 
nucleic acid.12 Therefore, it is worthwhile to establish an optimized 
approach for blood sample preservation.

In this study, characterization of three types of commercial blood 
collection tubes (BCTs) was investigated. We evaluated the ability 
of three different BCTs to prevent cfDNA contamination caused by 
gDNA release through quantitative real-time PCR, and compared im-
pacts of the three tubes on next-generation sequencing (NGS) library 
construction. In addition, we also evaluated whether the WBC rupture 
is synchronized with hemolysis. The purpose of this study was to pro-
vide a valuable guidance for the selection of BCTs in specific situation.

2  | MATERIAL S AND METHODS

2.1 | Recruitment of blood donors

Six volunteer donors enrolled by Burning Rock Dx provided in-
formed consents. All the donors were healthy, and blood samples 
were obtained through venipuncture.

2.2 | Information of blood collection tubes

We compared three types of blood collection tubes in this study: 
Vacutainer Plastic K2EDTA Tube (BD, 367527), Cell-Free DNA 
Collection Tube (Roche, 7785674001), and Cell-Free DNA tube (Streck, 
218997). All the three types of tube share same volume of 8 mL.

2.3 | Sample processing

A total of 24 mL blood was drawn from each blood donor using dispos-
able venous blood lancet and stored directly in three types of blood 
collection tubes (8 mL per tube). Blood samples were stored at room 

temperature and separated at specific time points at indicates (day 0, 
day 3, day 7, and day 14). Before each separation process, blood collec-
tion tubes were mixed upside down gently for several times. Specific 
aliquots of blood were transferred to new vials gently (100 μL for 
quantitative real-time PCR and hemoglobin absorbance of each time 
point, 7.5 mL for NGS library construction). Tubes with blood were 
centrifuged at 4°C for 10 minutes at 2000 g using a balanced, swing-
out centrifuge. The supernatants (plasma) were transferred into new 
tubes. After that, plasma samples were further centrifuged at 4°C for 
10 minutes at 16 000 g to remove the potential contaminating cells. 
The supernatant plasma sample was removed into another new tubes 
again and stored in refrigerator at −80°C for further analysis.

2.4 | Quantitative Real-Time PCR

Human L1PA2 primers were prepared based on a previous study, and 
the sequences were listed as follows13: Forward primer: 5′-TGC CGC 
AAT AAA CAT ACG TG-3′; reverse primer: 5′-GAC CCA GCC ATC CCA 
TTA C-3′. This pair of primers produces a 90-bp amplicon of L1PA2, 
which can be used to indicate the overall DNA level in plasma, includ-
ing target cfDNA and degraded gDNA released by WBC rupture.

Plasma samples were taken out of −80°C refrigerator and thawed 
on ice, followed by real-time PCR for plasma cfDNA quantification 
using KAPA2G Fast PCR Kits (Kapa Biosystem, KK5500). For each 
well in PCR plate, ten microliters reaction volume contained 0.1 μL of 
plasma, 1 μL SYBR Green (1.5X), 1 μL ROX (50X) reference dye, 2 μL 
KAPA2G buffer A, 2 μL dNTP mix (10 mmol/L), 0.04 μL KAPA2G Fast 
HotStart DNA polymerase (5 U/μL), 1 μL of each primer (1 μmol/L), 
and PCR-grade water. PCR amplification reaction was initiated with 
denaturation for 10 minutes at 98°C, followed by 39 cycles of 30 sec-
onds at 95°C, 30 seconds at 60°C, and 30 seconds at 72°C. All sam-
ples were amplified in triplicates to diminish variations.

2.5 | Absorbance spectra of free hemoglobin in 
414 nm

Plasma samples were thawed on ice before hemoglobin ab-
sorbance measurement. The hemoglobin absorbance spectrum 
was measured by NanoDrop 2000 UV-Vis Spectrophotometer 
(Thermo Scientific, Wilmington, DE, USA) according to manu-
facturer’s instruction following a well-established and validated 
protocol.14 Wavelengths of 414 nm were preset in the software 
(NanoDrop 2000) before measurement. Instrument was primar-
ily washed and adjusted to zero with nuclease-free water. 1.5 μL 
plasma liquid was used for hemoglobin absorbance measurement. 
Three repeats were measured for each patient and at each time 
point to minimize variation.

2.6 | Evaluation of quantity and complexity of 
NGS library

Plasma was separated from 7.5 mL blood storing in the three types of 
BCTs by centrifugation (K2EDTA tube, Day 0, as control; Streck and 
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Roche tubes, Day 3). CfDNA (about 20~30 ng, 55 μL) was isolated 
from plasma (3~4 mL) using the QIAamp Circulating Nucleic Acid 
Kit (Qiagen, Valencia, CA, USA) following manufacturer’s protocol. A 
total of 50 μL cfDNA was used for NGS library construction. DNA 
shearing was performed using Covaris M220 (Covaris Inc., Woburn, 
MA, USA). End repair and A tailing were performed followed by adap-
tor ligation. The ligated fragments with size of 170 bp were then se-
lected by beads (Agencourt AMPure XP Kit; Beckman Coulter, Brea, 
CA, USA), hybridized with probe baits, and amplified by polymerase 
chain reaction. Indexed samples were sequenced on Nextseq500 se-
quencer (Illumina, Inc., San Diego, CA, USA) with pair-end reads.

2.7 | Statistical analysis

Statistical analysis was processed by R studio and Microsoft Office 
Excel 2010. All data were calculated and presented using paired, 
two-tailed Student’s t test in P value.

3  | RESULTS

3.1 | Study design and workflow overview

Twenty-four milliliters of blood was drawn from each of the six 
healthy donors with disposable venous blood needle and stored 

directly into three different types of blood collection tubes (8 mL 
per tube). The tubes containing blood samples were stored in a rel-
atively stationary room temperature (20-30°C). Specific volumes 
of blood samples were separated at desired time points (day 0, day 
3, day 7, and day 14). Plasma samples were isolated and stored in 
−80°C refrigerator for L1PA2 gene level assessment, hemoglobin 
absorption at optical density (OD) 414 nm, and NGS library evalu-
ation (Figure 1).

3.2 | Evaluation of different BCTs for preventing 
white blood cell lysis

To evaluate gDNA contamination caused by WBC lysis, we use L1PA2 
level to measure the total plasma DNA level. L1PA2 is an abundant 
gene which intersperses throughout the human genome.

In this study, delta Ct was calculated by negative Ct (Day 0) minus 
plasma Ct (Day 3, Day 7, or Day 14) to reflect the total DNA level 
in the plasma (10delta Ct) and to demonstrate the ability of tubes for 
WBC stabilization. After 7-day storage at room temperature, blood 
samples in Roche (1.30 at day 3; 2.50 at day 7) and Streck blood 
cell collection tubes (BCT) (2.18 at day 3; 2.87 at day 7) showed 
marginal gDNA releasing from WBC lysis, comparing to those in K2-
EDTA tubes (5.35 at day 3; 118.26 at day 7) which had a plenty of 
gDNA contamination (Figure 2A-D). As the storage time prolonged 

F IGURE  1 Experimental design and 
workflow of the blood collection tubes 
evaluation
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to 14 days, Roche BCT showed a relatively low DNA (2.73) level than 
Streck one (11.49), indicating that Roche tube was more effective in 
preventing release of gDNA from WBC.

3.3 | Evaluation of different BCTs in terms of NGS 
library quantity and complexity

In most cases, the process from blood draw to laboratorial NGS li-
brary construction in our facility can be completed within 3 days. 
Therefore, we further evaluated the impacts of different BCTs 
(Roche and Streck) on blood samples within 3 days in terms of 
NGS library quantity and complexity. Plasma collected in K2EDTA 
tubes and isolated within 2 hours (Day 0) after phlebotomy was 
used as control. Quantity of NGS library was measured by Qubit® 
3.0 Fluorometer (Thermo Fisher Scientific) and LabChip GXII Touch 
(PerkinElmer) before and after baits capture. We found that there 
was no significant difference in terms of NGS library quantity among 
the three groups (K2EDTA, Day 0; Roche, Day 3; Streck, Day 3; 
Figure 3A). Library complexity is defined as the expected number 
of distinct molecules sequenced in a given set of reads produced in 
a sequencing experiment, which reflects the high fidelity the origi-
nal complexity of the source material. The results showed that there 
was also no significant difference among K2EDTA, Roche, and Streck 
groups in terms of complexities of NGS library (Figure 3B). These 
results indicated the blood storage applicability of the two tubes for 
NGS within 3 days.

3.4 | Rupture of WBC was not synchronous with 
hemolysis among the three types of BCTs

Hemoglobin is a metalloprotein in red blood cells, which accounted 
for about 96% of the red blood cells dry content (by weight).15 This 
gave us the implication that hemoglobin concentration can be uti-
lized as an indicator for red blood cell disruption.

Hemoglobin has an absorption peak at OD 414 nm region. 
Therefore, absorption value of 414 nm was used to indicate the he-
moglobin concentration in this study. Compared to K2-EDTA tube 
(P = 6.99E-12), the absorbance of hemoglobin at 414 nm in Roche 
(P = 8.80E-08) and Streck (P = 3.55E-06) tubes was relatively low in 
short storage period of less than 7 days, and the Streck tube exhib-
ited a slightly lower absorption than Roche one. This observation 
demonstrated that Streck and Roche BCT can prevent hemolysis 
and maintain red blood cells in a more stable status, especially the 
Streck tube. In addition, when the storage period was extended to 
14 days, Roche (P = 1.59E-13) tube showed significant effective 
hemolytic prevention, compared to the Streck tube (P = 4.16E-21) 
(Figure 4). This result indicated that the rupture of WBC in the three 
types of BCTs was not synchronized with hemolysis. Data analysis 
was conducted by paired, two-tailed Student’s t test.

4  | DISCUSSION

It is greatly recommended to minimize gDNA contamination caused 
by WBC rupture, so as to get a relatively accurate and reliable cfDNA 
level throughout the whole blood sample preanalytic process. As far 
as we know, most of previous studies focused on transportation 
condition, such as physical shock, shipping temperature, chemi-
cal cocktail for maintaining blood samples stabilization.16,17 In this 
study, we evaluated three types of commonly used blood collection 
tubes for their capability of preventing WBC rupture and impacts on 
quantity and complexity of NGS library. Blood samples stored for 
different periods were used to assess the blood stabilizing capability 
of blood collection tubes. The three types of BCTs showed different 
performance in preservation of blood samples, which provided guid-
ance for BCT selection in specific studies.

In previous studies, the indicators of gDNA contamination were 
mainly focused on the level of relative abundant genes such as 

F IGURE  2 Quantitative Real-Time 
PCR of L1PA2 gene level for indication 
of white blood cell disruption. Y-axis 
means delta relative cfDNA concentration 
normalized to Day 0 point. Line slope 
presents the L1PA2 level increasing rate 
due to WBC lysis and showed as R2 in the 
graph. Delta Ct was calculated by negative 
Ct (nuclease-free water as control) minis 
plasma Ct. A, cfDNA concentration in BD 
K2-EDTA blood cell collection tubes (BCT) 
for specific storage periods as indicated. 
B, cfDNA level change in Streck tube with 
the prolonged storage time points. C, 
cfDNA level in Roche tube. D, Summary 
of relative cfDNA concentration for 
indicated storage time periods and each 
BCT which was normalized to Day 0
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beta-Actin, which was used as genomic equivalents.16,17 Digital PCR 
is the commonly used technique to estimate DNA level of genomic 
equivalents to indicate impacts of factors during blood shipping 
and storage. In this study, we chose the widespread gene L1PA2 as 
genomic equivalent and performed PCR to estimate gDNA contam-
ination in three types of BCTs. After 7-day storage at room tempera-
ture, Roche and Streck BCTs had a similar prevention effect on the 
release of gDNA, while K2-EDTA tube showed a plenty of gDNA 
release, which was consistent with previous studies.18-21 When the 
storage period was extended to 14 days, Roche BCT showed better 
gDNA contamination prevention effect than the other two BCTs.

Rare studies evaluated the performance of BCTs for their applica-
bility using highly sensitive mutation detection technology.19 One nov-
elty of our study is that we used NGS to evaluate the impact of BCT on 
quantity and complexity of NGS library. With the development of ge-
nomic sequencing for liquid biopsies using NGS, complexity and qual-
ity of NGS library were important factors determining the quality of 
NGS. The complexity of NGS library can reflect the bias of NGS result 
caused by cfDNA quality. The ideal library complexity can reflect the 
high fidelity of original sample molecular complexity. We evaluated the 
impacts of BCTs on complexity and quality of NGS library. Our result 
showed that complexity and quality of NGS library constructed from 

cfDNA stored in Roche and Streck tubes for 3 days were similar to each 
other and had no significant difference to control group. This indicated 
that the impacts of Roche and Streck BCTs on NGS library construction 
were very marginal after 3 days of storage.

Beside the evaluation of gDNA contamination by L1PA2 gene level, 
we also detected the cell-free hemoglobin concentration to indicate 
the difference of RBC hemolysis in the three types of BCTs. Our result 
showed that Roche tube exhibited less gDNA release than Streck one 
after 7 days of storage, especially after 14 days. However, Roche tube 
resulted in more hemoglobin release in day 7 than Streck one. This ob-
servation can be interpreted as different protection ability for gDNA 
release and RBC rupture of the three BCTs. In another aspect, gDNA 
release and RBC rupture may happen asynchronously. Overall, the re-
sults gave us the indication that it was necessary to select suitable BCT 
for specific blood storage needs.

There are a few limitations associated with this study. It is worth 
noting that plasma samples after 14 days of storage in BD K2-EDTA 
tubes displayed an abnormal absorbance at OD 414 nm, which was 
even lower than Roche and Streck tubes. This observation may be re-
sulted from the conflict between high absorbance and limited detec-
tion range/sensitivity of the analytic technology. We also observed that 
the Roche tubes had unexpectedly high OD readings at day 0 and at 

F IGURE  3 Evaluation of quantity 
and complexity of plasma cfDNA 
from Streck and Roche tubes by next-
generation sequencing (NGS). A, Quantity 
comparison of cfDNA from different 
blood cell collection tubes (BCTs) before 
and after baits capture. B, Complexity 
evaluation of cfDNA in different BCTs. 
cfDNA from BD K2-EDTA tube was used 
as negative control

F IGURE  4 Measurements of 
absorption value at optical density (OD) 
414 nm for plasma hemoglobin in three 
blood collection tubes. Specific volume 
of blood samples which were stored for 
different time periods and in different 
blood cell collection tubes (BCTs) was 
transferred to a new vial for plasma 
isolation
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day 3, and this phenomenon was likely due to the fixative used in Roche 
tubes which have absorbance at 414 nm.

In summary, the three types of BCTs exhibited diverse perfor-
mances for blood sample storage, which provided guidance for BCT 
selection in specific study use. Therefore, it is of great importance to 
standardize the blood samples processing and choose the most suit-
able BCT to achieve reliable and valuable individual blood analysis 
within a comparable experimental group.
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