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Abstract

Introduction. Circulating tumor DNA (ctDNA) has emerged as a valuable biomarker for non-invasive cancer diagnostics
and treatment monitoring. However, pre-analytical variables, including blood collection and sample processing, significantly
influence ctDNA yield and analytical reliability. Optimizing these conditions is crucial for ensuring reproducible and accurate
ctDNA measurements.

Aim. To perform a comparative evaluation of blood collection tubes and DNA extraction methods for the isolation of
circulating tumor DNA from the blood plasma of patients with oncological diseases.

Materials and Methods. Plasma samples were collected using two types of blood collection tubes: PaxGene and
Streck. ctDNA was extracted using three different systems: Raissol, MagMax, and QiaAmp. Quantitative performance,
reproducibility, and variability of ctDNA vyield were assessed across all combinations of collection tubes and extraction
methods. Statistical analysis was performed to evaluate differences among extraction systems.

Discussion. The results demonstrated that QiaAmp consistently provided higher ctDNA concentrations across both
collection systems. Samples collected in PaxGene tubes exhibited lower variability and improved analytical stability
compared with Streck tubes. Statistically significant differences among extraction methods were observed for PaxGene
samples, while increased variability in Streck samples limited the ability to discriminate between methods. These findings
emphasize the critical role of pre-analytical optimization in ctDNA workflows and support the implementation of standardized
protocols to improve reliability in liquid biopsy analysis.

Conclusion. The results demonstrate that both blood collection tubes and the DNA extraction method significantly affect
ctDNA recovery, highlighting the importance of optimizing and standardizing pre-analytical workflows for reliable liquid biopsy
analysis.
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Beepenue. Linpkynupytowas onyxonesas AHK (ctDNA) ctana LeHHbIM 6uomapkepom Ans HEMHBA3WUBHON AWUarHOCTUKM
paka 1 MOHUTOpuHra Tepanuu. OpHako nNpegaHanuTUYecKue nepemMeHHble, BKMmoyas cbop kposu n obpaboTtky 06pa3sLios,
CyLecTBeHHO BrMAOT Ha Bbixod CtDNA u HagexHocTb aHanusa. OnTuMmusaumst 3TUX yCnoBui Heobxoguma Ans
obecneyeHrst BOCMPOM3BOAMMOCTY 1 TOMHOCTW 13MepeHuii CtDNA.

LUenb. Llenbio gaHHoro uccnegosaHusi 6bino NpoBeeHWE CPaBHWUTENBHON OLEHKN 3hEKTMBHOCTM Npobupok Ans
cbopa kpoBu n meTogos akcTpakumn JHK npu BbiaeneHun uupkynupytoweir onyxonesoi JHK 13 nna3mel kpoBu naumeHToB
C OHKOMOrMYecKMn 3aboneBaHNsaMM.

Matepuansi u MeToabl. [TNasveHHble 0BpasLibl Obinu cobpaHbl ¢ MCMONb30BaHNEM [BYX TUNOB npobupok: PaxGene
Streck. kcTpakums ctDNA npoeogunack ¢ UCnonb3oBaHMeM Tpex cuctem: Raissol, MagMax u QiaAmp. OuenuBanuch
KONMYECTBEHHbIE NOKasaTenu, BOCNPOM3BOAMMOCTL W BapnabenbHocTb Bhixoga CtDNA ans Bcex kombuHauwin npobupok v
METOAO0B 3KCTpaKUmu. [Ins OLEHKW pasnuumii MeXLy METOAaMM 3KCTPaKLM NPOBOAUNCS CTaTUCTUYECKUIA aHanu3.

O6cyxaeHue. PesynbTathl nokasanu, yto cuctema QiaAmp crabunbHo obecnedynsana bonee BbICOKME KOHLEHTpaLMK
ctDNA npu ucnonb3oBaHun 06emx npobupok. Ob6pasubl, cobpaHHble B npobupkn PaxGene, NpoaeMOHCTPUPOBANY
MeHbLUYl0 BapuabenbHOCTb W YNYYILEHHYI aHaNUTUYECKYlD CTabunbHOCTb MO CcpaBHeHMio ¢ npobupkamn  Streck.
CraTuCTHyeckn 3HauMMble pasnuuns Mexay MeTodamu SKCTpakuwm Habnioganuce ans obpasuoB PaxGene, Torga kak
noBblleHHas BapuabenbHocTb B obpasuax Streck orpaHuumMBana BO3MOXHOCTb pPasnuyns METOA0B. OTW AaHHble
NOAYEPKMBAKOT ~ KPUTUYECKYID POMb  ONTUMM3ALMW  NpedaHanMTUYeCKUX YCNOBWMA UM NOLAEPKWBAIOT  BHEAPEHWE
CTaHOapTU3VNPOBaHHBIX MPOTOKOMOB A/151 MOBbILLIEHNS HAAEXHOCTH aHann3a XuakocTHoM Guoncuu.

3akntoyeHue. MonyyeHHble pe3ynbTaThl NOKA3bIBAKT, YTO KaK TUN Npobupok Ans cbopa KpoBM, Tak W UCMOMb3yeMble
meTogdbl akcTpakumu [AHK cylwlecTBEHHO BAMAKOT Ha BbIXOL LMpKynupytowen onyxoneson [OHK, yto noguyépkusaet
HeobXxoaMMOCTb OMTUMM3ALMM M CTaHOApTU3aUMM NPeAaHanUTUYECKUX 3TanoB ANS HAZEXHOTO aHanM3a XWAKOCTHOM
Buoncuw.

Knroyeebie cnoea. yupkynupywowas onyxonesas [HK (ctDNA); xudkocmHas buoncus; akcmpakuyus [JHK;
npedaHanumu4yeckue nepemeHHsle; hpobupku Ons cbopa Kposu.
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Kipicne. Unpkynsunanbix katepni icik JHK (ctDNA) pakTbl MHBa3UBTI EMEC AMArHoCTUKanay XoHe eMAeYy MOHUTOPWHTI
yWiH MarbI3abl Guomapkepre aiHangpbl. Anaiga, KaH XuHay XoHe ynrinepai eHaey CUsKTbl angbiH ana aHanuTuKanbIk
taktopnap ctDNA LWblrbiMbIHA XoHE Tangay ceHimainiride eneyni ocep etedi. byn xargannapabl oxTainangbipy ctDNA
enLeynepiHin Aonairi MeH kainTa eHAIpINETIHAIMNH kaMTaMachI3 eTy yLUiH eTe MaHbI3abl.

Maxkcar. 3epTTeyain MakcaTbl — OHKONOrMANbIK aypynapbl 6ap HaykacTapaAblH KaH NiasMacbiHaH KaH aiHanbIMaarbl
icik AHK-cbiH Genin any yLwiH KonAaHbinaTblH KaH XuHay npobupkanapbl MeH [HK akcTpakuusi agicTepiHis TimMginiriH
canbICTbipMans! Typae baranay.

Matepuanpap meH apictep. [nasma ynrinepi eki TunTeri KaH xwHay TyTikTepiHae xuHangbl: PaxGene xoHe Streck.
ctDNA Raissol, MagMax xoHe QiaAmp xylenepiH xongaHy apkbifbl LblFapbingbl. bapnbik TyTik neH aKCTpakuus
oficTepiHin  komBuHaumsanapsl 6ombiHwa CtDNA whiFbIMbl, KalTa eHAipinywiniri xoHe Bapuabenbgiri GaranaHisl.
OKCTpaKLUms ofiCTepi apacbiHaarbl anbipMalLbIfbiKTapAbl baranay yLUiH CTaTUCTUKanbIK Tanaay Xyprisingi.

Tankbinay. Hotwxenep QiaAmp yMeciHig eki TyTik ywid ge xorapbl CtDNA KOHLUEHTpaLMsChIH TypakThl Typae
KamTamachl3 eTeTiHiH kepceTTi. PaxGene TyTikTepiHae xwuHanraH ynrinep Streck TyTikTepiMeH canbiCTbipraHaa TeMeH
Bapuabenbaik NeH Xorapbl aHaNUTUKanNbIK TYPaKThINbIk kepceTTi. PaxGene ynrinepiHae akCTpakuus oficTepi apacbiHaarsl
CTaTUCTMKanbIK MamHbI3abl aWbipMalbinbikTap 6ankangbl, an Streck ynrinepiHgeri xorapbl Bapuabenbgik agicTep
apacblHAarbl aiblpMalLbIbIKThl  aHbIKTayabl LiekTefi. Byn HoTwkenep angbiH ana aHanuTUKanblk —LapTTapabl
OHTaWNaHAbIPYAbIH MaHbI3Abl PeriH KepceTedi XoHe CeHiMAi CyhbIKTbIK G1oncuschl TangayblH KamMmTamachl3 eTy yLUiH
CTaHZapTTanFaH NpoToKoNAapabl eHriyai konganabl.

KopbITbIHAbl. AnblHFaH HoTWXenep KaH uHay npobupkanapbiHbie Typi MeH OHK akcTpakuus ogicTepi kaH
anHanbimparb! icik QHK-CbIHbIH LWbIFbIMbIHA €neyni acep eTeTiHIH KepceTTi, 6yn cyibik 6uoncus TanaayblHbIH CEHIMAINITH
apTTbIpy YLUiH anfblH ana aHanuTkanblk Ke3eHaepai OHTaNNaHabIpy MeH CTaHgapTTayAblH MaHbI3ObIbIFbIH KOPCETESI.

TyuiHdi co30ep. kaH aliHanbmdasbi kamepni icik AHK (ctDNA); cyiibixkmbix 6uoncusicsl; JHK akempakyuscel; andbiH
ana aHanumukariblx hakmoprap; kaH XuHay mymikmepi.
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Introduction

Molecular genetic methods play a key role in modern
oncology by enabling personalized treatment strategies,
improving patient stratification, and allowing dynamic
monitoring of therapeutic effectiveness. In recent years,
liquid biopsy approaches based on the analysis of
circulating tumor DNA (ctDNA) have gained increasing
clinical and research relevance due to their minimally
invasive nature and their ability to capture the molecular
landscape of tumors in real time [2,14]. Unlike conventional
tissue biopsies, liquid biopsy offers the possibility of
repeated sampling, facilitating longitudinal assessment of
tumor evolution and treatment response.

Circulating tumor DNA consists of short fragments of
tumor-derived DNA released into various biological fluids,
including blood, cerebrospinal fluid, urine, and pleural or ascitic
effusions; however, blood plasma remains the most widely
used and clinically relevant source for ctDNA analysis [8,15]. In
patients with malignant neoplasms, ctDNA is released into the
bloodstream primarily because of tumor cell apoptosis and
necrosis, as well as active secretion mechanisms associated
with tumor progression [9,16]. Due to its short half-life in
circulation, estimated to range from several minutes to a few
hours, ctDNA is highly susceptible to degradation and dilution
by background genomic DNA released from lysed leukocytes,
particularly under suboptimal pre-analytical conditions [1,13].
These characteristics necessitate careful control of sample
handling to preserve ctDNA integrity and analytical sensitivity.

The low concentration and pronounced interindividual
variability of ctDNA represent major methodological
challenges that limit its broader implementation in routine

clinical diagnostics. Even in patients with advanced-stage
malignancies, ctDNA levels may fluctuate considerably
depending on tumor burden, biological activity, and sample
processing conditions. Accumulating evidence indicates
that ctDNA yield is strongly influenced by pre-analytical
variables, including the type of blood collection tubes used,
time to plasma separation, stabilization chemistry, storage
conditions, and DNA extraction methodology [4,12,17].
Variability introduced during these early stages can
significantly affect downstream analytical performance,
leading to reduced reproducibility and compromised
quantitative accuracy.

Consequently, optimization and standardization of
sample preparation workflows are considered essential
prerequisites for reliable ctDNA analysis and for the
successful translation of liquid biopsy technologies into
routine clinical practice. Comparative evaluation of
established blood collection systems and DNA extraction
methods under standardized laboratory conditions may
provide critical insights into sources of analytical variability
and support the development of robust, reproducible
protocols. Therefore, the aim of the present study was to
optimize sample preparation conditions for ctDNA isolation
from blood plasma by comparatively evaluating commonly
used blood collection tubes and DNA extraction methods.

Materials and Methods

Venous blood samples were collected from 15 patients
with confirmed malignant neoplasms at the Kazakh National
Research Institute of Oncology and Radiology (KazIOR,
Almaty, Kazakhstan) wusing standard venipuncture
procedures in accordance with institutional protocols. All
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enrolled patients met the inclusion criteria, which comprised
metastatic involvement of regional lymph nodes or distant
organ metastases corresponding to advanced disease
stages (TNM stage IlI-1V), as well as ongoing targeted
therapy for at least one week prior to blood collection.
These criteria were selected to ensure a clinically relevant
cohort with detectable levels of circulating tumor DNA.

Blood was drawn into two types of commercially
available blood collection systems: PAXgene Blood DNA
Tubes (Qiagen, Germany) and Cell-Free DNA BCTs
(Streck, USA). For each patient, blood was collected in
duplicate tubes of each type (9 mL per tube) to minimize
sampling bias and to enable parallel processing. Following
collection, blood tubes were stored at room temperature for
up to 7 days prior to plasma separation, in accordance with
manufacturers’ recommendations and to simulate delayed
sample processing conditions commonly encountered in
clinical practice and multicenter studies.

Plasma separation was performed using a standardized
two-step centrifugation protocol designed to minimize
cellular contamination. Initially, whole blood samples were
centrifuged at 1,600 x g for 30 min at room temperature to
remove cellular components. The plasma supernatant was
carefully transferred to sterile 2 mL polypropylene tubes
without disturbing the buffy coat and subjected to a second
high-speed centrifugation at 14,000 x g for 10 min at 4 °C
to eliminate residual cellular debris. The resulting cell-free
plasma was aliquoted and frozen using a gradual cooling
procedure (-20 °C for 24 h followed by storage at -80 °C)
until further analysis.

Circulating tumor DNA was isolated from 2 mL of
plasma using one of three extraction methods: QlAamp
MinElute ccfDNA Kit (Qiagen, Germany), MagMAX™ Cell-
Free DNA Isolation Kit (Thermo Fisher Scientific, USA), or
CF Extra Raissol™ Reagent Kit (Raissol Bio, Russia). All
extractions were performed strictly according to the
manufacturers’ protocols by the same operator to reduce
inter-operator variability. Eluted ctDNA samples were stored
at -20 °C until downstream quantitative and qualitative
analyses.

The quality and concentration of isolated ctDNA were
assessed using complementary analytical approaches.
DNA concentration was measured fluorometrically using a
Qubit 2.0 fluorometer with the Qubit™ dsDNA High
Sensitivity Assay Kit (Invitrogen, USA). Spectrophotometric
assessment of nucleic acid purity was performed using a
NanoDrop 2000 (Thermo Fisher Scientific, USA). Fragment
size distribution and integrity of ctDNA were evaluated
using an Agilent 2100 Bioanalyzer with High Sensitivity
DNA reagents (Agilent Technologies, USA). DNA fragments
within the size range of 120-250 bp were considered
optimal and representative of circulating tumor-derived
DNA.

Statistical analysis was performed using GraphPad
Prism version 10. Prior to comparative analysis, data
distribution was assessed for normality. Comparisons
between two independent groups were conducted using the
Student’s t-test for normally distributed data. For small
sample sizes (n 5 per group) and non-normal
distributions, non-parametric statistical methods were
applied. Differences among DNA extraction methods within
each blood collection system were evaluated using the
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Kruskal-Wallis  test, followed by Dunn’s multiple
comparisons post-hoc test with Holm correction to account
for multiple testing. Quantitative data are presented as
mean + standard deviation (SD), median, and range. A p-
value of less than 0.05 was considered statistically
significant.

Results

Between October 2024 and February 2025, venous
blood samples were collected at the Kazakh National
Research Institute of Oncology and Radiology (Almaty,
Kazakhstan) from patients with various malignant
neoplasms. All enrolled patients (100%) presented with
advanced disease (clinical stages Ill-IV). A total of 30
plasma samples were obtained from 15 patients. The study
cohort consisted of 9 females and 6 males, with a mean
age of 56 years. These samples were used for subsequent
comparative analyses of blood collection systems and
ctDNA extraction methods.

Analysis of ctDNA concentration across individual
patients revealed no statistically significant difference
between PAXgene and Streck blood collection tubes
(Mann-Whitney U test, p = 0.34). The median ctDNA
concentration was 0.352 for PAXgene samples and 0.385
for Streck samples. In the PAXgene group, ctDNA values
ranged from 0.128 to 1.230, whereas Streck samples
demonstrated a wider range from 0.098 to 2.380.
Accordingly, the interquartile range was narrower for
PAXgene samples, reflecting a more compact distribution of
individual measurements, while Streck samples exhibited a
broader interquartile span and higher upper values (Figure
1). The increased dispersion in the Streck group was
evident from the wider spread of individual data points and
the presence of higher maximum concentrations, whereas
ctDNA measurements obtained from PAXgene tubes
clustered more closely around the median, indicating
greater analytical consistency across the study cohort.
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Figure 1. ctDNA concentration per patient
in PAXgene and Streck tubes

Streck

Scatter plot showing individual ctDNA concentrations
measured in plasma samples collected in PAXgene and
Streck blood collection tubes. Each dot represents one
patient. Statistical comparison was performed using the
Mann-Whitney U test (p = 0.34).
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Comparison  of extraction methods revealed
pronounced method-dependent differences in  ctDNA
recovery (Figure 2). In PAXgene samples, a statistically
significant overall difference among extraction methods was
detected (Kruskal-Wallis test, p = 0.029). Among the
evaluated approaches, QlAamp consistently demonstrated
higher ctDNA concentrations compared with both Raissol
and MagMax. Post-hoc analysis using Dunn’s multiple

comparisons test confirmed a statistically significant
difference between QlAamp and Raissol (p < 0.05),
whereas differences between Raissol and MagMax as well
as between MagMax and QlAamp did not reach statistical
significance. In addition to higher absolute values, QlAamp
in PAXgene samples showed a narrower dispersion,
indicating more consistent analytical performance.

Comparison of cfDNA concentrations
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Figure 2 Comparison of ctDNA yield by extraction method

Box-and-whisker plots showing ctDNA yield obtained
using Raissol, MagMax, and QlAamp extraction methods
for PAXgene and Streck samples. Boxes represent the
interquartile range with the median indicated by a horizontal
line; whiskers show minimum and maximum values.
Individual data points are displayed. Statistical analysis was
performed using the Kruskal-Wallis test followed by Dunn’s
post-hoc test. *p < 0.05.

In Streck samples, QlAamp also yielded the highest
absolute ctDNA concentrations across extraction methods

(Figure 2); however, the overall comparison did not reach
statistical significance (Kruskal-Wallis test, p = 0.134). This
lack of significance was accompanied by substantially
increased variability, particularly for Raissol and MagMax,
as reflected by wider ranges and interquartile distributions
(Table 1). Despite this variability, the consistent trend
toward higher ctDNA recovery with QlAamp across both
blood collection systems underscores its superior extraction
efficiency.

Table 1.
ctDNA concentration according to blood collection tube and extraction method
Comparison Median ctDNA Range Statistical test p-value
PAXgene vs Streck 0.352 vs 0.385 0.128-1.230 vs 0.098-2.380 Mann-Whitney 0.34
PAXgene - Raissol 0.158 0.128-0.352 — —
PAXgene — MagMax 0.344 0.128-0.616 — —
PAXgene - QlAamp 0.393 0.362-1.230 Kruskal-Wallis 0.029*
Streck — Raissol 0.215 0.138-1.070 — —
Streck — MagMax 0.292 0.098-1.450 — —
Streck — QlAamp 1.154 0.254-2.380 Kruskal-Wallis 0.134
* Post-hoc Dunn test (Holm-adjusted): QIAamp vs Raissol.
Overall, QlAamp consistently demonstrated superior ~ fragmented circulating DNA. Multiple comparative

ctDNA recovery across both blood collection systems, while
PAXgene tubes provided improved analytical stability and
reproducibility.

Discussion

The method-dependent differences in ctDNA recovery
observed in the present study (Figure 2, Table 2) are
consistent with a growing body of evidence highlighting the
critical role of extraction chemistry in the efficient isolation of
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investigations have demonstrated that silica membrane—
based extraction systems provide superior recovery of short
DNA fragments characteristic of ctDNA compared with
magnetic bead-based or precipitation-based approaches
[3,5,6,9]. This advantage is particularly relevant for
downstream  applications  requiring  high  analytical
sensitivity, such as digital PCR or low-frequency variant
detection.
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In PAXgene samples, QlAamp vyielded significantly higher
ctDNA concentrations compared with Raissol, as confirmed by
post-hoc statistical analysis. Similar results have been reported
by El Messaoudi et al., who showed that silica-based extraction
methods improve both yield and reproducibility of ctDNA in
plasma samples from patients with solid tumors [6]. Devonshire
et al. further demonstrated that differences in DNA extraction
workflows can introduce substantial quantitative bias in digital
PCR measurements, underscoring the importance of method
standardization for reliable ctDNA analysis [3]. Comparable
findings have been reported in more recent technical
evaluations comparing commercial extraction platforms under
controlled experimental conditions [5,7,10].

Although QlAamp also produced higher absolute ctDNA
values in Streck samples, the absence of significance in this
group likely reflects increased pre-analytical variability. Blood
stabilization systems are known to differ in their ability to
prevent leukocyte lysis and subsequent release of background
genomic DNA during storage and transport, which can dilute
the ctDNA signal and increase variability [11,18,20]. Meddeb et
al. emphasized that even minor deviations in pre-analytical
handling may significantly affect ctDNA integrity and
concentration, particularly in sample processed after prolonged
storage [12]. This phenomenon becomes especially
pronounced in studies involving heterogeneous clinical cohorts
or delayed plasma separation [18,19].

Importantly, the integrated analysis of patient-level ctDNA
variability (Figure 1), extraction-dependent performance (Figure
2), and summary statistics (Table 2) reinforces the concept that
reliable ctDNA measurement depends on the combined
optimization of blood collection systems and extraction
methods. Even in cohorts dominated by advanced-stage
malignancies, where ctDNA levels are generally elevated,
methodological variability remains a major determinant of
analytical robustness. These findings align with current
recommendations  advocating the implementation  of
standardized, validated workflows across all stages of liquid
biopsy analysis to ensure reproducibility and facilitate clinical
translation [16,17].

Study limitations

A limitation of this study is the relatively small sample
size and the inclusion of patients exclusively with advanced-
stage (llI-IV) malignancies, which may limit the
generalizability of the findings to earlier disease stages.

Conclusions

The findings of this study confirm that both blood
collection systems and DNA extraction methods play a
crucial role in determining the efficiency, variability, and
reproducibility of circulating tumor DNA (ctDNA) isolation
from blood plasma. Although no statistically significant
differences in overall patient-level ctDNA concentrations
were observed between PAXgene and Streck blood
collection tubes, PAXgene samples exhibited lower
variability and greater analytical stability, indicating more
consistent preservation of ctDNA under the applied pre-
analytical conditions.

Comparative evaluation of DNA extraction methods
revealed method-dependent differences in ctDNA recovery.
Among the tested approaches, the QlAamp extraction
system consistently demonstrated higher ctDNA yields and
significantly outperformed the Raissol method in PAXgene
samples, highlighting the advantages of silica membrane-
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based extraction technologies for the isolation of
fragmented circulating DNA. While QlAamp also produced
higher absolute ctDNA concentrations in Streck samples,
increased variability limited the statistical significance of
these differences.

Overall, the combined assessment of blood collection
tubes and extraction methods underscores the necessity of
integrated optimization of pre-analytical and analytical
workflows for ctDNA analysis. Implementation of
standardized blood collection systems together with high-
efficiency DNA extraction methods may substantially
improve the robustness and reproducibility of ctDNA-based
assays, thereby enhancing the clinical utility of liquid biopsy
approaches in oncology.
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