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Abstract 
Blood collection method selection is critical when analyzing blood gene expression. Multiple 
blood collection methods and sites exist, each with advantages and disadvantages. For human 
blood gene expression analyses, blood is commonly collected by venipuncture at the antecubital 
fossa (interior elbow) using a range of vacutainer tubes. Several vacutainer tube types contain 
RNA-preserving additives, all adequately preserving blood RNA. Most human subjects accept 
venipuncture, which collects sufficient high-quality blood and RNA suitable for gene expression 
analysis by RNA sequencing (RNA-Seq). Venipuncture has drawbacks; it requires trained 
personnel, carries a risk of injury, is time-consuming, and is often unsuitable for in-the-field, at-
home, or self-collection. Capillary blood collection by fingerstick is common and widely 
practiced but not often used for RNA-Seq analysis due to low and variable blood quantity, a lack 
of blood RNA preservation options, low RNA yields, and variable RNA quality. This study used 
total RNA-Seq to compare two different fingerstick blood collection, preservation, and RNA 
extraction methods with a commonly used venipuncture blood collection and RNA extraction 
method. We demonstrate that fingerstick blood collection produces RNA suitable for RNA-Seq, 
that each fingerstick method produces results more similar to one another than to venipuncture-
derived blood RNA, and that each fingerstick blood collection method can distinguish between 
experimental groups (male and female subjects). While the venipuncture method examined here 
is generally preferable to the fingerstick blood collection methods, particularly in well-controlled 
and resourced environments, capillary blood is suitable and useful for gene expression analysis.
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1. Introduction 
The Federal Aviation Administration’s (FAA’s) Functional Genomics team routinely collects 
venipuncture blood samples to analyze gene expression changes under aerospace-relevant 
conditions (Uyhelji et al., 2018; Nicholson et al., 2021; Nicholson et al., 2023; Munster et al., 
2023a; Uyhelji et al., 2023). Venipuncture provides ample high-quality blood and allows 
collections to take place in a wide variety of collection tubes (Kim et al., 2014). However, 
venipuncture has several disadvantages. Venipunctures require trained personnel, inflict 
discomfort upon the subject (particularly when in-dwelling catheters or butterfly needles are used 
in long-term studies), require large collection volumes that may limit the number of collections 
possible in long-term studies, and present a low risk of adverse events including infection, 
syncope (fainting), bruising, and damage to the median and radial nerves (Galena, 1992; World 
Health Organization [WHO] Best Practices for Injections and Related Procedures Toolkit, 2010; 
Tsukuda et al., 2019; Voin et al., 2017).   

Fingerstick blood sampling, wherein capillary blood is collected through a superficial skin 
puncture that projects no further than 2.4 mm below the epithelial surface, presents an attractive 
alternative to venipuncture (WHO Best Practices on Drawing Blood: Best Practices in 
Phlebotomy, 2010; Krieza et al., 2015). Using commercial puncture devices, such punctures may 
be performed successfully by minimally trained laypersons, with a low chance of harm to the 
subject. Capillary blood collection is commonly performed at the fingertip, and less commonly at 
the heel, arm, and palm (Jungheim & Koschinsky, 2002; WHO Guidelines on Drawing Blood: 
Best Practices in Phlebotomy, 2010).   

Blood from fingerstick punctures is typically collected in glass or plastic microcapillary tubes, 
absorptive cards or devices, or by dripping directly into sample tubes. Fingerstick sampling 
collects much lower sample volumes than venipuncture; therefore, subsequent processing steps 
must compensate for smaller blood volumes and lower amounts of extracted biological 
molecules available for analysis (Robison et al., 2009; Pirritano et al., 2018; Speake et al., 2017; 
Rinchai et al., 2016; Kabeer et al., 2018). The variety of commercial microsampling tubes and 
vials nearly matches that of conventional blood tubes, but as of this writing there are no 
microsampling devices equivalent to the RNA-preserving venipuncture tubes (PAXgene RNA 
blood tubes) currently used by the FAA Functional Genomics team. However, previous studies 
have adapted and optimized methods of preserving fingerstick capillary blood for RNA 
extraction (Robison et al., 2009; Kabeer et al., 2018), and one published method of capillary 
blood preservation and mRNA profiling by RNA sequencing (RNA-Seq) exists that 
demonstrates RNA preservation and correspondence between capillary and venous blood gene 
expression (Toma et al., 2020). 

To assess the usefulness of fingerstick blood in determining gene expression profiles using total 
RNA-Seq, we compared global gene expression between RNA obtained from two separate 
fingerstick blood collection and RNA extraction methods with RNA obtained from venipuncture 
blood collections using PAXgene tubes. All RNA-Seq results were analyzed to identify gene 
expression profiles for each sample, and those profiles were compared to assess gene expression 
differences between collection and extraction methods.   
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As little evidence exists detailing variance in gene expression according to capillary blood 
collection site, gene expression profiles obtained from the middle and ring fingers using blood 
RNA collected and extracted using the same method were compared to assess gene expression 
variance between fingerstick sampling locations. To determine the relative sensitivity of each 
collection method, male and female subjects were compared directly within each sample type to 
detect gene expression differences between experimental groups (Tian et al., 2012; Jansen et al., 
2014; Bybjerg-Grauholm, 2017). The main objective of this study was to determine if fingerstick 
blood sampling is a suitable replacement for venipuncture blood sampling, to identify the 
optimum methods and locations for capillary blood collection, and to examine the usefulness of 
capillary blood RNA collected by fingerstick to distinguish between experimental groups (i.e., 
between male and female subjects). 

2. Methods 
Institutional Review Board and Consent 

All research was conducted with the approval of the FAA Institutional Review Board. All 
subjects signed an informed consent form before being included in the study, including 
permission to release RNA sequence data to the National Institutes of Health Database of 
Genotypes and Phenotypes (dbGaP). No personally identifying information was appended to or 
associated with experimental samples, and subjects were randomly assigned a numeric identifier 
used to uniquely label and identify samples. All analyses were conducted blinded to subject 
demographics except for subject sex. To assess the subjective level of pain felt for each blood 
collection method, a survey was provided to each subject to rate their pain from 0 (no pain) to 10 
(greatest pain), the pain felt immediately after each collection and then again after the session. 

Sample Collection 

Subjects appeared at the collection location without participating in any study-specific 
preparation, such as fasting, but were advised to be adequately hydrated before reporting for 
collection. To prepare for blood collection, each subject washed their hands in warm water (as 
warm as tolerable) for two minutes to warm the hands. Hand-warming was determined to 
dramatically increase the amount of capillary blood collected by fingerstick during method 
development (not shown). Following handwashing, subjects dried their hands and progressed 
immediately to fingerstick blood collection. Fingertips and venipuncture sites were sanitized 
with alcohol wipes prior to collection. Fingerstick sampling was performed on the middle and 
ring fingers (MF and RF, respectively). During method development, MF and RF locations were 
determined to produce the most reliable and consistent blood flow; various palm and upper 
arm/shoulder locations were unproductive. Venipuncture collection proceeded following 
fingersticks.  

Blood samples were collected at four separate sites. Venipuncture blood was collected using 
standard butterfly needles (Becton, Dickinson and Company [BD], Franklin Lakes, NJ) and 
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PAXgene Blood RNA Tubes (BD Biosciences, 762165). Two PAXgene tubes were collected for 
each subject, typically from the right arm. All fingersticks were performed using BD Microtainer 
Contact-Activated Lancets (Becton Dickinson, 366594). Two separate fingerstick blood 
collection and RNA extraction methods were used. Capillary blood was collected using two 100-
µL Microvette tubes containing ethylenediaminetetraacetic acid (EDTA) as the anticoagulant 
(Sarstedt Microvette 100 K3E, 20.1278.100, Nümbrecht, Germany). Each participant provided 
200 µL of blood from the MF of the hand opposite the venipuncture arm. Microvettes were 
tapped gently against a hard surface to expel all blood from the plastic microcapillary into the 
Microvette tube. The tubes were capped using the attached closure, and the filled Microvette was 
gently tapped horizontally from the side 10 times to ensure thorough mixing. From the MF and 
RF of the hand adjacent to the venipuncture site, 200 µL of blood per finger was collected using 
two 100 µL untreated Minivette tubes per puncture site (Sarstedt Minivette POCT 200, 
17.211.100). Each Minivette was filled to capacity, and the collected blood was immediately 
expelled gently into a cryovial containing 600 µL of 1x Zymo DNA/RNA Shield (Zymo 
Research, R1200-125, Irvine, CA), then the tubes were capped and inverted 10 times to mix.   

All tubes were stored at 4 °C following collection. Microvette-collected blood was stored at 4 °C 
for 2-5 hours and was then used immediately for total RNA extraction using the Norgen Total 
RNA Purification Plus Micro kit (Norgen Biotek Corp., 48500, Ontario, Canada). Microvette-
collected samples were not frozen to avoid RNA degradation due to cellular damage upon 
freezing. Minivette-collected blood was kept at 4 °C for 2-5 hours following collection, then 
placed at -20 °C for 24 hours and stored at -80 °C until extraction.  

RNA Extraction 

RNA was extracted from EDTA Microvette-collected fingerstick blood using the Total RNA 
Purification Plus Micro kit (Norgen Biotek Corp., 48500), with the following modifications: 700 
µL RL buffer with β-mercaptoethanol (for sample stabilization per kit recommendation) was 
mixed with each 100-µL EDTA-preserved blood sample in the Microvette tube and mixed by 
vortexing for 30 seconds. The resulting solution, amounting to 600 µL, was spun through a 
gDNA removal column, followed by spinning the flow-through through a new gDNA removal 
column. Flow-through volume was assessed by drawing the entire flow-through into a pipette set 
to a high volume and then reducing the volume until no air remained in the pipette tip. Based on 
that volume, 0.6 volumes of ethanol were then added to each sample, mixed, and 600 µL of those 
samples was spun through the purification column in successive spins until the entire sample 
passed through the column. Samples were eluted in 25 µL of RNAse-free water. Total RNA was 
isolated from Minivette-collected fingerstick blood samples using the Quick-RNA Whole Blood 
kit (Zymo Research, R1201), including on-column DNAse digestion. The entire 200 µL of 
fingerstick blood in 600 µL 1x Zymo DNA/RNA Shield (DRS) was used for each extraction. 
DRS-preserved samples were removed from -80 °C storage and thawed on ice. Following 
thawing, samples were extracted according to the manufacturer’s RNA Purification (Whole 
Blood) protocol with the following modifications: 16 µL proteinase K was added to the thawed 
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preserved blood solution, 800 µL isopropanol was added to the resulting mixture and spun 
through the purification column in 800-µL increments. The remainder of the protocol proceeded 
per the manufacturer’s instructions, but 21 µL of Nuclease-free water was used for final elution. 
Total RNA from PAXgene blood tubes was extracted using the PAXgene miRNA kit (performed 
in a QiaConnect robotic liquid handling device) using the manufacturer’s protocol with one 
modification; samples were eluted in 80-µL nuclease-free water in place of EB buffer. 

For each Microvette-Norgen RNA extraction (referred to hereon as Norgen), 100 µL of blood 
was used. Conversely, 200 µL of blood was used for each Minivette-Zymo RNA extraction 
(referred to hereon as Zymo MF or RF, depending on the fingerstick site). All 2.5 mL of blood 
collected in each PAXgene tube was processed using the PAXgene miRNA kit extraction 
(referred to hereon as PAXgene). After extraction, all PAXgene, Microvette, and Minivette RNA 
samples were assessed for purity and yield using a NanoDrop 2000c spectrophotometer 
(ThermoFisher Scientific, ND-2000c, Waltham, MA) and a Qubit 3.0 fluorometer 
(ThermoFisher Scientific, Q33216) using the Broad Range Assay kit (ThermoFisher Scientific, 
Q10210). RNA integrity numbers were calculated using a 4200 TapeStation system (Agilent, 
G2991BA, Santa Clara, CA) and RNA ScreenTape and reagents (Agilent, 5067-5576, 5067-
5578, 5067-5577).  

RNA-Seq cDNA Synthesis, Library Preparation, and Sequencing 

Samples were diluted to 11 ng/µL in RNase-free water (ThermoFisher, AM9938), stored at -80 
°C, and then shipped on dry ice to the Baylor College of Medicine Human Genome Sequencing 
Center for library preparation and sequencing. Samples were randomly re-arrayed to minimize 
potential batch effects and spiked with ERCC synthetic RNA (ThermoFisher, 4456740). From 
each sample, 9 µL (99 ng) of RNA was input to construct libraries using the TruSeq Stranded 
Total RNA with Ribo-Zero Globin kit (Illumina Inc., 20020612, San Diego, CA) following the 
manufacturer’s protocol (Illumina Inc., RS-122-9007DOC, Part # 15031048 Rev. E, October 
2013). Ribosomal RNA/Globin depleted RNA samples were purified using Agencourt 
RNAClean XP beads (Beckman Coulter, A63987, Brea, CA) and then used for first and second-
strand complementary DNA (cDNA) synthesis. The cDNA was A-tailed and ligated with the 
TruSeq UD Indexes V2 (Illumina Inc., 20042113), polymerase chain reaction (PCR) was 
amplified using the Illumina Primer Cocktail Mix included in the library kit, and then purified 
using AMPure XP beads (Beckman Coulter, A63882). Libraries were quantified using the 
Fragment Analyzer 5300, pooled in equimolar ratios, and then the pools were quantified using 
qPCR. Libraries were sequenced on the Illumina NovaSeq 6000 platform using 2x150 bp paired-
end reads to generate a minimum of 60 million reads per library. RNA-Seq output files were 
deposited in the National Center for Biotechnological Information’s dbGaP under accession 
number phs003496.v1.p1. 

RNA-Seq Analysis Pipeline 

Full alignment and quality control pipeline code, including individual software parameters and 
flags, is described in Supplementary File 1. The pipeline was performed in an Amazon Web 
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Service cloud instance developed and maintained by the Department of Transportation’s Secure 
Data Commons group. MultiQC (v1.14; Ewels et al., 2016) was used to generate .html summary 
reports after each step of the pipeline, summarizing the results from each program. Quality 
control of the raw fastq files was performed using FASTQC (v0.12.1; Andrews, 2010). The raw 
reads were trimmed of adapters and quality filtered using CutAdapt (v4.3; Martin, 2011). Quality 
control of the trimmed and filtered reads via FASTQC was performed again to assess the 
trimming and filtering. The trimmed and filtered reads were aligned to the ENCODE human 
reference genome (GRCh38.p13.48, indexed with a 149 bp sjdb overhang) and GTF annotation 
using STAR (v2.7.10.b; Dobin et al., 2013), generating Aligned.sortedByCoord.out.bam files 
and paired Unmapped.out.mate files consisting of all unmapped reads. BAM index files were 
generated using samtools (v1.17; Li et al., 2009). Post-alignment quality control on the 
Aligned.sortedByCoord.out.bam files was performed using Qualimap (v2.2.2d; García-Alcalde 
et al., 2012). Feature count matrices were generated using the featureCounts function of Subread 
(v2.0.4; Liao et al., 2014).  

Statistical Analysis and Differential Gene Expression Analysis 

Statistical and differential gene expression analyses were performed using R Statistical Software 
(v4.3.0; R Core Team, 2023) in conjunction with RStudio (build 446; Posit Team, 2023). We 
used two-way ANOVA with interaction to assess differences within various metrics. First, we 
examined mean levels of immediate and residual pain, considering both the blood collection 
method and participant sex. Second, we evaluated mean levels of RNA extraction metrics. These 
metrics included concentration, total yield, absorbance ratios at 260/280 and 260/230 nm, and the 
RNA integrity number (RIN), again analyzing the impact of RNA extraction method and sex. 
Tukey’s honest significant difference test was used post-hoc to compute the significantly 
different means. The analysis code was adapted from training material from the Harvard Chan 
Bioinformatics Core Differential Gene Expression workshop (Mistry et al., 2021). The 
differential gene expression analysis code is described in Supplementary File 2. The following 
packages in R were called directly to perform these analyses and prepare figures and tables for 
publication: DESeq2 (v.1.40.1; Love et al., 2014), tidyverse (v2.0.0; Wickham et al., 2019), 
GeneStructureTools (v1.20.0; Signal, 2023), limma (v3.56.1; Ritchie et al., 2015), ggplot2 
(v3.4.2; Wickham, 2016), pheatmap (v1.0.12; Kolde, 2019); apeglm (v1.22.1; Zhu et al., 2018), 
ggrepel (v0.9.3; Slowikowski, 2023), DEGreport (v1.36.0; Pantano, 2023), AnnotationHub 
(v3.8.0; Morgan & Shepherd, 2023), ensembldb (v2.21.0; Rainer et al., 2019), annotables 
(v0.2.0; Turner, 2023), pals (v1.7; Wright, 2021), patchwork (v1.1.2; Pedersen, 2022), ggpubr 
(v0.6.0; Kassambara, 2023), scales (v1.2.1; Wickham & Seidel, 2022), ggiraphExtra (v0.3.0; 
Moon, 2020), flextable (v0.9.2; Gohel & Skintzos, 2023a), ggiraph (v0.8.7; Gohel & Skintzos, 
2023b), officer (v0.6.2; Gohel, 2023), magrittr (v2.0.3; Bache & Wickham, 2022), pals (v1.7; 
Wright, 2021), UpSetR (v1.4.0; Gehlenborg, 2019), ggsignif (Ahlmann-Eltze & Patil, 2021), and 
biomaRt (v2.56.1; Durinck et al., 2009). 
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3. Results and Discussion 
Pain Felt During and After Blood Collection 

Whole blood samples were collected from 41 adult subjects (20 males and 21 females) via a 
single venipuncture (PAXgene), fingersticks on the MF and RF of the venipuncture-adjacent 
hand, and a fingerstick on the MF of the venipuncture-opposite hand (referred to as Zymo MF, 
Zymo RF, and Norgen MF, respectively). One subject experienced blood collection difficulty 
and was excluded from the study, leaving 40 subjects (20 males and 20 females). No significant 
difference in means was observed for sex, collection method, or the interaction between sex and 
collection method for either immediate (Fig. 1, Table 1) or residual (Table 2) pain, although pain 
according to collection method approached significance (P=0.055).  

In general, more immediate and residual pain was felt with fingerstick collection, and several 
subjects reported fingertip soreness or sensitivity one day following blood collection. Males 
experienced a greater range of pain during fingerstick collections, while females experienced 
greater pain levels during venipuncture collections (Figure 1A and B). Residual pain assessments 
demonstrated that pain receded from initial levels in all collection methods, with fingersticks 
generating slightly less residual pain than venipunctures and females reporting slightly less 
residual pain than males in all cases. However, none of these differences were significant. 
Occasional difficulty was experienced in both venipuncture and fingerstick collections; 
venipuncture collections sometimes required more than one puncture to find a productive vein, 
and some fingerstick collections required additional punctures to collect sufficient blood. 

Table 1. Two-way ANOVA with interaction results for immediate pain. No significant difference for means was 
observed for the sources of variation sex, collection method, or the interaction for sex and collection method. 

Pain Felt Immediately Following Each Collection 

SOV DF Sum Sq Mean Sq F-value P-value 

Sex 1 4.858 4.858 1.890 0.171 

Collection 3 4.074 1.358 0.528 0.664 

Sex:Collection 3 4.044 1.348 0.524 0.666 

Residuals 155 398.471 2.571   

Note. SOV = source of variation, DF = degrees of freedom, Sum Sq = sum of squares, 
Mean Sq = Mean Squares. P > .05 is insignificant. 
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Figure 1. Self-reported subject immediate and residual pain. (A and B) Boxplots (A) and density plots (B) of 
subject self-reported immediate pain on a scale of 1 to 10 (with 10 representing the worst pain imaginable) between 
male and female subjects across the four collection methods. No significant differences were observed (N=20 each 
for males and females for each collection method). (C and D) Boxplots (C) and density plots (D) of subject self-
reported residual pain on the same pain scale and for the same comparisons. No significant differences were 
observed (N=20 each for males and females for each collection method). 
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Table 2. Two-way ANOVA with interaction results for residual pain. No significant 
difference for means was observed for the sources of variation sex, collection method, or the 
interaction for sex and collection method. 

Residual Pain Felt Following Completion of the Blood Draw Session 

SOV DF Sum Sq Mean Sq F-value P-value 

Sex 1 0.525 0.525 1.332 0.250 

Collection 3 3.063 1.021 2.589 0.055 

Sex:Collection 3 0.915 0.305 0.773 0.511 

Residuals 155 61.129 0.394   

Note. SOV = source of variation, DF = degrees of freedom, Sum Sq = sum of squares, 
Mean Sq = Mean Squares. P > .05 is insignificant. 

Following sample collection, total RNA was isolated from each sample and quality and quantity 
were assessed (Fig. 2). One extraction was performed from each PAXgene tube collected from 
the venous blood draw (PAXgene 1 and 2), one extraction from each 100-µL fingerstick EDTA-
Norgen MF collection (Norgen MF1 and MF2), and one extraction each from the fingerstick 
Zymo MF and RF sticks (200 µL blood pooled for each location). A significant difference (P < 
0.001) in means was observed among collection methods for RNA concentration (Table 3), total 
RNA yield (Table 4), 260/280 nm absorbance ratio (Table 5), 260/230 nm absorbance ratio 
(Table 6), and RIN (Table 7). In all, PAXgene-collected blood yielded the highest RNA quantity 
(>10 µg per tube, Fig. 2A and B) and spectrophotometric quality (excepting a lower 260/230 
ratio for PAXgene tube 2 collections, due to a processing error), but produced lower-RIN than 
either fingerstick blood collection method (Fig. 2C-E). RNA quantity and quality metrics varied 
significantly between fingerstick collection methods, with Norgen samples producing higher 
260/280 ratios and RIN, but lower and more variable 260/230 ratios than Zymo MF or RF 
samples (Fig. 2C-E). However, Zymo MF and RF samples yielded more RNA than Norgen 
samples (Fig. 2A and B). No significant difference was observed by sex for any RNA metric 
except RIN (P value <0.05), with RNA from female RIN averaging 0.2 units higher than males. 
No significant difference was observed for the interaction between sex and collection method for 
any RNA metric.   
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Figure 2. RNA extraction metrics. (A to E) Boxplots of extracted RNA sample concentration faceted by sex (A), 
total RNA yield (B), 260/280 nm absorbance ratio (C), 260/230 nm absorbance ratio (D), and RIN values (E) for 
each of the extractions (N=20 each for males and females for each extraction). Significant differences exist between 
individual extractions for each of the metrics and are shown in Figure 3. 
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Table 3. Two-way ANOVA with interaction results for RNA concentration. A significant 
difference for means was observed for the source of variation collection method (P < 0.001) but 
not for sex or the interaction of sex and collection method. 

Analysis of Significant Differences Between Collection and Extraction Combinations by Sample 
RNA Concentration 

SOV DF Sum Sq Mean Sq F-value P-value 

Sex 1 4.01e+03 4.01e+03 1.627 0.203 

Collection 5 1.00e+06 2.01e+05 81.401 0.000 

Sex:Collection 5 3.80e+03 7.59e+02 0.308 0.908 

Residuals 232 5.72e+05 2.46e+03   

ns P > .05, * P < .05, ** P < .01, *** P < 0.001 

Note. SOV = source of variation, DF = degrees of freedom, Sum Sq = sum of squares, 
Mean Sq = Mean Squares. P > .05 is insignificant. 

 

Table 4. Two-way ANOVA with interaction results for total yield. A significant difference 
for means was observed for the source of variation collection method (P < 0.001), but not for sex 
or the interaction of sex and collection method. 

Analysis of Significant Differences Between Collection and Extraction Combinations by Total 
RNA Yield 

SOV DF Sum Sq Mean Sq F-value P-
value 

Sex 1 7.97e+06 7.97e+06 0.552 0.458 

Collection 5 8.10e+09 1.62e+09 112.228 0.000 

Sex:Collection 5 1.57e+07 3.14e+06 0.217 0.955 

Residuals 232 3.35e+09 1.44e+07   

Note. Ns P > .05, * P < .05, ** P < .01, *** P < 0.001. SOV = 
source of variation, DF = degrees of freedom, Sum Sq = sum of 
squares, Mean Sq = Mean Squares. P > .05 is insignificant. 
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Table 5. Two-way ANOVA with interaction results for 260/280 nm absorbance ratio. A 
significant difference for means was observed for the source of variation collection method (P < 
0.001) but not for sex or the interaction of sex and collection method. 

Analysis of Significant Differences Between Collection and Extraction Combinations by 260/280 
nm Ratio 

SOV DF Sum Sq Mean Sq F-value P-value 

Sex 1 0.013 0.013 1.241 0.266 

Collection 5 0.564 0.113 10.437 0.000 

Sex:Collection 5 0.094 0.019 1.744 0.125 

Residuals 232 2.506 0.011   

Note. Ns P > .05, * P < .05, ** P < .01, *** P < 0.001. SOV = source of variation, DF = 
degrees of freedom, Sum Sq = sum of squares, Mean Sq = Mean Squares. P > .05 is 
insignificant. 
 

Table 6. Two-way ANOVA with interaction results for 260/230 nm absorbance ratio. A 
significant difference for means was observed for the source of variation collection method (P < 
0.001) but not for sex or the interaction of sex and collection method. 

Analysis of Significant Differences Between Collection and Extraction Combinations by 260/230 
nm Ratio 

SOV DF Sum Sq Mean Sq F-value P-value 

Sex 1 0.012 0.012 0.040 0.842 

Collection 5 35.341 7.068 24.281 0.000 

Sex:Collection 5 0.486 0.097 0.334 0.892 

Residuals 232 67.535 0.291   

Note. Ns P > .05, * P < .05, ** P < .01, *** P < 0.001. SOV = 
source of variation, DF = degrees of freedom, Sum Sq = sum 
of squares, Mean Sq = Mean Squares. P > .05 is insignificant. 
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Table 7. Two-way ANOVA with interaction results for RNA integrity number. A significant 
difference for means was observed for the source of variations sex (P < 0.05) and collection 
method (P < 0.001) but not for the interaction of sex and collection method. 

Analysis of Significant Differences Between Collection and Extraction Combinations by RNA 
Integrity Number 

SOV DF Sum Sq Mean Sq F-value P-value 

Sex 1 1.725 1.725 6.463 0.012 

Collection 5 59.959 11.992 44.938 0.000 

Sex:Collection 5 0.946 0.189 0.709 0.617 

Residuals 229 61.109 0.267   

Note. Ns P > .05, * P < .05, ** P < .01, *** P < 0.001. SOV = source of variation, DF = 
degrees of freedom, Sum Sq = sum of squares, Mean Sq = Mean Squares. P > .05 is 
insignificant. 

Post-hoc testing of the significantly different means showed that for RNA concentration and total 
RNA yield, significant differences at the 95% family-wise confidence level existed between each 
fingerstick method and the PAXgene collection (P < 0.01) and between the Zymo MF and 
Norgen MF2 collections (P < 0.05; Fig. 3A and 3B). Significant differences in 260/280 nm and 
260/230 nm absorbance ratios (P < 0.01) demonstrated that Zymo collections produced 
significantly lower 260/280 ratios than any other method, while Zymo and Paxgene methods 
were equivalent. Zymo samples produced significantly higher 260/230 ratios than Norgen 
samples but did not differ from PAXgene samples (disregarding the improperly prepared 
PAXgene V2 samples). Norgen samples produced significantly lower 260/230 ratios than other 
methods (Fig. 3C and 3D). Finally, for RIN, the significant comparisons were between the 
Norgen samples and all other collection/extraction methods (P < 0.01) and between the Zymo 
MF and RF collections and the PAXgene collections (P < 0.01), with Norgen>Zymo>PAXgene 
in order of greatest RIN (Fig. 3E). There were no significant differences in any RNA quality 
metric within methods. For the purposes of this study, sex is considered a binary between male 
and female; in keeping with this binary, a significant difference also existed for RIN between 
male and female (P value < 0.05) (Fig. 3F). 
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Figure 3. Tukey’s honestly significant difference results for RNA extraction metrics. Ninety-five percent 
family-wise confidence level plots for each RNA extraction metric shown in Figure 2. (A to E) Extracted RNA 
sample concentration (A), total RNA yield (B), 260/280 nm absorbance ratio (C), 260/230 nm absorbance ratio (D), 
and RIN values (E) significance comparisons based on collection method (N=40; * P < 0.05; ** P < 0.01). (F) RIN 
values significance comparison on the basis of sex (N=20 each for males and females; * P < 0.05).  
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Differential Gene Expression between Collection/Extraction Methods 

Total RNA sequencing data were generated from each sample collected from all subjects. 
Principal components analysis (PCA) demonstrated clear segregation of samples by 
collection/extraction method along principal component 1 (explaining 36% of sample difference; 
Fig. 4A), with the fingerstick samples clustered away from the venous samples, and by sex, with 
the samples collected from male and female subjects clearly delineated along principal 
component 2 (explaining 15% of sample difference; Fig. 4B). When the data were subset by 
individual collection/extraction method, samples continued to cleanly segregate based on sex 
(Fig. 4C-F). 

Differential gene expression analysis was performed by DESeq2 with apeglm log fold shrinkage 
using a false discovery rate (FDR)-adjusted P-value significance threshold of 0.05 and a log2 
fold change threshold of |0.58|, corresponding to a fold change of approximately |1.5|. 
Comparing Norgen to PAXgene samples, 3,233 genes were significantly upregulated, and 
16,899 genes were significantly down-regulated, for a total of 20,132 differentially expressed 
genes (DEGs; Supplementary Table 1; Fig. 5A). A similar pattern was observed for the other two 
fingerstick versus venous collection/extraction methods: comparing Zymo MF to PAXgene 
showed 2,633 genes were significantly upregulated, and 17,743 genes were significantly down-
regulated, for a total of 20,376 DEGs (Supplementary Table 2; Fig. 5B), and comparing Zymo 
RF to PAXgene showed 2,830 genes were significantly upregulated, and 16,412 genes were 
significantly down-regulated, for a total of 19,242 DEGs (Supplementary Table 3; Fig. 5C). 
These results demonstrate that PAXgene-derived blood RNA differs widely in terms of 
expression profile from each of the examined fingerstick methods.  

In comparing the two fingerstick collection/extraction methods, Zymo MF to Norgen MF and 
Zymo RF to Norgen (Supplementary Tables 4 and 5, respectively), 1,667 and 1,912 genes were 
significantly upregulated, 719 and 759 genes were significantly down-regulated, for a total of 
2,386 and 2,671 DEGs, respectively (Fig. 5D-E). Finally, comparing the same fingerstick 
collection/extraction method across two different fingers, Zymo MF to Zymo RF showed no 
significant DEGs (Fig 5F).   

The top 20 significant DEGs sorted by FDR-adjusted P-value were plotted for the five 
comparisons with significant DEGs (Fig. 6), displaying the clearest expression differences 
between fingerstick and venous collections. A large degree of overlap exists across and among 
the five comparisons, with 15,356 DEGs in common among the three venous versus fingerstick 
collection/extraction methods and 994 DEGs in common across all five comparisons (Fig. 7). 
Directly comparing Zymo MF and RF did not detect significant differences in gene expression, 
and only 1,174 genes were unique to the intersection of comparisons of each of these methods to 
PAXgene collection. One hundred thirty-eight DEGs were unique to the Zymo MF and RF vs. 
Norgen comparison. These findings further suggest that the MF and RF expression profiles are 
largely similar.  
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Figure 4. Principal component analysis. PCA was performed using DESeq2’s plotPCA function on normalized, 
log-transformed counts. (A) Capillary fingerstick Norgen, Zymo MF, and Zymo RF samples are tightly clustered in 
two groups, while the venous blood draw PAXgene samples also tightly cluster in two groups alone. (B) The cause 
of the grouping pattern seen in (A) is explained by subject sex, with male and female distinctly separate regardless 
of extraction method. (C to F) Male and female subjects remain distinctly clustered in PAXgene (C), Norgen (D), 
Zymo MF (E), and Zymo RF (F) subsets.   
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Figure 5. MA plots of significant collection/extraction method DEGS. DEGs identified in each comparison. (A 
to F) MA plots for Norgen (MF) versus PAXgene (A), Zymo MF versus PAXgene (B), Zymo RF versus PAXgene 
(C), Zymo MF versus Norgen (D), Zymo RF versus Norgen (E), and Zymo RF versus Zymo MF (F) comparisons. 
The horizontal dashed lines represent the positive and negative 0.58 log2 fold change thresholds and the red dots and 
blue dots represent significant differentially expressed upregulated and down-regulated genes, respectively, with an 
FDR-adjusted P value threshold of 0.05. No significant DEGs were identified in the Zymo RF versus Zymo MF 
comparison. Expression is measured in Counts Per Million (CPM). 
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Figure 6. Top 20 significant collection/extraction method DEGs. (A to E) The normalized counts of the top 20 
DEGs with the lowest FDR-adjusted P values for each collection/extraction method arranged from left to right by 
Ensembl ID number: Norgen versus PAXgene (A), Zymo MF versus PAXgene (B), Zymo RF versus PAXgene (C), 
Zymo MF versus Norgen (D), and Zymo RF versus Norgen (E). 
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A much larger degree of difference exists between the RNA collected from fingerstick and 
venous blood than between fingerstick collection and extraction methods, likely due to the 
difference in composition between the two types of blood. The magnitude of differential 
expression between venous and fingerstick blood seen here exceeds that previously reported 
(4,490 DEGs; Stein et al., 2016). Capillary blood collected by fingerstick is known to contain a 
large proportion of non-blood cells derived from interstitial fluid and from cellular damage 
resulting from the nature of the draw itself and to exhibit differing cellular composition and 
metabolic characteristics than venous blood (Dobrodeeva et al., 2020, Bongen et al., 2019, 
Becker et al., 2022). Fingerstick methods were more similar to one another than to the Paxgene 
method, and no significant differences in gene expression profiles were noted between 
fingerstick locations on the same hand. This finding is important in determining which sample 
types to use when comparing results between studies. If the desire is to compare expression 
profile results with previous studies, one should attempt to match blood collection methods 
between studies, with RNA extraction method matching also of importance.  

Distinction Between Male and Female Subgroups Within Each Collection/Extraction Method 

When comparing male and female subjects across all four collection/extraction methods, 112 
genes were significantly upregulated, and 110 genes were significantly down-regulated, for a 
total of 222 DEGs (Supplementary Table 6; Fig. 8A). Comparing male versus female samples 
within collection/extraction methods showed 38 upregulated genes and 20 down-regulated genes 
(for a total of 58 DEGs) for PAXgene (Supplementary Table 7; Fig. 8B), 44 upregulated genes 
and 12 down-regulated genes (for a total of 56 DEGs) for Norgen (Supplementary Table 8; Fig. 
8C), 43 upregulated genes and 15 down-regulated genes (for a total of 58 DEGs) for Zymo MF 
(Supplementary Table 9; Fig. 8D), and 41 upregulated genes and 37 down-regulated genes (for a 
total of 78 DEGs) for Zymo RF (Supplementary Table 10; Fig. 8E).  

The top 20 significant DEGs sorted by adjusted P-value (FDR) were plotted for male versus 
female across all collection/extraction methods and for each collection/extraction method 
individually (Fig. 9), demonstrating a clear distinction of transcript abundance between male and 
female subgroups, or absent transcription in female subjects, in all comparisons. Across all and 
between the individual collection/extraction methods when comparing male versus female, 16 
DEGs were shared, with 146 DEGs unique to the all-collection/extraction methods comparison, 
9 DEGs to the PAXgene comparison, 5 DEGs to the Norgen comparison, 7 DEGs to the Zymo 
MF comparison, and 40 DEGs to the Zymo RF comparison (Fig. 10). No DEGs were unique 
solely to the Zymo MF-Zymo RF intersection. 
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Figure 7. Overlap of collection/extraction method DEGs. Intersection of all collection/extraction method 
differentially expressed gene sets. Of the three capillary fingerstick versus venous blood draw comparisons, the 
Norgen versus PAXgene gene set consists of 20,132 DEGs, the Zymo MF versus PAXgene gene set 20,376 DEGs, 
the Zymo RF versus PAXgene gene set 19,242 DEGs. The gene sets of the two capillary fingerstick versus capillary 
fingerstick comparisons consist of 2,386 DEGs for Zymo MF versus Norgen and 2,671 DEGs for Zymo RF versus 
Norgen. The column plot represents intersection sizes between the five comparisons, while the matrix plot shows 
each of the 28 comparison intersections. The single dots within the matrix plot represent DEGs belonging to only 
that comparison not found in any of the other comparisons. 
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Figure 8. MA plots of significant sex comparison DEGs. DEGs. (A to E) MA plots for male versus female 
comparisons for all methods (A), PAXgene (B), Norgen (C), Zymo MF (D), and Zymo RF (E). The horizontal 
dashed lines represent the positive and negative 0.58 log2 fold change thresholds, and the red dots and blue dots 
represent significant differentially expressed upregulated and down-regulated genes, respectively, with an FDR-
adjusted P value threshold of 0.05. 
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Figure 9. Top 20 significant sex comparison DEGs. (A to E) The normalized counts of the top 20 DEGs with the 
lowest FDR-adjusted P values for male versus female comparisons arranged from left to right by Ensembl ID 
number: all methods (A), PAXgene (B), Norgen (C), Zymo MF (D), and Zymo RF (E). 
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Figure 10. Overlap of significant sex comparison DEGs. Intersection of all male versus female differentially 
expressed gene sets. The all methods comparison gene set consists of 222 DEGs, while the individual PAXgene, 
Norgen, Zymo MF, and Zymo RF gene sets consist of 58, 56, 58, and 78 DEGs, respectively. 

In comparing male transcript abundance minus female transcript abundance, transcripts that were 
more abundant in males (such as Y-chromosome transcripts) were expected to be upregulated, 
and those more abundant in females (such as female-specific X-chromosome transcripts) were 
expected to be downregulated. This pattern was observed in all transcripts attributed to X or Y 
chromosomes in all comparisons (Supplementary Tables 6-10). The percentage of DEGs 
attributed to X or Y chromosomes varied according to comparison: All-methods combined 
comparison (14.4% Y chromosome and 10.8% X), Zymo MF (55.2% Y and 19% X), Zymo RF 
(17.9% Y and 12.8% X), Norgen MF (55.4% Y and 16.1% X), Paxgene (63.8% Y and 32.8% X). 
The identity of X and Y transcripts identified in each comparison varied, with a core of 16 X or 
Y transcripts common to all comparisons and 20 X or Y genes common specifically to the 
PAXgene, Norgen MF, and Zymo MF methods. The all-methods comparison showed 9 unique 
X/Y transcripts, 8 X/Y transcripts unique to the PAXgene method, 0 to Norgen MF, 3 to Zymo 
MF, and 1 to Zymo RF (Supplemental Figure 1). Although there was incomplete overlap 
between DEGs identified in each comparison, the DEGs that were identified conformed to the 
expected pattern, and each of the examined methods are useful in identifying differences in 
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transcript abundance according to sex, including those with log fold changes near the minimum 
threshold of |0.58|.  

Thus, while each method produced RNA that could be distinguished between male and female, 
the identity of the genes that permitted that determination varied between methods. Further, the 
number of unique DEGs in each method identified between the Zymo-MF and Zymo-RF when 
comparing males and females within the method indicates that, regardless of the lack of DEGs in 
the direct comparison of those datasets, fingerstick sampling site should be consistent to optimize 
any comparison. 

4. Conclusion 
The series of comparisons made here determined that fingerstick blood collections and each 
method of RNA extraction performed on those blood collections produces RNA that is useful for 
gene expression analysis using total RNA-Seq. While blood drawn into PAXgene tubes by 
venipuncture is more plentiful, and thus produces higher total yield and concentration than from 
fingerstick collections, in each case, capillary blood RNA produced sufficient RNA of adequate 
quality to sequence and to conduct reliable gene expression comparisons using those RNA-Seq 
results. The differing profiles observed between fingerstick and venous blood were expected due 
to differences in sample composition and RNA extraction method.   

When deciding which collection and extraction method is most suitable for a given study, one 
must consider the study aims. If subjects are to be sampled repeatedly over time, if large 
quantities of RNA are desired, and if trained personnel are available to perform blood draws, 
then venipuncture blood drawn into PAXgene tubes is likely preferable for most gene expression 
studies. Blood drawn through venipuncture yielded RNA of more consistent quality and quantity 
compared to the fingerstick method. Given the significant variance in individual gene expression 
observed between these two methods, it is advisable to use PAXgene-drawn venous blood when 
correlating results with previous studies that employed this biosample collection method. For any 
future research, prioritizing the collection of PAXgene-drawn venous blood would ensure better 
comparability. However, if trained personnel are unavailable, such as large-scale field or at-
home collections, or if storage space, costs, or permitted sample collection volumes are limited, 
fingerstick collections are sufficient to produce quality results. Within fingerstick collection and 
extraction methods, we also observed the respective benefits of the two different applications 
tested in this study.   

The Norgen method, drawn into EDTA-Norgen sampling devices, gave the most variable 
quantity and quality RNA, but produced RNA-Seq results equivalent to the Zymo method 
(Minivette-collected) despite a lower initial blood volume (100 µL vs 200 µL). The Microvette 
devices used in the Norgen method were convenient, rapid, and simple to collect blood with, and 
sufficiently preserved blood for up to 5 hours at 4 °C. This method would be most useful if blood 
were to be collected in a clinic or other controlled location with available refrigerated storage 
and if processing were to proceed the day of collection. 
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The Zymo method (collected using untreated Minivette devices and stabilized in an RNA 
preservative) produced a higher RNA yield with slightly lower RIN than the Norgen samples. 
However, this yield advantage is questionable, considering that 200 µL of blood was used for 
each extraction, compared with 100 µL per extraction for the Norgen method; the RNA yield of 
the sum of those two separate collections typically exceeded that of the single Zymo RNA 
extraction. Regardless, the Zymo method served to preserve the blood for RNA extraction 
adequately, and this method would be more useful in instances where immediate processing and 
extraction is not possible, where blood needs to be preserved at temperatures higher than -80 °C 
for some time, or for at-home or field collections. The sampling site location should also be 
made as consistent as possible; although no significant differences were noted between Zymo 
MF or RF samples, there was incomplete overlap between DEGs identified when comparing 
male and female samples within each sample type. In summary, each collection-extraction 
method tested here is suitable for use in gene expression analyses, but that study’s analytical goal 
should guide the use of any method.   
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