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Abstract: Circulating miRNA-451a has recently emerged as an important biomolecule with potential clinical
values as a diagnostic marker for several diseases. However, to be used as such, it is critical to accurately assay
miRNA-451a in the clinic. Yet, pre-analytical factors that can affect such an error-free clinical assay of miRNA-
451a have not been explored. This study aimed at investigating several of these pre-analytical factors that may
affect the accurate quantification of miRNA-451a in human blood samples. We initially evaluated miRNA-451a
levels in red blood cells (RBCs), white blood cells (WBCs), platelets, and plasma by droplet digital PCR
(ddPCR). Next, we quantified miRNA-451a levels in whole blood or plasma stored at different temperatures
for different time periods by ddPCR and used hemolyzed plasma samples to study the effects of hemolysis on
plasma miRNA-451a concentration. We found that WBCs and platelets contain trace amounts of miRNA-451a
and that about 99.9% of miRNA-451a in the blood are localized in RBCs. Hemolyzed plasma showed 58.5-fold
increase in miRNA-451 concentration as compared to non-hemolyzed plasma. Importantly, plasma stored at
room temperature (RT) or 4°C showed a steady statistically significant decrease in miRNA-451a levels over a
7-day period whereas plasma samples stored at -20 or -80°C for up to 7 days showed stable miRNA-451a levels.
Together, our data indicate that hemolysis and blood storage at RT or 4°C may have significant negative effects
on the levels of circulating miRNA-451a.

Keywords: preanalytical factors; blood processing; circulating miRNA-451; blood storage;
hemolysis; clinical assays; diagnosis

1. Introduction

In clinical chemistry, the development of minimally invasive diagnostic and screening assays
based on cell-free nucleic acids has garnered increasing attention. Cell-free DNA, mRNA, and
microRNAs (miRNAs) found in blood have emerged as prominent biomarkers in the pursuit of assay
innovation. However, a critical challenge inherent to the utilization of blood-based biomarkers is the
influence of pre-analytical factors, such as the way the blood sample is handled, including the storage
and processing, which might exert pronounced impacts on assay outcomes [1].

MiRNAs are a class of small non-coding RNA molecules, typically comprising around 22
nucleotides, with pivotal roles in pathophysiological processes. They function by post-
transcriptionally regulating gene expression mostly through gene silencing [2, 3]. MiRNAs play
significant roles in several cellular processes including differentiation, proliferation, apoptosis, and
tumorigenesis [4]. Recent research has unveiled the dysregulation of miRNA expression in various
disease conditions, including cancer, chronic kidney disease, and autism spectrum disorder [5 - 7].
Notably, investigations carried out on fresh human tissues and formalin-fixed paraffin-embedded
(FFPE) tissues have underscored the remarkable stability of miRNAs [8, 9]. Likewise, studies
involving human plasma have indicated the relative stability of plasma miRNAs, bolstering their
potential as diagnostic biomarkers [10]. However, a 2022 study revealed the degradation of certain
miRNAs after 24 hours of storage at room temperature [11].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Among these miRNAs, as stated above, miRNA-451a emerged as a key player in various human
diseases [12-15]. MiRNA-451a has been implicated in a spectrum of cancers, such as esophageal
cancer [16], gastric cancer [17], renal cell carcinoma [18], hepatocellular carcinoma [19], colorectal
cancer [20], and breast cancer [21]. As such, miRNA-451a was recently proposed as a potential
biomarker and therapeutic target across multiple cancer types [22]. Considering that most errors in
clinical laboratory tests occur during the pre-analytical phase [23], diligent monitoring and control of
pre-analytical factors are paramount to minimizing inaccuracies in clinical assays. Sample type,
storage temperature, and time of sample processing can all alter, to varying degree, the expression of
miRNAs. Thus, if miRNAs are going to be used in diagnostic assays in the future, it is critical to
characterize these pre-analytical factors to generate consistent and accurate conclusions about
miRNA expression levels. Given the extensive interest in miRNA-451a as a putative biomarker for
disease, this study sought to investigate pre-analytical factors that may exert significant effects on the
accurate quantification of plasma miRNA-451a in blood. Here, we provide a set of empirical
guidelines which can help minimize misinterpretation of miRNA-451a dysregulation in blood
samples.

2. Materials and Methods

2.1. Blood Samples

Blood from healthy donors were obtained from Boys Town National Research Hospital, Omaha,
NE, USA. Written informed consent was obtained from all donors prior to blood draw and this study
was approved (IRB # 20-14-XP) by the institutional review board of Boys Town National Research
Hospital, Omaha, NE, USA. Blood was collected from each donor using standard venipuncture
technique into one 10 mL K3EDTA tube (BD vacutainerl, Becton Dickinson, Franklin Lakes, NJ).

2.2. Plasma Separation

Plasma was separated from blood by a previously described method [24]. Immediately after
blood draw, blood was centrifuged at room temperature (RT) at 1600 x g for 10 minutes. The platelet
rich plasma layer was then carefully removed without disturbing the buffy coat, and transferred into
anew tube, mixed well, and divided into two aliquots. One aliquot was stored at RT, the other at 4°C.
Plasma aliquots were taken at days 0, 1, 2, 3 and 7 and centrifuged at RT at 16000 x g for 10 minutes
to remove platelets, residual cells, cell debris, apoptotic bodies, and nuclei prior to RNA extraction.

2.3. Preparation of Artificially Hemolyzed Blood Samples

Immediately after blood draw, a 1 mL aliquot of blood was removed from each donor and placed
into an Eppendorf tube and subjected to freezing and thawing to induce hemolysis. The remaining
blood from each donor centrifuged two times as described previously to get platelet free plasma.
Platelet free plasma from each donor was divided into two 1 mL aliquots. Hemolyzed blood samples
were also subjected to the same two step centrifugation protocol to get platelet free hemolyzed
plasma. From one aliquot of non-hemolyzed plasma, 50 uL was removed and 50 uL of hemolyzed
plasma added and mixed well by vortexing to get a hemolyzed plasma sample. RNA was extracted
from both non-hemolyzed and hemolyzed blood samples as described below.

2.4. Plasma RNA Extraction

Manufacturer’s recommended protocol was followed to extract RNA from plasma using
RNeasy® mini kit (cat. # 74004, QIAGEN Sciences Inc., Germantown, MD). RNA was eluted in 50 uL
of nuclease free water. Total RNA concentration was determined using Qubit™ RNA HS Assay Kit
(Life Technologies, Thermo Fisher Scientific Inc.), Qubit™ 4.0 Fluorometer (Life Technologies,
Thermo Fisher Scientific Inc.) and stored at -80°C until cDNA transcription.
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2.5. Quantitative Analysis of miRNAs Using ddPCR

Total RNA (10 ng) was transcribed and amplified using TagqMan Advanced cDNA Synthesis Kit
(Cat. # A28007, Applied Biosystems) following manufacturer’s recommended protocol. cDNA
samples were diluted with 0.1X TE buffer before ddPCR. Complimentary DNA samples were
analyzed using TagMan advanced miRNA assays for miRNA-451a (Assay ID 478107-mir), miRNA-
423-5p (Assay ID 478090-mir), and miRNA-199a-3p (Assay ID 477961-mir) (Cat. # A25576, Applied
Biosystems). The 20 uL ddPCR reaction mixture contained 10 pL of Bio-Rad 2x ddPCR Supermix for
probes, 2.0 uL of diluted cDNA, 1.0 uL of individual miRNA-specific primer-probe mix and reaction
volume adjusted to 20 uL by nuclease free water. Droplet digital PCR was performed using Bio-Rad
Automated QX200 droplet digital PCR system as previously described [25].

2.6. Statistical Analysis

Statistical analysis was performed in R [26]. The R package “rstatix” [27] was used to run all
statistical comparisons and figures were generated using the ggplot2 package (28). Pairwise t-tests
were used to compare miRNA expression at different time points in a repeated measure experimental
design with a Bonferroni adjustment for multiple comparisons. An unpaired student’s t-test was used
to compare hemolyzed versus non-hemolyzed plasma miRNA-451a expression. P-values less than
0.05 were considered statistically significant.

3. Results

3.1. MiRNA-451 Levels in Different Fractions of Human Blood

We first sought to quantify levels of miRNA-451a in different components of blood. To begin
with, we determined the distribution of miRNA-45la by fractionating blood into 5 distinct
components: RBCs, WBCs, platelets, plasma containing platelets, and platelet-free plasma.
Subsequently, we extracted total RNA from each fraction and performed miRNA-451a quantification
using ddPCR. The total copy number of miRNA-541a was calculated as the sum of all copies in all 5
fractions of blood (RBCs, WBCs, platelets, plasma with platelets, and platelet free plasma). Copy
number in each fraction was divided by the total copy number and proportions are reported as a
percentage of the total miRNA-451a copies. As depicted in Table 1, our results reveal that 99.9% of
miRNA-451a is predominantly located within the red blood cell fraction. White blood cells contain
the second-highest amount, with a percentage of 0.055%. In contrast, platelets, plasma with platelets,
and platelet-free plasma exhibit much lower miRNA-451a levels, accounting for 0.012%, 0.007%, and
0.0028%, respectively. The results suggest that most of circulating miRNA-451a is found in RBCs.

3.2. Effect of Hemolysis On Plasma miRNA-451a Levels

After observing that over 99% of miRNA-45la expression resides in red blood cells, we
investigated how hemolysis might influence the amount of miRNA-451a in platelet free plasma
(PFP). To simulate hemolysis, we generated spiked platelet free plasma as described above, and we
compared levels of miRNA-451a in hemolyzed versus non-hemolyzed PFP using ddPCR. There was
a statistically significant 58.5-fold increase in miRNA-451a concentration in hemolyzed samples as
compared to non-hemolyzed samples (Fig. 1). Here we suspect that if hemolysis occurs during
sample storage or preparation, the levels of miRNA-451a in PFP may significantly change.

doi:10.20944/preprints202312.0466.v1
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Figure 1. Effect of blood hemolysis on plasma circulating miRNA-451a concentration. Hemolyzed
and non-hemolyzed plasma were prepared from each donor, plasma RNA extracted, and miRNA-
451 concentration detected as described in Methods and Material section. Statistical significance was
determined using a student’s t-test (n = 4); Error bars indicates SEM; *** p  0.0001.

3.3. Effect of Storage of Whole Blood and Platelet Rich Plasma at RT or 4°C on Circulating miRNA-451a
Stability

To evaluate the impact of storage conditions on circulating miRNA-451a stability in both whole
blood and platelet-rich plasma (PRP), we examined the levels of miRNA-451a at room temperature
(RT) or 40C over a period of seven days in 17 donor samples. We observed that plasma samples
stored at RT or 4°C showed a time-dependent decrease in miRNA-451a levels, highlighting the
inherent instability of miRNA-451a at RT and 4°C (Fig. 2A). On the other hand, the results in whole
blood indicated that within the first day, both storage conditions exhibited a statistically insignificant,
minor reduction in miRNA-451a levels (Fig. 2B). However, as time progresses towards days 2 and 3,
there was a slight increase in miRNA-451a concentration (Fig. 2B). Notably, after seven days of
storage, blood samples kept at RT exhibited a statistically significant 5.7-fold increase, suggesting
whole blood samples stored at RT may produce dysregulated miRNA-451a concentrations after 7
days. There was also a significant 2.5-fold increase in miRNA-451a concentration after one week
storage at 4°C. Here we observed that in platelet-rich plasma (PRP), miRNA-451a concentration
significantly decreases over time, even after just 24 hours if samples are stored at 4°C or RT.
Conversely, after 7 days at 4°C or RT whole blood levels of miRNA-451a will actually increase
significantly. These observations suggest that perhaps miRNA-451a levels are not stable at 4°C or RT
for extended periods of time, and blood samples at these temperatures should be processed within
24 hours.
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Figure 2. Effect of storage of whole blood and platelet rich plasma at RT (23°C) or at 4°C on stability
of circulating plasma miRNA-451a, miRNA-423-5p and miRNA-199a-3p. Levels of miRNAs
determined by ddPCR. A, miRNA-451a concentration in platelet rich plasma stored at RT and 4°C. B,
miRNA-451a concentration in whole blood stored at RT and 4°C. C, miRNA-423-5p concentration in
platelet rich plasma stored at RT and 4°C. D, miRNA-423-5p concentration in whole blood stored at
RT and 4°C. E, miRNA-199a-3p concentration in platelet rich plasma stored at RT and 4°C. F, miRNA-
199a-3p concentration in whole blood stored at RT and 4°C. For A & Bn=17.For C,D, Eand Fn=38.
Statistical significance was determined using pairwise t-tests with a Bonferroni adjustment for
multiple comparisons. Error bars indicates SEM. Asterisks denote significance as follows: * p < 0.05;
**p <0.01; ** p <0.001; ***p < 0.0001.

3.4. Effect of Storage of Whole Blood and Platelet Rich Plasma at RT and 4°C on Circulating miRNA-423-5p
Concentration

After observing inconsistent levels of miRNA-451a at different storage conditions and in
different sample types, we wanted to confirm whether this phenomenon was unique to miRNA-451a
or perhaps common to other highly abundant miRNAs. To do this we measured the levels of two
other highly abundant miRNAs in the blood, miRNA-423-5p and miRNA-199a-3p. MiRNA-423-5p is
known for its high abundance in plasma and has been reported as an endogenous control for the
quantification of circulating miRNAs in certain cancers [29]. We conducted an analysis of miRNA-
423-5p levels in stored blood and plasma samples derived from 8 donor samples. For plasma samples
stored at RT (Fig. 2C), there was no notable change in miRNA-423-5p concentration after one day.
However, RT and 4°C concentrations significantly increased after 2 days, and continued increasing
through days 3 and 7, where 4°C sample concentrations less increase than their RT counterparts (Fig.
2C). In whole blood samples stored at RT, we observed a significant increase in miRNA-423-5p
concentration at all time-points when compared to day 0 measurements (Fig. 2D). Here we observed
that miRNA-423-5p showed different changes in expression over time than miRNA-451a, but its
levels did increase over time in both 4°C and RT storage conditions. This again indicates that pre-
analytical factors of storage temperature and time contribute to variance in miRNA expression
measurements with ddPCR.
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3.5. Effect of Storage of Whole Blood and Platelet Rich Plasma at RT and 4°C on Circulating miRNA-199a-
3p Concentration

Lastly, in order to further confirm the role of temperature and storage time on PFP and whole
blood samples, we measured miRNA-199a-3p levels using ddPCR. MiRNA-199a-3p is another
miRNA that is highly abundant in blood and is a promising diagnostic and prognostic marker in
glioma [30]. Eight donor blood samples were used in this analysis as well. As shown in Figure 2E,
plasma stored at RT and 4°C again exhibited a significant increase in miRNA-199a-3p concentration,
after 48 hours when compared to day 0 levels. Whole blood stored at both RT and 4°C showed
miRNA-199-3p concentrations continuously increasing starting at the 2-day period all the way to 7
days when compared to day 0 (Fig. 2F). Once more there was significant changes in miRNA
expression in both PFP and Whole blood samples over the course of 7 days, where we saw increases
in miRNA-199a-3p levels as time progressed, but storage at 4°C appears to reduce the magnitude of
miRNA-199a-3p increases over time.

3.6. Effect of Short-Term Storage of Whole Blood and Platelet Free Plasma at RT on Circulating miRNA-
451a

Storage of PFP and whole blood at room temperature over the course of 7 days had an influence
on miRNA expression levels. We then narrowed the scope of time to smaller increments, post-blood
draw to narrow in on an optimal window in which samples could be processed to produce consistent
results. To this end, measurements of the stability of miRNA-451a, miRNA-199a-3p, and miRNA-
423-5p were taken at room temperature (RT) storage conditions over shorter time increments. We
assessed the levels in whole blood or in PFP samples over a 72-hour period (at 2, 6, 12, 24-, 36-, 48-,
and 72-hour time points). MiRNA-451a in PFP displayed a decline over the span of 72 hours
becoming significantly lower than the 2-hour time point at 36 hours, where the highest concentrations
of miRNA-451a were recorded in the first 6 hours after sampling (Fig. 3A).

MiRNA-451a concentration remained relatively stable in whole blood at RT over 72 hours only
beginning to approach statistically significant increases from the 2-hour initial measurements after
about three days (Fig. 3B). It should be noted that there was a large degree of variation in the observed
miRNA levels within time-points in the short-term RT experiments and the trends observed merit
further validation.
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Figure 3. Effect of short-term storage of whole blood and platelet free plasma at RT on circulating
miRNA-451a, miRNA-423-5p and miRNA199a-5p concentrations. A, Levels of miRNA-451a, miRNA-
423-5p and miRNA-199a-3p in platelet free plasma stored at RT. B, stability of miRNA-451a in whole
blood stored at RT. Statistical significance assigned using pairwise t-tests for each miRNA

respectively, using 2hr as the reference group for comparisons (n = 4); Error bars indicates SEM; : * p
<0.05; ** p <0.01; *** p <0.001.

3.7. Effect of -20°C and -80°C Storage Conditions on Platelet Free Plasma miRNA-451a Levels

Given the observed instability of miRNA-451a in plasma at room temperature (RT) and 4°C (Fig.
2A), we conducted a stability study at lower temperatures, specifically at -20°C and -80°C, over a
period of 7 days. As depicted in Fig. 4, plasma stored at colder temperatures showed no decrease in
levels over the entire 7-day duration at -20°C and -80 °C. Instead, interestingly, we noted a significant
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increase in the levels over time, which is counter-intuitive to what would be expected. There was an
observed difficulty in RNA extraction due to formation of heavy protein precipitations in the aqueous
phase limiting access to get most of the aqueous phase formed during the first time-points. We
suspect this may be the reason for the increase in miRNA concentrations at later time-points.
Regardless, these findings indicate that both -20°C and -80°C are suitable temperatures for the storage
of plasma samples intended for miRNA-451a quantification.

miRNA-451a Platelet-Free Plasma Low Temperature Storage
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Figure 4. Effect of storage of platelet free plasma at -20°C and -80°C on circulating miRNA-451a,
concentrations. Platelet free plasma stored at -20°C or -80°C for up to 7 days. Pairwise t-tests were

used to evaluate significance with Bonferroni adjustment for multiple comparisons (n = 4); Error bars
indicates SEM. : * p < 0.05; ** p < 0.01; *** p < 0.001; ***p < 0.0001.

4. Discussion

Circulating miRNA-451a exhibits significant potential as a biomarker for diagnosing various
diseases, including cancer, chronic kidney disease, and autism spectrum disorder [12 -15]. However,
one of the major challenges in utilizing circulating miRNAs for developing novel diagnostic assays
is preanalytical variability. This study addresses several preanalytical factors that can impact assay
accuracy, such as blood sample hemolysis, the way plasma is separated from blood, sample storage
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time, and temperature. We investigated the distribution of miRNA-451a in different blood fractions,
including RBCs, WBCs, platelets, platelet-rich plasma, and PFP. Based on our results we devised a
set of empirically driven suggestions for sample processing to avoid variations in circulating miRNA
assays driven by pre-analytical factors above.

Our findings reveal that an overwhelming 99.9% of miRNA-451a is localized within RBCs (Table
1), confirming earlier work [31]. In contrast, plasma contains only minute amounts of miRNA-451a
compared to RBCs (Table 1). Consequently, our results demonstrated that plasma samples derived
from hemolysis, a pre-analytical factor, exhibited a 58.5-fold increase in miRNA-451a levels as
compared to non-hemolyzed plasma (Fig. 1), highlighting the inadvisability of using hemolyzed
samples in miRNA-451a-based assays.

Table 1. MiRNA-451 concentration in different fractions of human blood.

miRNA-451 copies/ 100 pL

Blood fraction blood % in blood
Red blood cells 45x101 99.91%
White blood cells 25x101 0.055%
Platelets 5.7x 1010 0.012%
Plasma with platelets 3x1010 0.007%
Plasma without platelets 1.3x1010 0.0028%

Furthermore, our investigation delves into the effects of storage time and temperature on
miRNA-451a levels in blood and platelet-rich plasma. When whole blood is stored at room
temperature (RT) and 4°C for up to 7 days, miRNA-451a concentration remains stable for the first
three days (Fig. 2B). However, by day 7, there was a statistically significant increase in miRNA-451a
concentration (Fig. 2B). In contrast, when platelet-rich plasma is stored under the same conditions,
there is a consistent statistically significant decrease in miRNA-451a levels (Fig. 2A), indicating that
miRNA-451a levels in plasma decrease over time.

The question of why miRNA-451a remains stable in stored whole blood but decline in platelet
rich plasma can potentially be explained by the fact that RBCs are capable of releasing exosomes and
other extracellular vesicles that contain miRNA-451a into circulation, as previously reported [32].
Thus, any decrease in miRNA-451a levels that is due to its instability/degradation may be
compensated for by what is released from RBCs or RBCs undergoing hemolysis post-blood draw.

In addition to miRNA-451a, we also investigated the stability of two other clinically important
miRNAs in plasma, miRNA-199a-3p and miRNA-423-5p. When whole blood is stored at RT and 4°C,
the levels of both miRNA-423-5p (Fig. 2D) and miRNA-199a-3p (Fig. 2F) increased over time. In
platelet-rich plasma stored at RT, miRNA-423-5p exhibits a statistically significant increase from day
2, whereas storage at 4°C, it shows an increase only at day 7 (Fig. 2C). MiRNA-199a-3p in platelet-
rich plasma stored at RT demonstrates a statistically significant increase from day 2, whereas samples
stored at 4°C showed a statistically significant increase at days 3 and 7 (Fig. 2E). The increase in the
levels of miRNA-423-5p and miRNA-199a-3p in whole blood is likely due to the release of
extracellular vesicles from blood cells, which carry a diverse population of miRNAs.

The increase in miRNA-423-5p and miRNA-199a-3p concentrations in platelet-rich plasma can
be attributed to the fact that both miRNA-423-5p and miRNA-199a-3p are among the 20 most
abundant miRNAs in platelets [33]. Consequently, the observed increase may result from the release
of exosomes from platelets during storage. Additionally, dead cells, apoptotic bodies, and other
cellular debris may also release miRNAs into plasma during storage. Therefore, we recommend using
platelet-free plasma for measuring circulating cell-free miRNA, achieved through high-speed
centrifugation (at 16,000 g for 10 minutes) to remove most platelets, apoptotic bodies, dead cells, and
other cellular debris.

Our study design examines the effects of storage at days 1, 2, 3, and 7. Notably, miRNA-451a
concentration in plasma significantly decreases at day 1 (Fig. 2A). To investigate short-term storage
effects, we conducted another study with whole blood and platelet-free plasma stored at RT. Blood
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and plasma samples were stored at RT. In whole blood, miRNA-451a level remains stable for 72 hours
showing a trend towards significantly increasing (Fig. 3B). However, in platelet-free plasma, a decline
in miRNA-451a levels is observed becoming significant at the 24-hour mark (Fig. 3A). These findings
underscore the importance of promptly processing plasma samples for miRNA-451a detection.

Since miRNA-451a proves unstable at room temperature and 4°C, we explored the stability of
platelet-free plasma at -20°C and -80°C over a 7 day period. Our data shows that miRNA-451a
concentration did not decrease at both storage temperatures for up to 7 days (Fig. 4).

5. Conclusions

In conclusion, our study underscores the need for precautions when using miRNA-451a as a
biomarker in diagnostic assays. A common perception is that miRNAs are quite stable especially due
to secondary structure and interactions with their targeting complex [34], but here we observe that
different pre-analytical analysis factors will yield different miRNA-451a expression levels. Careful
monitoring and control of the preanalytical phase are essential during blood collection and
processing to prevent hemolysis, which can release miRNA-451a into plasma and compromise assay
validity. To eliminate platelets and other cell debris, the recommended approach is the two-step
centrifugation protocol previously described [24]. Additionally, we emphasize the significance of
immediate processing of blood samples to obtain plasma and extract RNA. When plasma storage is
necessary, particularly for batch processing, it is advisable to store platelet-free plasma at either -20°C
or -80°C. Importantly, blood should never be stored at these temperatures, as freezing and thawing
can cause hemolysis, leading to increased miRNA-451a concentration in plasma. To maintain the
integrity of plasma samples, it is recommended that the latter are devoid of platelets, as the presence
of platelets during freezing and thawing may lead to the release of platelet contents and an increase
in miRNA-451a concentration.
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