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Abstract

This review aims to evaluate the role of microRNAs (miRNAs) as molecular biomarkers in forensic genetics and to comparatively analyze the efficiency of 
different miRNA isolation methods from various body fluids. A systematic literature review was conducted following PRISMA guidelines. Publications published 
between 2010 and 2025 were screened in PubMed, Scopus, and Google Scholar databases using the keywords “microRNA”, “forensic genetics”, “RNA isolation”, 
and “body fluids”. Fifty-three peer-reviewed studies met the inclusion criteria and were evaluated in terms of yield, purity, cost, and applicability of the isolation 
method. The comparative analysis included phenol–chloroform, column-based, magnetic bead-based, and hybrid protocols. The reviewed studies revealed that 
while phenol–chloroform methods provided the highest RNA yield, column-based and hybrid systems ensured superior purity and reproducibility. Magnetic 
bead–based techniques were advantageous for automation and reduced contamination risk. The optimal isolation method varied depending on the biological fluid 
type. miRNAs exhibit high stability and diagnostic potential in forensic applications such as body fluid identification, age estimation, and post-mortem interval 
determination. Selecting isolation methods optimized for specific biological matrices enhances analytical reliability and facilitates the integration of miRNA-based 
analyses into routine forensic workflows.
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INTRODUCTION

The need for reliable molecular biomarkers in forensic genetics 
has increased as the limits of conventional Short Tandem 
Repeat (STR) analyses become more apparent. In this context, 
microRNAs (miRNAs) have emerged as valuable alternatives 
due to their stability, tissue-specific expression, and regulatory 
roles in gene expression [1].

miRNAs are small non-coding RNAs, about 18–25 nucleotides 
long, and remain stable in various cellular and extracellular 
environments, a feature that supports their forensic usefulness 
[2]. Their multistep biogenesis, from primary to mature forms, 
further contributes to their robustness and analytical value [3].

Because miRNA expression differs across fluids such as blood, 
saliva, and semen, they provide practical advantages for body 
fluid identification and for interpreting mixed or degraded 
biological traces [4,5]. These properties also support their 
growing use in applications such as age estimation and evaluating 
environmental influences on evidence.

This review summarizes the biomarker potential of miRNAs 
and compares commonly used isolation techniques—phenol–
chloroform extraction, column-based methods, magnetic 
bead systems, and hybrid approaches—based on yield, purity, 
processing time, and cost [6]. Appropriate method selection 
is essential to obtain reliable results and ensure the validity of 
forensic interpretations [5].
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Data Sources and Search Strategy

This review followed PRISMA recommendations for systematic 
literature searches. Publications from 2010 to 2025 were 
screened in PubMed, Scopus, and Google Scholar using the 
keywords “microRNA,” “forensic genetics,” “RNA isolation,” 
and “body fluids.” Only peer-reviewed articles in English were 
considered.

The search identified 168 records. After removing duplicates 
and screening titles and abstracts, 60 full texts were examined. A 
total of 53 studies met all criteria and were included. The overall 
selection steps are summarized in Figure 1.

 
Figure 1. PRISMA flow summary; The figure outlines the literature selection 
process, from database search to final inclusion, based on PRISMA 2020 
standards

Inclusion and Exclusion Criteria

Inclusion criteria:

•	 Studies published between 2010–2025 addressing 
microRNA isolation in forensic, biomedical, or diagnostic 
contexts.

•	 Research comparing yield, purity, or reproducibility of 
miRNA extraction methods.

•	 Experimental or review papers involving body fluids such as 
blood, semen, saliva, milk, or plasma.

•	 Exclusion criteria:
•	 Non-English papers, conference abstracts, or non–peer-

reviewed preprints.
•	 Studies limited to animal samples, cell lines, or unrelated 

biomedical topics.
•	 Papers without quantitative measures such as RNA yield or 

purity ratios [5,7].

Data Extraction and Analysis

For each study, the sample type, extraction technique, 
commercial kit, and performance indicators (yield, A260/280, 
A260/230) were recorded. Statistical comparisons were 
performed using one-way ANOVA (p<0.05). Findings were 
summarized narratively and grouped by isolation method and 
sample type [8]. Additional comparative tables are provided in 
Tables 1-5.

Applications of miRNAs in Forensic Genetics

miRNAs have gained attention in forensic genetics due to their 
stability, tissue-specific expression, and regulatory roles in gene 
expression [9]. Rocchi et al. (2021) reported that these molecules 
support several forensic applications, including body fluid 
identification, age estimation, and post-mortem interval (PMI) 
evaluation [10].

Identification of Body Fluid Sources

Distinct miRNA expression patterns across body fluids provide 
a practical framework for determining the origin of biological 
traces. For instance, miR-205 is strongly associated with saliva, 
whereas miR-10b is predominantly detected in semen, making 
them useful fluid-specific markers [1,4].

Arat and Kaya Akyüzlü (2024) emphasized that miRNAs offer 
valuable discriminatory power, particularly in mixed or degraded 
samples frequently encountered in forensic casework [11]. Wang 
et al. (2013) showed that a panel of four miRNAs can distinguish 
body fluids with an accuracy of up to 95% [12,13]. Similarly, an 
in silico study by Çevik and Güzel Tanoğlu (2025) confirmed 
the high discriminatory potential of saliva-related miRNAs [14].

Together, these findings demonstrate that miRNA profiles form a 
reliable molecular basis for body fluid identification in forensic 
investigations.

Individual Identification and Age Estimation

Although miRNAs are not yet specific enough for direct 
individual identification, several age-related miRNAs—such as 
miR-34a, miR-181a, and miR-21—exhibit expression patterns 
that correlate with biological aging [15,16]. These changes can 
be incorporated into regression-based models to estimate an 
individual's age range with reasonable accuracy [17].

While still developing, this molecular approach may serve as 
a useful complement to traditional anthropological or skeletal 
assessments, especially when physical remains are limited or 
degraded.

Estimation of Post-Mortem Interval (PMI)

The post-mortem stability of miRNAs has generated interest 
in their use as molecular indicators of PMI. Several studies 
report time-dependent expression changes in cardiac miRNAs, 
including miR-1 and miR-133a, supporting their potential as 
molecular timing markers [8].

Pasaribu et al. (2023) reviewed findings from 18 studies and 
showed that miRNAs from the liver, skeletal muscle, and 
peripheral blood display measurable shifts in expression as PMI 
progresses [18]. Compared with morphological or entomological 
techniques, these molecular patterns may offer more consistent 
estimates, particularly when environmental conditions limit 
traditional approaches. Overall, current evidence suggests that 
miRNA-based profiling could strengthen PMI estimation in 
forensic practice.
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miRNA Isolation from Various Body Fluids

Because miRNAs are present in low quantities and are prone 
to nuclease degradation, the efficiency of the isolation step is 
critical in forensic workflows. Reported extraction strategies 
vary widely in yield, purity, and susceptibility to contamination. 
The most widely used methods include phenol–chloroform 
extraction, column-based purification, magnetic bead systems, 
and hybrid protocols that combine multiple steps [2,19].

General Protocols

Selecting an appropriate isolation method depends on the 
biological matrix—such as blood, saliva, or semen—as well as 
sample volume and planned downstream analyses. This choice 
is particularly important in forensic settings, where samples 
may be limited, degraded, or contain PCR inhibitors. Reducing 
processing steps and maximizing RNA recovery increase the 
likelihood of obtaining usable results.

miRNA quality is usually evaluated through RNA concentration 
(ng/µL), purity ratios [A260/A280 and A260/A230), and 
assessments of RNA integrity performed by electrophoresis or 
microfluidic systems. These metrics guide both method selection 
and the reliability of subsequent analyses.

Detailed Evaluation of Phenol-Chloroform-Based Methods

Phenol–chloroform extraction separates RNA through organic 
phase partitioning and has long been valued for its ability to 
recover high yields, including low-abundance miRNAs. Despite 
this advantage, the method involves multiple manual steps and 
relies on volatile, hazardous chemicals, which limit its suitability 
for routine forensic laboratories. Its hands-on complexity 
and operator-dependent variability also increase the risk of 
contamination and inconsistent results.

Conventional Phenol-Chloroform Extraction: This classical 
approach uses acidic phenol and chloroform to separate RNA 
into the aqueous phase, followed by ethanol or isopropanol 
precipitation to recover the RNA. Although it can produce high-
quality RNA, the procedure requires repeated centrifugation and 
careful handling of unstable reagents, making it impractical for 
high-throughput forensic workflows [20].

TRIzol-Based Extraction: TRIzol combines phenol and 
guanidinium thiocyanate, enabling cell lysis and RNase inhibition 
in a single step. It is effective across a wide range of sample 
types; however, the multiple pipetting steps and phase transitions 
increase the chance of RNA loss, especially in limited forensic 
samples. Modified TRIzol protocols have shown improved 
performance in lipid-rich or viscous matrices such as plasma and 
brain tissue [21,22].

QIAzol-Based Extraction: QIAzol, a phenol-containing 
reagent similar to TRIzol, is designed for samples with high lipid 
or viscosity levels. Studies on human milk and neural tissues 
report improved yields where standard methods underperform. 
Nonetheless, purity ratios (A260/A280 and A260/A230) vary 

considerably between matrices, highlighting the need for sample-
specific optimization—an essential consideration in forensic 
genetics where reproducibility is critical [4].

Proteinase K-Assisted Extraction: Proteinase K digestion 
helps break down proteins and improves RNA release, 
particularly in protein-dense fluids like semen. When combined 
with organic extraction, this pre-treatment significantly increases 
RNA recovery. Precise temperature and incubation control are 
essential, as suboptimal conditions can reduce RNA integrity, 
affecting downstream analytical reliability [23,24].

Column-Based miRNA Isolation Methods

Silica membrane–based column systems are widely used for 
miRNA extraction because they offer standardized workflows, 
ease of use, and reproducible results. RNA binds to the silica 
matrix under chaotropic conditions and is subsequently washed 
and eluted, producing clean nucleic acids suitable for downstream 
analyses. These methods are particularly useful for low-volume 
forensic samples, where limiting RNA loss is critical [25].

Li and Kowdley (2012) showed that column-based methods 
provide strong reproducibility and maintain RNA integrity in 
low-biomass materials such as serum. Kits such as miRNeasy 
(Qiagen) and mirVana (Ambion) remain common choices in 
both clinical diagnostics and forensic settings due to their reliable 
performance [26].

Evaluation of Major Column-Based Kits

miRNeasy (Qiagen): This kit isolates both small and large RNA 
through silica membrane binding. Its high purity and sensitivity, 
especially in serum and plasma, make it a frequent choice for 
forensic applications [13].

mirVana (Ambion): mirVana begins with an organic solvent–
based lysis step before RNA binding to silica membranes. 
Although it provides high-quality RNA, the multiple 
centrifugation steps add complexity and extend handling time, 
which may increase variability in forensic workflows [27].

Promega ReliaPrep™ System: ReliaPrep offers a rapid, user-
friendly protocol and performs well in complex matrices such 
as human milk. However, some studies report lower overall 
yields, which can be a limitation when dealing with low-template 
forensic samples [15].

Total Exosome RNA & Protein Isolation Kit (Thermo 
Fisher): This kit is designed for simultaneous isolation of 
RNA and proteins from exosomes in body fluids. It performs 
particularly well for exosomal miRNAs—an emerging category 
of forensic biomarkers. However, its requirement for adequate 
sample volume can be problematic in degraded or limited 
forensic specimens [5,28].

PureLink™ miRNA Isolation Kit (Invitrogen): PureLink 
targets small RNA recovery from complex matrices, including 
plasma and human milk. It consistently produces high-purity RNA 
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based on A260/280 and A260/230 ratios, although overall RNA 
yield can vary depending on sample type and input quantity [6].

NucleoSpin® miRNA Kit (Macherey-Nagel): NucleoSpin 
enables parallel isolation of total and small RNA from diverse 
sample sources and is appreciated for its affordability and ease 
of use. Nonetheless, some studies report reduced yields in dilute 
fluids like saliva or plasma, which may limit its forensic utility 
in trace samples [7].

Magnetic Bead-Based Isolation Methods

Magnetic bead–based extraction systems have gained traction 
as an efficient and automation-friendly option for miRNA 
isolation. These methods use magnetizable particles coated with 
nucleic acid–binding surfaces, allowing RNA to bind selectively 
while contaminants are washed away under a magnetic field. 
The result is a rapid, clean isolation process that works well 
even when sample volumes are small—an important advantage 
in forensic casework.

Their key strengths include short processing times, reduced 
manual handling, minimal contamination risk, and strong 
compatibility with automated platforms. These features improve 
workflow reproducibility and biosafety, making bead-based 
systems increasingly valuable for downstream applications such 
as RT-qPCR and next-generation sequencing in both forensic and 
clinical settings [16].

Chen et al. (2020) evaluated a two-step magnetic bead protocol 
and reported extraction efficiencies approaching 91% for 
exosomal miRNAs in plasma, demonstrating the method’s strong 
performance in complex matrices [29]. These findings support 
the use of magnetic bead systems as a practical and reliable 
alternative to more labor-intensive manual extraction methods, 
particularly when automation is needed.

Hybrid Extraction Methods

Hybrid strategies combine components of conventional and 
modern extraction techniques to improve both yield and purity. 
These methods are especially useful in forensic work, where 
samples may be degraded, scarce, or contain inhibitors.

TRIzol + miRNeasy Combination: This approach begins with 
TRIzol lysis, followed by silica column purification using the 
miRNeasy system. The pairing of TRIzol’s strong lysis efficiency 
with the high-purity output of column methods produces 
consistently higher-quality RNA, particularly in challenging 
materials such as serum and human milk [8].

Liquid–Liquid Extraction + Solid-Phase Cleanup: In 
this workflow, the aqueous phase from phenol–chloroform 
extraction is further purified on a silica column. It performs 
well in protein-rich fluids such as seminal plasma. Additives 
like Proteinase K, glycogen, or linear acrylamide can improve 
yields, although studies indicate that exosome pre-isolation 
does not provide significant added benefit for low-abundance 
forensic samples [30].

TRIzol Plus Liquid–Liquid Extraction Method: Developed 
by Zununi Vahed et al. (2016), this protocol begins with TRIzol 
lysis, removes large RNAs via potassium acetate, and selectively 
precipitates small RNAs—including miRNAs—using lithium 
chloride. It has shown strong performance in FFPE samples and 
viscous fluids and is noted for being cost-effective and adaptable 
for laboratories that do not rely on commercial kits [31].

Other Methods

Several alternative miRNA extraction strategies have been 
described for difficult or highly contaminated biological matrices, 
although these approaches are not yet standard in forensic 
workflows. Many of these methods focus on modifying reagent 
composition or adjusting extraction steps to improve recovery 
from samples with low RNA content or high levels of inhibitors.

Non-Standard Chemical Protocols: Procedures such as lithium 
chloride precipitation, PEG-assisted extraction, and glass fiber–
based filtration have been applied successfully to challenging 
fluids including bile, milk, and fecal material [32]. Because these 
matrices often contain substantial debris or enzymatic inhibitors, 
they typically require pre-processing steps—such as high-speed 
centrifugation, filtration, or differential ultracentrifugation—to 
reduce contaminants before the actual extraction begins [33].

Exosomal RNA Isolation Approaches: Extraction of 
miRNAs from extracellular vesicles, particularly exosomes, 
has been performed using workflows such as differential 
ultracentrifugation, size-exclusion chromatography, or 
microfluidic separation. These methods can provide highly 
enriched RNA fractions but also come with drawbacks, including 
long processing times, specialized equipment requirements, and 
increased operational complexity [34].

Use of DNA Extraction Protocols for Small RNA Recovery: 
Interestingly, several studies have noted that some DNA extraction 
kits—both silica column and magnetic bead formats—retain 
small RNAs during purification. This allows the recovery of 
miRNAs and genomic DNA from the same sample, a significant 
advantage when working with limited or irreplaceable forensic 
material [35].

Extracellular RNA Isolation from Biofluids: In serum and 
plasma, techniques such as precipitation, membrane filtration, 
affinity-based purification, and ultracentrifugation have been 
used to isolate extracellular miRNAs. Commercial systems like 
ExoQuick and miRCURY often yield satisfactory recovery, 
whereas ultracentrifugation tends to produce the highest-purity 
RNA fractions [36,37].

Next-Generation Isolation Platforms: Emerging technologies—
including microfluidic devices and antibody-coated magnetic 
systems—are being evaluated for their potential to enrich low-
abundance miRNAs with greater selectivity and throughput. 
These platforms may support future forensic workflows that 
require high sensitivity and scalable processing [6].

A summary of the commercial isolation kits referenced in this 
review is provided in Table 1.
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Table 1. Summarizes the types of isolation kits used, classification of the methods, their suitability for experimental purposes, and the primary evaluation criteria

Reference source Commercial kit name Biological sample 
type

Forensic diagnostic 
utility Matrix composition Advantages Limitations

Chen et al. (2020) [29] 2MBB Plasma Magnetic bead-based 
method Magnetic bead platform

High purity; specific 
RNA binding; suitable for 

automation
Long protocol duration

Li and Kowdley (2012) [26] miRNeasy Serum Column-based method Silica membrane 
column

High reproducibility; 
recovery of high-quality 

RNA

Reduced RNA yield in 
certain samples; may require 

high input volume

Li and Kowdley (2012) [26] mirVana Serum Column-based method Silica membrane 
column

High reproducibility; 
recovery of high-quality 

RNA

Multi-step protocol may be 
time-consuming and increase 

user-dependent variability

Li and Kowdley (2012) [26];
Rocchi et al. (2021) [10] Promega ReliaPrep™ Plasma, serum, 

breast milk
Silica column + 

Proteinase K Hybrid method

High yield; strong lysis 
capacity; compatible with 
complex matrices such as 

breast milk

Risk of protein 
contamination; requires 

multiple processing steps

Xu et al. (2022) [6];
Rocchi et al. (2021) [10] PureLink miRNA Plasma, tissue Silica membrane 

column Column-based method
Easy to implement; suitable 

for high-throughput 
applications

Low RNA yield reported in 
certain sample types

Rocchi et al. (2021) [10];
Glynn ve O’Leary (2018) [38] NucleoSpin Serum, plasma Silica column Column-based method Cost-effective; simple 

protocol
Reduced RNA yield in 

aqueous or dilute samples

Rekker et al. (2014) [36] ExoQuick Plasma, cell culture 
supernatant PEG-based precipitation Polymer-based 

precipitation method

Membrane-supported 
selective isolation; high 

RNA purity

Expensive; long protocol 
duration

El-Khoury et al. (2016) [42]; 
Rekker et al. (2014) [36]

miRCURY Exosome 
Kit

Blood, cell culture, 
organ tissue

Membrane filtration + 
precipitation

Hybrid method 
(membrane filtration + 

precipitation)

High yield; compatible with 
vacuum-based workflows

Contains phenol; toxic and 
time-consuming

Roy et al. (2020) [22];
Zununi Vahed et al. (2016) [31]; 
Glynn et al. (2020) [17]

TRIzol Blood, brain, liver Phenol–chloroform Organic extraction 
method

Efficient lysis; prevents 
DNA contamination

Phenol toxicity requires 
careful handling; laborious

Rocchi et al. (2021) [10];
Xu et al. (2022) [6] QIAzol Serum, plasma Phenol–chloroform 

derivative
Organic extraction 

method

High purity RNA from 
complex fluids such as 

plasma

Lower yield compared to 
TRIzol

Eldh et al. (2012) [28] Total Exosome RNA & 
Protein Isolation Kit Plasma Exosome purification 

with organic solvents
Exosome precipitation + 

organic extraction
Isolates exosome-specific 

RNA with high purity

May require protocol 
customization for different 

matrices
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Comparison of miRNA Isolation Methods from Different 
Body Fluids

Different extraction protocols vary substantially in their RNA 
yield, purity, and stability, largely because each biological fluid 
has its own biochemical profile. Kit chemistry and workflow 
complexity further influence performance. This section 
summarizes comparative findings from the literature and 
highlights method preferences for specific specimen types.

Evaluation of RNA Purity, Concentration, and Degradation 
Rates

Multiple studies have assessed isolation efficiency using metrics 
such as total RNA concentration, A260/280 and A260/230 ratios, 
and replicate consistency.

An early multicenter comparison by Eldh et al. (2012) found that 
the miRCURY protocol produced the highest RNA concentrations, 
whereas RNeasy and TRIzol + Cleanup achieved a more balanced 
outcome between yield and purity (Table 2) [28].

Zununi Vahed et al. (2016) reported that a potassium acetate 
+ 2.5M LiCl workflow yielded the best overall purity for 
urine samples. Although extraction with 0.4M LiCl produced 
higher RNA amounts, purity was markedly lower—limiting its 
applicability in downstream analyses (Table 1) [31].

O’Leary and Glynn (2018) compared three commercial kits 
across several body fluids. Their data indicated that miRNeasy 
generated the highest RNA yield overall, while a modified 
mirVana protocol performed best with saliva. Each experiment 
included ten technical replicates (Table 2) [38].

Table 2. Comparative Analysis of Total RNA Yield and Purity Across Seven Isolation Methods [28, 38]

Method RNA yield (ng/106 cells) A260/280 ratio A260/230 ratio Technical replicates (n) Comment

Trizol® 24.1±8.3 2.1 1.8 3–4 Limited recovery of small RNAs

Trizol® + Cleanup 41.3±6.6 2.2 2.1 3–4 Improved yield and purity

RNeasy® 82.8±27.1 2.3 2.6 3–4 Among the highest purity values

Modified RNeasy® 75.7±27.6 1.9 1.2 3–4 Lower purity observed

miRNeasy 13.0±7.7 1.9 1.5 3–4 Overall RNA yield was low

miRCURY™ 107.7±25.7 2.0 2.0 3–4 Highest total RNA yield

mirVana™ 33.1±17.7 1.9 1.8 3–4 High yield of small RNA species

Spectrophotometric and fluorometric assessments continue 
to guide forensic decision-making. TRIzol protocols often 
produce strong yields but frequently show reduced A260/230 
ratios due to residual organic contaminants [39]. Column-
based systems typically yield cleaner RNA but at the expense 
of lower total recovery, a pattern echoed across several 
comparative studies [40].

Williams et al. (2015) emphasized that, particularly in forensic 
contexts where sample quantity is limited, the isolation method 
chosen can directly alter quantitative outcomes and downstream 
interpretation [41]. El-Khoury et al. (2016) further noted that 
miRCURY delivers high purity but may underperform with small 
input volumes due to column saturation, whereas miRNeasy captures 
more small RNA species but with slightly reduced purity [42].

Finally, even standardized protocols show noticeable inter-
laboratory variation, reinforcing the need for harmonized 
isolation procedures in both forensic and clinical molecular 
settings [43].

Experimental Design

Comparative studies evaluating miRNA isolation methods 
depend heavily on using a consistent experimental setup. Most 
investigations process the same biological material—often 
serum—side-by-side with several extraction protocols and then 
compare RNA yield, purity ratios, and RT-PCR performance. 
Typically, 3–5 technical replicates are included, and statistical 

differences are assessed using independent t-tests or one-way 
ANOVA [44]. The use of internal reference miRNAs is also 
essential, as it reduces technical variation and supports reliable 
normalization [25].

In the experimental data reviewed here, differences in RNA 
concentration and purity across methods were analyzed using 
one-way ANOVA, with statistical significance defined as p<0.05.

Selection of the Most Efficient Isolation Method According to 
Body Fluid Type

Comparative findings from the included studies highlight 
that miRNA isolation efficiency is strongly dependent on the 
biochemical characteristics of each fluid.

Mercadal et al. (2020) examined six EV isolation techniques for 
semen. Their results showed that the miRCURY 1500×g protocol 
produced the highest RNA yield, while ultracentrifugation 
remained the benchmark for purity (Table 3) [45].

For human milk, Ahlberg et al. (2021) tested five column-
based kits. Promega ReliaPrep™ generated the highest RNA 
concentrations, whereas the Sigma-Aldrich mirPremier™ kit 
achieved superior purity metrics (Table 4) [20]. 

Urbizu et al. (2023) evaluated saliva collection systems combined 
with column-based kits. The NucleoSpin + Oragene pairing 
yielded the most RNA, while miRNeasy produced samples with 
the lowest levels of DNA contamination (Table 5) [40].
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Table 3. Among the compared miRNA isolation protocols from urine specimens, the KCH3COOH + LiCl 2.5M method demonstrated superior performance in 
terms of yield and purity [31, 45]

Method RNA Yield 
(ng/µL) A260/280 ratio A260/230 ratio Technical replicates 

(N) Comment

KCH3COOH + LiCl 2.5M + Ethanol 231±5.9 1.84 3.85 3 Best purity and yield

LiCl 0.4M + Ethanol 1382±3.4 1.71 0.70 3 Highest yield but 
poor purity

LiCl 8M 657±21 1.43 0.32 3 Low yield and low 
purity

PEG 4000 ~25.7 Ct - - 3 Low RNA yield 
based on Ct value

PEG 6000 ~28.1 Ct - - 3 Lowest PCR 
efficiency

Table 4. miRNA isolation efficiency from distinct body fluids was compared using three commercial kits, with the number of technical replicates specified [20, 38]

Body Fluid Method Mean RNA yield (ng/µL) Technical replicates (n) Comment

Venous blood miRNeasy 29.3±6.4 10 Highest yield

Venous blood miRVana 4.5±1.5 10 Lowest yield

Venous blood Modified miRVana 14.8±18.2 10 High variation

Menstrual blood miRNeasy 232.2±188.6 10 High yield, variable

Menstrual blood miRVana 56.4±53.4 10 Moderate yield

Menstrual blood Modified miRVana 53.6±61.5 10 High inconsistency

Semen miRNeasy 83.8±101.5 10 Large variation

Semen miRVana 13.6±10.3 10 Low yield

Semen Modified miRVana 16.8±9.8 10 More consistent

Saliva miRNeasy 65.7±50.3 10 Good yield

Saliva miRVana 5.9±4.7 10 Very low yield

Saliva Modified miRVana 67.5±47.3 10 Best saliva RNA yield

Vaginal material miRNeasy 331.6±226.0 10 Highest overall yield

Vaginal material miRVana 111.9±68.5 10 Moderate yield

Vaginal material Modified miRVana 110.3±58.8 10 Comparable outcome

Table 5. Comparison of six different EV isolation protocols applied to semen samples in terms of RNA yield [40, 45]

Isolation Method RNA yield
(ng/µL) A260/280 ratio A260/230 ratio Technical 

replicates (n) Comment

Ultracentrifugation (UC) 22.39±7.79 1.78±0.17 0.60±0.40 5 Reference method, 
medium quality

ExoGAG 1500×g 8.17±2.55 1.76±0.05 0.13±0.05 2 Low purity

ExoGAG 3500×g 12.29±8.60 1.79±0.08 0.47±0.40 4 Acceptable quality

ExoQuick Ultra A 3000×g 4.27±0.94 1.53±0.04 0.39±0.18 2 Lowest yield

miRCURY Cell/Urine/ Cerebrospinal Fluid (CSF) 1500×g 31.03±2.94 1.63±0.11 0.40±0.26 4 Highest yield, low 
purity

miRCURY Cell/Urine/CSF 10,000×g 3.65±3.04 1.17±0.01 0.10±0.01 2 Very poor quality
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Given the biological diversity of fluids—differences in lipid 
content, protein density, and enzyme activity—method selection 
must be matrix-specific. TRIzol LS performs well with lipid-rich 
matrices such as milk, whereas column-based systems (mirVana, 
miRNeasy) are widely favored for plasma [46]. In protein-dense 
fluids like semen, adding a Proteinase K pretreatment step has 

been shown to improve recovery [47].

Glynn and O’Leary (2018) further demonstrated that each 
biological fluid exhibits characteristic miRNA signatures, 
reinforcing the need for extraction methods tailored to the 
specimen type [38].

Table 6. Comparison of five column-based kits used for RNA isolation from human milk in terms of yield and purity (20).

Kit Total RNA
(ng/µL) miRNA (ng/µL) A260/280 ratio A260/230 ratio Technical 

replicates (n) Comment

Promega ReliaPrep™ 28.30
(7.68–52.65)

12.75 
(3.35–56.65) 1.94 0.52 10 Highest quality 

and yield

Zymo Quick-RNA MicroPrep 20.30 
(8.47–28.45)

10.60 
(3.72–34.70) 1.35 0.32 10 Low A260/280 

ratio

Norgen Total RNA 23.10 
(10.70–34.05)

8.40 
(3.99–45.35) 1.48 0.24 8 Moderate yield, 

low purity

Norgen Single Cell 6.20 
(0.02–6.89)

1.92 
(1.02–22.92) 1.53 0.14 8 Lowest yield

Sigma-Aldrich mirPremier™ 14.16 
(3.97–38.25)

3.99 
(0.85–37.95) 2.20 1.48 10 Best purity,

low yield

Table 7. RNA yield and DNA contamination levels obtained from saliva samples using different sample collectors and column-based kit combinations [40]

Combination Total RNA (ng) Yield (ng/µL) A260/280 (%) DNA Contamination

Oragene + miRNeasy 2636 4.39 60 No

Oragene + miRVana 2365 4.73 60 Yes

Oragene + NucleoSpin 5003 5.56 60 Yes

50 mL Tube + miRNeasy 575 2.00 80 No

50 mL Tube + miRVana 2914 5.83 80 Yes

50 mL Tube + NucleoSpin 825 2.28 80 Yes

Salimetrics + miRNeasy 402 2.00 50 No

Salimetrics + miRVana 1311 2.82 50 Yes

Salimetrics + NucleoSpin 340 1.22 50 Yes

Comparative Analysis

Comparative findings across the literature show that no single 
protocol consistently outperforms others for miRNA isolation. 
The most effective method depends on the biological matrix and 
the demands of the downstream analysis. Column-based systems 
generally provide higher purity and straightforward operation, 
whereas TRIzol-based protocols are known for producing 
greater RNA yields. Magnetic bead–based methods offer 
reduced contamination risk and work efficiently with automated 
platforms. Hybrid approaches, which combine organic extraction 
with silica purification, often achieve a useful balance between 
purity and yield and are particularly effective for complex or 
inhibitor-rich samples [47,35].

Advances in downstream analytical tools—especially digital 
PCR and high-sensitivity microarrays—further improve the 

reliability of miRNA detection after isolation, allowing accurate 
measurements even from low-template forensic samples [48].

This review compared the main miRNA isolation strategies used 
in forensic genetics and evaluated their strengths across different 
biological matrices. Although phenol–chloroform protocols 
consistently produce high RNA yields, their dependence on 
hazardous chemicals, operator skill, and extended processing 
steps reduces their suitability for routine forensic workflows 
[44,46].

Column-based systems, on the other hand, provide more 
reproducible purity and are easier to standardize between 
laboratories. Their primary drawbacks are the higher cost and 
reliance on commercial reagents, which may limit feasibility 
in low-resource forensic units [25]. Magnetic bead–based 
techniques represent an appealing alternative because they 
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minimize contamination and can be integrated with automated 
systems, although differences in bead chemistry and the need for 
specialized equipment remain significant challenges [35].

Hybrid protocols—particularly combinations of TRIzol 
extraction followed by silica-based purification—showed the 
most balanced performance, yielding both high purity and 
high RNA recovery [47]. However, the heterogeneity of study 
designs, measurement platforms, and sample storage conditions 
highlights the ongoing need for harmonized validation 
standards.

Beyond isolation efficiency, the forensic value of miRNAs 
also lies in their tissue-specific expression patterns, which 
support the identification of biological traces even when 
samples are degraded [49]. Despite this potential, the absence 
of internationally recognized guidelines for miRNA extraction, 
quantification, and result interpretation continues to restrict their 
acceptance as forensic evidence [50].

Limitations and Future Directions

This review has several limitations.

First, the included studies used different protocols, instruments, 
and analytical criteria, which can affect comparability and overall 
reproducibility.

Second, publication bias is possible, as many studies report 
optimized or successful outcomes.

Third, restricting the search to English-language publications 
may have excluded relevant regional or local research.

Finally, although isolation efficiency was compared across 
studies, a quantitative meta-analysis could not be performed due 
to inconsistent reporting of standardized metrics.

Future work should focus on:

1.	 Developing internationally accepted guidelines for forensic 
miRNA isolation and validation.

2.	 Incorporating automation and next-generation sequencing 
into forensic workflows.

3.	 Conducting comparative studies using low-template, aged, 
or environmentally compromised samples.

4.	 Evaluating chain-of-custody, judicial admissibility, and 
quality assurance frameworks for RNA-based evidence.

CONCLUSION

miRNAs represent stable and tissue-specific molecular markers 
with considerable promise for forensic applications, including 
body fluid identification, age estimation, and post-mortem 
interval analysis [45]. Findings from this review show that 
no single isolation protocol is universally optimal; the most 
effective approach depends on the biological matrix and the 
requirements of downstream analyses. Establishing standardized 
extraction procedures and robust quality-control measures will 

be essential for integrating miRNA-based assays into routine 
forensic practice. With such developments, miRNA analysis has 
the potential to transition from an experimental technique to a 
reliable evidentiary tool that strengthens the interface between 
molecular biology and forensic medicine [51].
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