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Abstract

Forensic DNA analysis has become a cornerstone of modern criminal investigations, offering unparalleled capabilities in linking suspects to crime
scenes, exonerating the innocent, and solving cold cases. However, the reliability of DNA evidence is intrinsically linked to the integrity of the sample
throughout the forensic process. Contamination, whether from cross-sample transfer, environmental sources, or human error, poses a significant
risk to the accuracy of forensic results, potentially leading to wrongful convictions or the acquittal of guilty individuals. The advent of advanced
techniques such as Low-Copy Number (LCN) and Touch DNA analysis has further amplified these risks, as the increased sensitivity of these methods
makes them particularly vulnerable to contamination and secondary DNA transfer.

This review comprehensively examines the best practices for preventing DNA contamination in forensic laboratories, with a focus on the unique
challenges posed by LCN DNA analysis. Key areas covered include laboratory design and layout, the proper use of personal protective equipment
(PPE), meticulous sample handling protocols, and rigorous environmental monitoring. The importance of stringent quality control measures,
continuous training, and strict adherence to Standard Operating Procedures (sops) is emphasized to ensure that these practices are consistently
implemented. Additionally, the review highlights the role of illustrated summaries, such as flowcharts and mind maps, as effective tools for education
and training, helping to reinforce these best practices.

By adopting these comprehensive strategies, forensic laboratories can significantly reduce the risk of DNA contamination, thereby upholding the
credibility of forensic DNA analysis. This, in turn, strengthens the integrity of the criminal justice system, ensuring that DNA evidence continues to
serve as a reliable and powerful tool in the pursuit of justice.

Keywords: Forensic Genetics, DNA Contamination Prevention, Low-Copy Number (LCN) DNA Challenges, Best Practices in Forensic Lab Design,

Rigorous Environmental Monitoring, Impact of Contamination on Criminal Justice, [llustrated Guides for Forensic Education

Introduction

Forensic DNA analysis has evolved into one of the most pow-
erful tools in modern criminal investigations, revolutionizing the
way evidence is gathered, analyzed, and interpreted in the pursuit
of justice. It plays a critical role in linking suspects to crime scenes,
exonerating the innocent, and resolving cases that have long gone
cold [1-4]. However, the strength of DNA evidence lies not just in its
presence, but in its purity and reliability. The integrity of DNA sam-
ples-from their initial collection at the crime scene through to the
final stages of laboratory analysis-must be meticulously preserved

to prevent contamination that could compromise the results. Even
the slightest contamination-whether through cross-sample trans-
fer, environmental factors, or human error-can lead to false conclu-
sions, potentially resulting in wrongful convictions or the acquittal
of guilty parties [2,3].

As forensic techniques have advanced, particularly with the ad-
vent of Low-Copy Number (LCN) and Touch DNA analysis, the sen-
sitivity of these methods has heightened the risk of contamination
[3]. These techniques allow for the detection and profiling of DNA
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from minute biological samples, which, while invaluable in certain
cases, also increases the potential for extraneous DNA to interfere
with accurate results. This review aims to provide a comprehensive
overview of best practices for preventing DNA contamination in fo-
rensic laboratories, supported by illustrations that visually depict
these practices. It will address the unique challenges posed by LCN
DNA analysis and underscore the necessity of rigorous protocols to
ensure that the forensic evidence presented in court remains cred-
ible and reliable.

Copyright© Salem Khalif Alketbi

Sources of DNA Contamination

Understanding the sources of DNA contamination is fundamen-
tal to implementing effective preventive measures in forensic DNA
laboratories. Contamination, even in minute amounts, can signifi-
cantly compromise the integrity of forensic evidence, leading to
inaccurate conclusions and potentially impacting legal outcomes
(see Figure 1 for an illustrated summary). The primary sources of
contamination include:

SOURCES OF DNA CONTAMINATION IN FORENSIC LABORATORIES
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l Ieproper PPE Usage Contosmmation dus to mcorrect use or Fodlure to chonge gloves, masks, ete. |

prevention measures at every stage of forensic analysis.

Figure 1: This figure illustrates the primary sources of DNA contamination within forensic DNA laboratories. The main categories of
contamination include Cross-Contamination, Environmental Contamination, Human Contamination, and Instrumental Contamination. Each
category is further divided into specific sub-categories, detailing how contamination can occur through factors such as sample handling errors,
airborne DNA, improper use of personal protective equipment (PPE), and unclean instruments. This visualization serves as a quick reference
for understanding the potential risks to DNA evidence integrity and underscores the importance of implementing stringent contamination

American Journal of Biomedical Science & Research



Am ] Biomed Sci & Res

Cross-Contamination

Cross-contamination occurs when DNA from one sample inad-
vertently contacts another, often due to improper handling or inad-
equate separation of samples during processing. This risk is par-
ticularly acute in forensic laboratories where even trace amounts
of DNA can lead to false results. The consequences of cross-con-
tamination are profound, potentially resulting in the misidentifica-
tion of individuals or the failure to accurately link a suspect to a
crime scene. To mitigate this risk, forensic laboratories implement
stringent protocols, such as maintaining separate workstations
for different stages of DNA analysis and using dedicated tools and
consumables for each sample. Additionally, laboratories employ
rigorous validation procedures and regularly monitor processes
to detect any cross-contamination early. The critical importance of
using dedicated equipment and establishing robust cleaning proto-
cols is well-documented in the literature, emphasizing the need for
continuous vigilance to prevent the cross-transfer of DNA between
samples [5-7].

Environmental Contamination

Environmental contamination involves the introduction of ex-
ternal DNA into a sample from the laboratory environment. This
type of contamination can occur through airborne particles, dust,
or residual DNA on surfaces, tools, or equipment. Given the sensitiv-
ity of modern DNA analysis techniques, even microscopic amounts
of environmental DNA can jeopardize the integrity of forensic evi-
dence. To address this, forensic laboratories implement a range of
environmental controls. These include high-efficiency particulate
air (HEPA) filtration systems, regular cleaning and decontamina-
tion of workspaces, and strict management of laboratory airflow to
reduce the risk of external DNA infiltrating samples. Additionally,
some laboratories have adopted the use of UV light sterilization and
other advanced techniques to further ensure a contamination-free
environment. The role of continuous environmental monitoring,
including the use of bioluminescence assays to detect residual DNA
on laboratory surfaces, is crucial for maintaining a controlled and
clean laboratory environment, as evidenced by recent research
findings [8,9].

Human Contamination

Human contamination is a significant concern in forensic lab-
oratories, arising from the inadvertent introduction of DNA by
laboratory personnel. This can occur through direct contact with
samples, surfaces, or equipment, or due to improper use of person-
al protective equipment (PPE). Given the ubiquity of human DNA,
even a brief lapse in protocol can result in contamination that may
compromise an entire batch of samples. To mitigate this risk, fo-
rensic laboratories enforce stringent PPE protocols, including the
mandatory use of gloves, face masks, lab coats, and hairnets. Per-
sonnel are also trained in meticulous handling techniques, ensuring
that there is no direct contact with DNA evidence. Regular training
sessions and audits are conducted to maintain high standards and
reinforce the importance of contamination prevention. Further-
more, studies have highlighted the critical role of human factors in
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contamination, suggesting that a culture of continuous education
and strict adherence to PPE protocols is essential for minimizing
risks [10]. Some laboratories have also implemented biometric ac-
cess controls and other security measures to limit the number of
personnel who come into contact with DNA samples, further reduc-
ing the risk of human contamination.

Instrumental Contamination

Instrumental contamination arises from the use of contaminat-
ed reagents, pipettes, or other laboratory instruments that have not
been adequately sterilized between uses. This type of contamina-
tion is particularly insidious, as it can lead to the introduction of
DNA from previous samples into new analyses, potentially resulting
in false positives or erroneous conclusions. To prevent instrumen-
tal contamination, forensic laboratories adhere to rigorous ster-
ilization protocols, ensuring that all instruments are thoroughly
cleaned and decontaminated between uses. This includes the use of
autoclaving, UV sterilization, and chemical decontaminants, as well
as regular maintenance checks on all equipment to confirm that
it remains contamination-free. In addition to routine sterilization,
some laboratories have adopted disposable instruments or sin-
gle-use consumables to further reduce the risk of contamination.
The importance of these measures is supported by research that
underscores the necessity of eliminating any residual DNA on labo-
ratory instruments to prevent cross-contamination and ensure the
accuracy of forensic analyses [11].

Best Practices for Preventing Contamination

To effectively prevent DNA contamination, forensic laboratories
must implement a comprehensive set of best practices tailored to
address each potential source of contamination. These practices
encompass meticulous laboratory design, strict personal protective
equipment (PPE) protocols, careful sample handling, and rigorous
environmental monitoring.

Laboratory Design and Layout

The design and layout of a forensic DNA laboratory are founda-
tional to contamination prevention (see Figure 2 for an illustrated
summary). Several key aspects must be considered to ensure the
integrity of DNA analyses:

Separation of Work Areas: It is crucial that pre-amplifica-
tion and post-amplification processes are conducted in physical-
ly separate areas to prevent contamination of low-level DNA in
the pre-amplification stage with high concentrations of amplified
DNA from the post-amplification stage. This separation is not just
physical but procedural, with clear signage and restricted access to
different zones further reducing the risk of cross-contamination.
The necessity of isolating these processes is well-supported by
research, which emphasizes that maintaining the integrity of DNA
samples requires strict separation between these critical stages [5].

Controlled Environment: Laboratories should be equipped
with cleanrooms or areas with controlled airflow using HEPA-fil-
tered air systems to minimize the presence of airborne DNA. Posi-
tive pressure environments are particularly effective in preventing
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external contaminants from entering critical work areas. Studies tion practices are essential. For example, the use of advanced de-
have demonstrated the effectiveness of bioluminescence assays in  contaminants like DNA ZAP™ has been shown to outperform tradi-
monitoring PCR carryover contamination, underscoring the need tional methods such as sodium hypochlorite, further reducing the
for controlled environments to mitigate airborne contamination risk of DNA transfer within the lab environment [13].

risks [8]. In addition to airflow management, strict decontamina-

Separate pre-PCR and post- Minimize cross-contamination

Minimize cross-contamination between zones Sepanita pre KR and

PCR storage post-PCR storage between 2ones
Y £
Pre-PCR Area Post-PCR Area
T~ DNABiraction, —

PCR Ampliication, DN&

Quantification, Sample Frofiing, Data Analyst

Preparation

Ideal Forensic DNA Laboratory Layout

Figure 2: This figure illustrates the layout of an ideal forensic DNA laboratory, highlighting the critical importance of physical separation
between different work areas, proper airflow management, and designated clean zones to prevent cross-contamination during DNA analysis.
The diagram delineates key areas, such as the Pre-PCR and Post-PCR zones, which are clearly separated to avoid contamination. It also
depicts the use of HEPA-filtered airflow systems to control the direction of air movement, thereby minimizing the introduction of contaminants.
Designated clean zones within both the Pre-PCR and Post-PCR areas are emphasized, ensuring that sensitive procedures are conducted

in a contamination-free environment. Additionally, the layout includes separate storage areas for reagents and equipment and outlines the
workflow paths that personnel should follow to further reduce the risk of cross-contamination.

Dedicated Equipment and Tools: Assigning specific equip- The significance of proper tool decontamination cannot be over-
ment-such as pipettes, centrifuges, and work surfaces-exclu- stated; even minor lapses can lead to significant contamination,
sively to either pre- or post-PCR areas is vital for preventing the potentially compromising forensic results [13].
cross-transfer of DNA. The use of color-coded tools and labware  pa conal Protective Equipment (PPE)
reinforces this separation, reducing the likelihood of cross-contam-
ination. Research underscores the importance of using dedicated
equipment in conjunction with thorough decontamination proto-

cols to mitigate the risk of contamination between samples [11].

Proper use of PPE is critical in minimizing human contamina-
tion within forensic laboratories (see Figure 3 for an illustrated
summary). Best practices in this area include:

Inchudlas gloves,
wasks, lab coats,
banirmats

Figure 3: This figure illustrates the essential practices for effective PPE use in laboratory environments. Key aspects include the mandatory
use of appropriate PPE, such as gloves, masks, lab coats, and hairnets; minimizing direct contact with surfaces and samples to reduce
contamination risks; and strict adherence to PPE change protocols to prevent cross-contamination and maintain a safe working environment.
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Mandatory Use of PPE: All laboratory personnel must wear
appropriate PPE, including gloves, masks, lab coats, and hairnets,
to create a barrier between the individual and the DNA samples.
Gloves should be changed frequently, especially between handling
different samples, to prevent cross-contamination. Any PPE that
comes into contact with surfaces or samples should be considered
contaminated and promptly replaced. The importance of strict PPE
protocols in preventing contamination during forensic DNA anal-
ysis is well-documented, with studies emphasizing the need for
rigorous adherence to these practices [10]. Enhancing education
and awareness among forensic professionals can further improve
compliance with PPE protocols, thereby reducing the risk of con-
tamination during forensic examinations [6,12].

Minimizing Direct Contact: Laboratory personnel should
avoid direct contact with surfaces, instruments, and samples, es-
pecially with hands or gloves that have previously contacted other
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surfaces. Disposable or decontaminated tools should be utilized
when handling samples to minimize the risk of introducing con-
taminants [10]. Regular training sessions and audits are essential
to maintaining high standards of practice and reducing the likeli-
hood of human error contributing to contamination [12].

PPE Change Protocols: In addition to frequent glove changes,
laboratory personnel should follow strict protocols for donning and
doffing PPE. These protocols are designed to prevent the contam-
ination of clothing or skin that could later come into contact with
DNA samples. Proper PPE change protocols are a crucial aspect of
maintaining a contamination-free laboratory environment [10].

Sample Handling Protocols

Careful handling of DNA samples is paramount to maintaining
their integrity throughout the forensic analysis process (see Figure
4 for an illustrated summary). Effective sample handling protocols
include the following practices:

Clear, aceurate
labeling is essertial
to prevenrt mix-ups

Tools should be
dispesable or
‘ﬂhorwal\‘lir
decortaminated
between uses

Figure 4: This figure illustrates the critical protocols for handling DNA samples to ensure their integrity. Key practices include using dedicated
tools for each sample to prevent cross-contamination, minimizing sample exposure to open air to reduce the risk of airborne contamination,
and enforcing strict labeling and documentation procedures to avoid mix-ups and ensure traceability throughout the analysis process.

Dedicated Tools for Each Sample: Each DNA sample should
be processed using a unique set of tools, which should either be dis-
posable or thoroughly decontaminated between uses. This practice
significantly reduces the risk of cross-contamination from one sam-
ple to another, ensuring that the DNA evidence remains uncontam-
inated and reliable. The necessity of dedicated tools and rigorous
decontamination procedures is well-supported by research, which
highlights their critical role in preserving the integrity of forensic
evidence [11-12].

Minimal Sample Exposure: To mitigate the risk of contami-
nation from airborne DNA or particulates, samples should be ex-
posed to open air for the shortest time possible. When samples
are not actively being worked on, they should be stored in closed

containers or placed under laminar flow hoods. These controlled
environments help to protect the samples from external contami-
nants, ensuring that the DNA remains intact and uncontaminated.
Research has shown that limiting sample exposure to potential en-
vironmental contaminants is crucial for maintaining the integrity of
forensic evidence [8].

Strict Labeling and Documentation: Accurate and thorough
labeling of samples is essential to prevent mix-ups and ensure that
each sample can be traced throughout the entire analysis process.
Proper documentation should include detailed records of all per-
sonnel who handled the sample, as well as the conditions under
which the sample was stored and processed. This meticulous ap-
proach to labeling and documentation is vital for maintaining the
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chain of custody, particularly in complex cases where multiple han-
dlers are involved. Ensuring that each sample is correctly identified
and tracked throughout the forensic process is critical to upholding
the integrity of the evidence and the validity of the forensic findings

[9].

Copyright© Salem Khalif Alketbi

Environmental Monitoring and Sterilization

Regular environmental monitoring and sterilization practices
are crucial for maintaining a contamination-free laboratory envi-
ronment, ensuring the integrity of DNA samples throughout the
forensic analysis process (see Figure 5 for an illustrated summary):

C/’/ Eniconmgrtal Monitoring and Starization
Reuting Surface Mewtering Detortomination of Ingiruments
Tnplemert routing swabbing ond testing Atoclave or chesically decodtaminate nstrumerts

Use blgach fer treroush desortasination

Figure 5: This figure details the essential procedures for maintaining a contamination-free laboratory environment. The diagram outlines

the steps involved in routine surface monitoring, including the implementation of a regular swabbing and testing schedule, as well as

the necessary actions if contamination is detected. It also addresses the sterilization of workspaces using UV light and chemical agents,
emphasizing the importance of destroying DNA residues and conducting thorough decontamination. Additionally, the figure highlights the
decontamination of instruments, underscoring the need for regular autoclaving or chemical treatment and the maintenance of a strict cleaning

schedule to prevent contamination buildup.

Routine Surface Monitoring: Laboratories should establish a
schedule for routine swabbing and testing of work surfaces, tools,
and equipment to detect any potential contamination. If contam-
ination is detected, it should trigger an immediate investigation
followed by a comprehensive decontamination process. The use of
advanced techniques, such as bioluminescence assays, can provide
early detection of PCR carryover contamination, ensuring that any
residual DNA is promptly identified and removed. Implementing
regular surface monitoring is essential for maintaining a clean lab-
oratory environment and preventing contamination from compro-
mising forensic analyses [8].

Sterilization of Workspaces: Work areas should undergo reg-
ular sterilization using methods such as UV light, chemical sterilant,
or a combination of both. UV light is highly effective at destroying
DNA residues on surfaces, while chemical agents, such as bleach,
are employed for the thorough decontamination of workstations,
tools, and laboratory instruments. Proper sterilization techniques
are particularly vital in preventing the transfer of DNA between
samples, especially in high-throughput environments where the
risk of contamination is elevated. Maintaining a consistent steril-
ization schedule is critical for preserving the integrity of the lab-
oratory environment and ensuring the accuracy of forensic DNA
analysis [5,13].

Decontamination of Instruments: All instruments used in
DNA processing, including pipettes, centrifuges, and other labo-
ratory equipment, should be regularly autoclaved or chemically
decontaminated between uses to eliminate any residual DNA. Es-
tablishing a strict maintenance and cleaning schedule for all equip-

ment is essential to prevent contamination buildup over time. Con-
sistent decontamination practices not only safeguard the accuracy
of DNA analyses but also enhance the overall reliability of the foren-
sic laboratory’s operations [5,13].

Risk of Low-Copy Number DNA

The introduction of Touch DNA and Low-Copy Number (LCN)
DNA analysis has significantly expanded the capabilities of foren-
sic science, enabling the detection and profiling of DNA from ex-
ceptionally small biological samples. Touch DNA refers to trace
amounts of DNA left behind when an individual makes contact with
a surface, while LCN DNA analysis focuses on these minimal quan-
tities, often less than 100 picograms [2]. These methods are partic-
ularly valuable in scenarios where traditional DNA analysis might
be ineffective, providing critical evidence that can link suspects to
crime scenes, weapons, or other significant items [14-15].

Understanding Touch DNA

Touch DNA evidence originates from skin cells, sweat, or oth-
er bodily substances and plays a pivotal role in forensic investiga-
tions. It can be recovered from a wide array of surfaces or objects
that have been touched, such as tools, weapons, clothing, and other
items, thereby creating connections between suspects and crimes
[1]. The ability to recover and analyze minute quantities of DNA
from mere contact broadens the scope of forensic investigations,
making it feasible to identify and convict offenders even in the ab-
sence of other biological evidence. However, collecting touch DNA
poses unique challenges compared to other biological samples, as
the amount of DNA recovered can be influenced by factors such as
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the time elapsed between deposition and collection, the type of sur-
face, environmental conditions, collection methods, and the DNA
profiling techniques employed [16-30].

Touch DNA is particularly crucial in cases where other biolog-
ical evidence is scarce or nonexistent. For instance, in burglaries
or assaults where the perpetrator does not leave behind bodily flu-
ids, investigators can swab surfaces like doorknobs, countertops,
or weapons to recover touch DNA [31]. Similarly, in cases involving
stolen vehicles, touch DNA recovered from the steering wheel, door
handles, or gear shifts can establish a link between a suspect and
the crime [2,32].

Copyright© Salem Khalif Alketbi

Moreover, touch DNA has proven instrumental in revisiting cold
cases where traditional forensic methods may have failed. Advanc-
es in DNA amplification and sensitivity now enable forensic scien-
tists to extract viable DNA from items stored for years or decades,
re-analyzing evidence with new techniques that can yield results
from even the smallest traces [33].

Challenges and Risks in Touch DNA and LCN DNA Analysis

While touch DNA and LCN DNA analysis have significantly ad-
vanced forensic science, they also present several challenges (see
Figure 6 for an illustrated summary):

| Contamination Amplification |

v

( Swall cortaminant DNA Pragments. ‘

Interpretotion Difficultics

| MisidertiPicotion of true DNA source I

Figure 6: This diagram illustrates the key challenges associated with Low-Copy Number (LCN) DNA analysis in forensic science. The
visualization highlights three major issues: contamination amplification, where even trace amounts of contaminant DNA can be significantly
amplified during analysis; secondary transfer, which demonstrates how DNA can be indirectly transferred between individuals and objects,
complicating evidence interpretation; and interpretation difficulties, such as allelic drop-in/drop-out, which can result in incomplete or
ambiguous DNA profiles. These challenges underscore the complexities and risks involved in LCN DNA analysis, emphasizing the need for
rigorous protocols and meticulous intepretation in forensic investigations.

Contamination Risks: The heightened sensitivity of LCN DNA
analysis not only amplifies the target DNA but also any potential
contaminants. Even minimal contamination from crime scene in-
vestigators, laboratory personnel, or environmental sources can
compromise the results. This risk is particularly pronounced when
dealing with touch DNA, where small amounts of foreign DNA can
skew outcomes [6]. Forensic teams must enforce stringent contam-
ination control protocols at every stage, from evidence collection to
analysis [32-33].

Secondary Transfer: Secondary DNA transfer refers to the
unintended transfer of DNA from one individual to an object or
surface via an intermediary. For example, if a suspect shakes hands
with someone, and that person later touches a doorknob, the sus-
pect’s DNA could be deposited on the doorknob without direct con-
tact. This poses a significant challenge for forensic scientists, as it
complicates the interpretation of DNA evidence [32,34].

Interpretation of Low-Quantity DNA: Analyzing low-copy

number DNA presents distinct challenges in data interpretation.
Due to the minimal DNA quantities involved, LCN DNA profiles may
exhibit stochastic effects, such as allelic drop-in (the appearance
of an extra allele not part of the true profile) or drop-out. These
artifacts complicate DNA profile interpretation and may result in
ambiguous or inconclusive findings [35]. Forensic scientists must
be highly skilled in interpreting LCN DNA data and exercise caution
when drawing conclusions from such evidence [36].

Legal and Ethical Considerations: The application of touch
DNA and LCN DNA in forensic investigations raises critical legal and
ethical questions. These techniques detect DNA from very small
biological samples, increasing the risk of falsely implicating inno-
cent individuals, particularly in cases of secondary transfer. Courts
must carefully consider the complexities involved in interpreting
low-quantity DNA evidence and evaluate whether it meets admissi-
bility standards [37].

American Journal of Biomedical Science & Research



Am ] Biomed Sci & Res Copyright© Salem Khalif Alketbi

Qua]ity Control and Standard Operating Proce- that best practices are consistently followed in forensic laborato-
dures (SOPS) ries. SOPs play a critical role in maintaining the integrity of DNA
evidence and preventing contamination, a primary concern in fo-
A robust quality control system, supported by well-document- S . .
rensic science (see Figure 7 for an illustrated summary).
ed Standard Operating Procedures (SOPs), is essential for ensuring

Identify Need For SOP

Drofft SOP

Sehedule Regular Audits

Conduct Audits

Figure 7: This diagram illustrates the comprehensive process of implementing and auditing Standard Operating Procedures (SOPs) in
forensic laboratories. It outlines key steps, including SOP development, staff training, implementation, routine audits, and corrective actions.
The process begins with identifying the need for an SOP and progresses through drafting, reviewing, and approval phases, followed by staff
training and implementation. The workflow emphasizes continuous monitoring and adherence, with regular audits to ensure compliance. In
cases of non-compliance, the diagram details the process for implementing corrective actions and conducting follow-up audits to maintain
high standards of forensic practice. This visual serves as a guide for managing quality control in forensic labs, ensuring that SOPs are

effectively applied and consistently audited.
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Continuous Training

Regular and comprehensive training programs for laboratory
personnel are crucial in keeping staff informed about contamina-
tion risks and the latest preventive measures. Continuous educa-
tion, particularly in the use of personal protective equipment (PPE)
and sample handling protocols, has been shown to significantly
reduce the occurrence of contamination incidents [38]. Training
should be dynamic, incorporating new research findings and tech-
nological advancements. Additionally, it should include emergen-
cy procedures for contamination events, ensuring that staff can
respond quickly and effectively to mitigate any risks. Periodic re-
fresher courses and hands-on workshops can further reinforce the
importance of maintaining high standards in forensic practices.

Strict Adherence to SOPs

SOPs must be meticulously developed to cover every aspect of
DNA handling and processing, from the initial receipt of samples to
the final stages of analysis. These procedures should be compre-
hensive, leaving no room for ambiguity, and should be reviewed
and updated regularly to incorporate new best practices and
technological advancements. Compliance with SOPs is paramount
and should be enforced through routine audits, performance eval-
uations, and continuous monitoring. Research has emphasized
that strict adherence to SOPs is vital in preventing errors such as
cross-contamination and sample degradation, which can have sig-
nificant consequences on the outcomes of forensic investigations
[39,40]. SOPs should also be tailored to the specific needs of each
laboratory, taking into account the unique challenges and require-
ments of different forensic environments.

Chain of Custody Protocols

Maintaining a rigorous chain of custody for all DNA samples is
crucial to minimizing contamination risks and ensuring the integ-
rity of the samples throughout the forensic process. This involves
detailed documentation of every individual who handles the sam-
ple, as well as the conditions under which the sample is stored and
processed. A well-maintained chain of custody ensures that the
sample’s integrity is preserved, providing a clear and traceable re-
cord of its handling from collection to analysis. The implementation
of stringent chain of custody protocols has been shown to be highly
effective in preventing contamination and ensuring the reliability of
forensic evidence [41]. Moreover, advanced tracking systems, such
as barcoding and electronic records, can enhance the accuracy and
efficiency of chain of custody documentation, further safeguarding
the forensic process.

Conclusion

Preventing DNA contamination in forensic laboratories is cru-
cial for maintaining the integrity and reliability of forensic evi-
dence. While Low-Copy Number (LCN) DNA analysis has expanded
the capabilities of forensic investigations, it also presents signifi-
cant challenges related to contamination, secondary transfer, and
data interpretation. By implementing best practices in laboratory
design, PPE usage, sample handling, and environmental monitor-
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ing, and by adhering to stringent quality control protocols, forensic
laboratories can substantially mitigate the risk of contamination.
Continuous training and strict adherence to SOPs are essential for
ensuring that these practices are consistently applied. Additional-
ly, illustrated summaries, such as flowcharts and mind maps, can
effectively distill and convey these best practices, making them
valuable tools for education and training purposes. Ultimately, the
adoption of these best practices not only safeguards the credibility
of forensic DNA analysis but also strengthens the broader criminal
justice system.
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