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 Abstract 

Molecular diagnostics has transformed the way we detect infectious diseases by 
providing a way to identify pathogens accurately, quickly, and sensitively. This 
review highlights the fundamental molecular diagnostics technologies, including 
perhaps the most well-known PCR, qPCR, LAMP, NGS, and CRISPR-based 
platforms and provide sample applications involving the detection of a variety of 
infectious agents, including viruses, bacteria, parasites, and fungi. The 
advantages of molecular diagnostic technologies, including early diagnosis, 
specificity, and suitability for point-of-care testing represent a set of tools available 
for physicians, and represent a considerable contribution to modern medicine. 
Several more recent developments such as portable diagnostic technologies, digital 
diagnostics, and AI data analysis are evolving formats, enabling access, and 
adaptability across all areas of disciplines. In the future, the role of molecular 
diagnostics will expand further to encompass primary roles in personalized 
medicine, in real-time surveillance of diseases and pandemics. 
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INTRODUCTION
The detection of infectious disease quickly and 
accurately is essential for treatment, containment, and 
outbreak prevention. The examples of traditional 
techniques are culture methods, serology and 
microscopy. These methods are established diagnostic 
procedures, but have their limitations such as their 
low sensitivities, slow response times and having to 
grow the pathogen, typically in a culture medium [1]. 
Molecular diagnostics methods however, do offer a 

new paradigm allowing us to detect and identify 
pathogens based on their nucleic material, which has 
improved accuracy in diagnostics and resulted in 
lower time intervals between sample collection and 
notification of result, which benefits the management 
of individual patient care and public health [2]. 
In time molecular diagnostics has demonstrated 
utility for a variety of infectious diseases, for viral, 
bacterial, parasitic, and fungal infections. Techniques 
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include polymerase chain reaction (PCR), loop-
mediated isothermal amplification (LAMP), real-time 
PCR (qPCR), CRISPR based detection systems, and 
next-generation sequencing (NGS), all of which attain 
high specificity and detection of very low amounts of 
pathogens. These methods are primarily used in more 
sophisticated laboratory environments, but there are 
newer adaptations for point-of-care (POC) diagnostics 
that allow for on-site decision-making, for example, in 
clinics, rural health care centers, and outbreak 
situations [3]. 
Regarding the increase in use and dissemination of 
molecular testing, new advancements are continuing 
to expand that potential. Examples of this include 
(but are by no means limited to!) the advent of 
portable diagnostic devices, the convergence of testing 
platforms with digital health services, and the 
implications of artificial intelligence for analytical 
methods. The possible applications for molecular 
diagnostics are significant. The previous role of 
molecular diagnostics was primarily as an 
identification system for microorganisms, but this is 
changing rapidly to include applications such as 
personalized medicine, global health surveillance 
augured by emerging infectious diseases, and 
pandemic preparedness creating a potentialized basis 
for future healthcare systems and models for delivery 
[4]. This review will examine the primary molecular 
methods, examples of infectious disease contexts with 
insight, advantages and limitations of the methods, 
and perspectives about promising technologies that 
will form the future of molecular diagnostics. 
 
2. Molecular Diagnostic Techniques 
2.1. Polymerase Chain Reaction (PCR) 
Polymerase Chain Reaction (PCR) is a transformative 
molecular technology created by Kary Mullis in 1983, 
which allows scientists to amplify certain segments of 
DNA to generate a sufficient quantity for analysis. 
PCR relies upon cycles of denaturation, annealing, 
and extension using DNA polymerase to make as 
much as millions of copies of a target sequence. PCR 
has become integral to the early diagnosis of infectious 
disease because it can detect pathogens at very low 
levels, and because PCR has high sensitivity and 
specificity that allows researchers and clinicians to 
detect and identify pathogens even at infinitesimal 
quantities [5].  

PCR can be used to identify infectious diseases caused 
by viruses, bacteria, and parasites such as HIV, 
tuberculosis, and malaria. Furthermore, the ability to 
generate pathogen-specific primers allows PCR to be 
used as a platform for diagnostics in clinical and 
research labs. Although it is a powerful platform for 
diagnostics, PCR is limited by the need for thermal 
cyclers and trained technicians in resource-limited 
settings. However, it is nevertheless the foundational 
platform that most advanced molecular diagnostics 
are built on [6]. 
 
2.2 Real-Time PCR (qPCR) 
Real-time PCR or quantitative PCR (qPCR) is a 
modified form of PCR that allows the visualization of 
amplifying DNA in real-time format. Specifically, 
qPCR uses either fluorescent dye or fluorescent 
probes to derive quantitative measurements so that a 
researcher can understand the amount of DNA that 
is present within a sample. This characteristic is 
particularly helpful when a researcher is quantifying 
viral load or bacterial concentration in clinical 
specimens. The additional capabilities of real-time 
PCR technology provide qualitative and quantitative 
vantage points, which can be important when 
monitoring the advancement of a disease or effects of 
treatment interventions [7]. 
qPCR is frequently used to detect infectious agents 
early, including SARS-CoV-2, the hepatitis viruses, 
and human papillomavirus. Its rapid turnaround time 
and its capacity to be automated make qPCR a key 
mechanism for high-throughput screening for public 
health agencies in outbreak/epidemic situations or 
routine diagnosis in hospitals.  Clearly, although 
equipment and reagents can create a barrier to 
integrating qPCR into lower-resource settings, 
standardized qPCR kits can be challenging. 
Nonetheless, qPCR continues to be one of the most 
accurate and most widely applied molecular 
diagnostic technologies that is currently being used to 
make decisions at the national or international levels 
[8]. 
 
2.3 Loop-Mediated Isothermal Amplification 
(LAMP) 
Loop-Mediated Isothermal Amplification (LAMP) is 
an effective method for rapidly amplifying DNA 
which is highly specific for the target sequence. LAMP 
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operates at a fixed temperature, making the process 
relatively simple and inexpensive since no 
thermocyclers are needed. LAMP requires a set of 
forward and reverse primers designed in a specific 
manner and a DNA polymerase with strand-
displacement ability. It is able to identify target DNA 
in 30 - 60 min creating a large volume of amplified 
DNA, which can be visually detected when it creates 
noticeable turbidity or fluorescence making it a great 
method for point of care testing [9].  
LAMP has become one of the most widely used and 
notable nucleic acid amplification methods for 
infectious disease diagnostics, such as malaria, dengue 
fever, and COVID-19, especially in under-resourced 
areas due its low cost, rapid turnaround time and 
general simplicity. In addition, the advantage of 
obtaining visible data from LAMP, without expensive 
laboratory testing add another level of suitability for 
field testing, on-site mobile laboratory or even rural 
clinic [3]. Despite LAMP with all the advantages for 
laboratory testing setting, LAMP demands good 
visibility, appropriate design and assay optimization 
when engineered into pilot development for poorer 
populations of the world. While LAMP has 
limitations of having complex primer design, being so 
sensitive to contamination if not handled from start 
to finish with inherent lab required practices which 
can inevitably lead to negative amplified results even 
before testing. LAMP continues to be recognized for 
its engagement for use within diagnostic applications 
that can be decentralized [10]. 
 
2.4 Nucleic Acid Sequence-Based Amplification 
(NASBA) 
Nucleic Acid Sequence-Based Amplification 
(NASBA) is an isothermal method used primarily to 
amplify RNA targets. While NASBA and PCR are 
both nucleic acid amplification techniques, a major 
difference is that NASBA does not require the 
thermal cycling process. NASBA has three requisite 
enzymes (reverse transcriptase, RNase H, T7 RNA 
polymerase) that will serve to amplify the signal by 
creating many copies of an RNA transcript. Therefore, 
NASBA is a highly advantageous for the detection of 
RNA viruses, like HIV, influenza, SARS-CoV-2 [11].  
Aside from RNA being an indicator of active virus 
infection (therefore, potential viable pathogen 
presence), NASBA has significant advantages in 

speed, high sensitivity, and potential real-time results 
faster than traditional PCR based methods, making it 
valuable for not only DIAGNOSTIC tests but for viral 
load monitoring. Although NASBA is more complex 
than LAMP (as there is a need to monitor more 
controls, like reversibility of reactions, to avoid false 
positives/negatives). For these reasons, NASBA is 
well-suited in clinical laboratories, particularly for 
monitoring an RNA virus or viral outbreaks [12]. 
 
2.5 CRISPR-Based Diagnostics 
CRISPR-based diagnostics use the gene-editing 
technique CRISPR-Cas systems (Cas12 and Cas13) to 
detect specific nucleic acid sequences from pathogens. 
When the CRISPR complex binds to the target 
sequence, collateral cleavage is activated to a reporter 
molecule, causing a detectable fluorescent or 
colorimetric signal. This has provided new 
opportunities to change molecular diagnostics due to 
specificity with a visual readout and few equipment 
needs [13]. 
Potential applications of CRISPR diagnostics include 
rapid detection of SARS-CoV-2, Zika virus, and 
bacterial infections (i.e., Mycobacterium tuberculosis). 
Publications with platforms like SHERLOCK and 
DETECTR had sensitivity, speed, and simplicity. 
Assays are also customizable to a paper-strip format, 
which could help lower resource or field-based testing 
situations. CRISPR diagnostics is still emerging, but it 
could have a compelling scalability for low-cost, 
precise detection of infectious diseases [14]. 
 
3. Applications in Specific Infectious Diseases 
3.1 Viral Infections (e.g., HIV, Hepatitis, COVID-
19) 
Molecular diagnostics using techniques like PCR and 
qPCR have revolutionized the detection and 
monitoring of viral infections, such as HIV, Hepatitis 
B and C, and more recently, COVID-19, as these 
methods allow for sensitive detection of nucleic acids 
indicative of the viruses even in the early stages of 
infection or in the absence of clinical symptoms [15]. 
For example, molecular diagnostics can assist in early 
diagnostic testing for newborns infected with HIV 
and in monitoring viral load in groups of patients 
receiving complementary antiretroviral therapy for 
HIV. Similarly, molecular tests for detection of 
hepatitis viruses are used to determine viral genotype 



The Research of Medical Science Review  
ISSN: 3007-1208 & 3007-1216  Volume 3, Issue 7, 2025 
 

https:thermsr.com                                      | Shahzad et al., 2025 | Page 490 

or other markers which are used to assist in clinical 
decision making, pedigree risk on possible drug 
resistance to the hepatitis treatment regimen [16]. 
The COVID-19 pandemic has an impact on health 
worldwide with COVID-19 being a dominant human 
infection worldwide. The role of molecular 
diagnostics, especially RT-PCR testing, has been 
indispensable since it became the gold standard for 
the detection of SARS-CoV-2 worldwide. There were 
new tests developed also as the CRISPR and LAMP 
assays that can identify active cases of SARS-CoV-2 
infection and/or acute diseases. Notably, these also 
had the advantages of being high throughput, rapid, 
accurate, and portable allowing for mass screening 
and containment responses. Molecular testing 
continues to play a role as an essential tool for 
monitoring viral mutations, variants, and to respond 
effectively; all of which is important as public health 
planning efforts as well as continuing updates to the 
vaccine which may be needed due to emerging 
variants [17]. 
 
3.2 Bacterial Infections (e.g., Tuberculosis, MRSA) 
In bacterial infections, molecular diagnostics facilitate 
early detection, species identification, and resistance 
profiling, often in a fraction of the time required for 
culture-based methods. For tuberculosis (TB), nucleic 
acid amplification tests such as GeneXpert (a PCR-
based system) detect Mycobacterium tuberculosis 
DNA and rifampicin resistance within hours, 
expediting treatment initiation and limiting 
transmission. Similarly, qPCR is widely used to detect 
other bacterial pathogens like Chlamydia trachomatis 
and Neisseria gonorrhoeae, where rapid diagnosis is 
essential for treatment and control [18]. 
Methicillin-resistant Staphylococcus aureus (MRSA) is 
another example where molecular diagnostics have 
transformed infection control. Real-time PCR allows 
rapid screening of hospital patients and healthcare 
workers, helping prevent hospital-acquired infections. 
Molecular methods can also identify resistance genes 
such as mecA and vanA, which are crucial for tailoring 
antimicrobial therapy. These capabilities not only 
improve patient outcomes but also support 
antimicrobial stewardship efforts and infection 
control policies in healthcare settings [19]. 
 
 

3.3 Parasitic Infections (e.g., Malaria) 
Parasitic infections, especially malaria, can greatly 
benefit from molecular diagnostics, especially in areas 
where microscopy and antigen-based methods are 
limited. PCR-based methods can identify very low 
levels of Plasmodium DNA, and subsequently, the 
diagnosis of submicroscopic infections and mixed 
infections. This is vital because asymptomatic carriers 
can still help to sustain malaria transmission in 
endemic areas. Molecular testing provides further 
support in malaria elimination scenarios by allowing 
for sensitive screening during active surveillance 
programs [20].  
LAMP assays are particularly meaningful in malaria 
diagnostics, especially in non-laboratory field 
conditions, and these assays have been proven to 
provide a rapid and simplified process with minimal 
equipment. The ability to detect all human 
Plasmodium spp. on-site is a potential attractive 
option to replace methods that are labor-intensive and 
long. Also, molecular diagnostics are being used more 
often to monitor drug resistance trends in malaria 
parasites which could reinforce the links between 
inconsistent treatment responses to Dutchmalaria 
control program recommendations and to measure 
treatment success rates within national malaria 
control programs [21]. 
 
3.4 Fungal Infections (e.g., Candidiasis) 
Fungal infections, including candidiasis, can be hard 
to diagnose, due to slow to grow fungal cultures and 
often non-specific clinical presentations. Molecular 
methods comprise excellent rapid and specific 
alternatives based on identification of fungal DNA 
directly from clinical specimens. PCR assays can 
identify both C. albicans and non-albicans Candida 
species, which is vital for appropriate therapeutic 
efficacy based on potential differential clinical 
responses. There is reassurance with specificity to 
ensure improved patient management and better 
clinical outcomes [22].  
For invasive fungal infections in 
immunocompromised patients, time is essential. In 
addition, fungal detection can be facilitated by 
quantitative measures. qPCR and DNA microarrays 
are rapid detection methods that have successfully 
identified low fungal loads in clinical specimens; for 
example, blood or tissue harboring fungal pathogens 
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such as Aspergillus and Cryptococcus. When new 
rapid tests provide rapid results to facilitate early 
therapeutic decisions, clinicians understand that a 
fungal infection can do a good deal of harm in spelling 
that possibility out in less than 24 hours of collection. 
Also, with antifungal resistance now being predictable 
in some species, molecular diagnostics can 
increasingly targets the mutations that drive 
antifungal resistance [23]. 
 
4. Advantages of Molecular Diagnostics 
4.1 High Sensitivity and Specificity 
Molecular diagnostics provide a level of sensitivity and 
specificity that has not been available from routine 
diagnostic tests in history. With the capability of 
identifying tiny amounts of nucleic acid, molecular 
diagnostics even has the ability to detect an infectious 
pathogen early in an infection or at a time when the 
patient's pathogen burden is low. The level of 
sensitivity available will be of additional importance 
when diagnosing a latent or subclinical infection. This 
sensitivity will allow for better and earlier clinical 
treatment options [24].  
Molecular diagnostics allow for increased specificity 
utilizing unique genetic sequences of the infectious 
agent, and limited potential for cross-reactivity and 
false positives as seen with serological diagnostics. The 
availability of specificity allows for an accurate 
determination of pathogen subtypes and pathogen 
genotypes which aids in epidemiologic capacity 
building and personalized treatment for the patient 
[25]. 
 
4.2 Rapid Turnaround Time 
The ability to get results swiftly for several 
microorganisms is one of the biggest advantages of 
molecular testing, as results from molecular methods 
can be ready within hours, while culture methods can 
take days to weeks to identify a pathogen. The 
turnaround time is more critical for acute or life 
threatening infections, as a better diagnosis can 
improve patient outcomes [26]. 
Turnaround time is also essential for controlling 
infections while hospitalized in healthcare 
environments. If you are able to obtain results quickly 
using molecular methods, facilities can isolate 
infected patients, initiate targeted therapy, and 
decrease the rate of transmission. This has been truly 

beneficial during outbreaks, such as the coronavirus 
outbreak, where it has meant being able to diagnose 
patients in hours rather than days was a huge 
advantage to public safety and containment [27]. 
 
4.3 Early and Accurate Diagnosis 
Molecular diagnostics provide an important 
advantage in early diagnosis by allowing the detection 
of an infection potentially before clinical symptoms 
have been fully expressed. It is especially critical for 
diseases like HIV, TB, and viral hepatitis to diagnose 
infection as early as possible because late diagnosis can 
lead to potentially irreversible health damages or 
transmission. Timely diagnosis allows for earlier 
initiation of treatment, which can often be more 
effective and less costly [28]. 
Another important advantage of molecular 
diagnostics is the accuracy of clinical diagnosis. By 
focusing on the genetic material of the pathogen itself, 
molecular methods do not rely on often ambiguous 
symptom-based diagnosis or serological tests. 
Obtaining an accurate identification of the infectious 
agent assures that patients will obtain the correct 
treatment to avoid complications and manage them 
effectively [29]. 
 
4.4 Potential for Point-of-Care Use 
The emergence of simplified and portable molecular 
diagnostics, such as LAMP and CRISPR-based assays, 
is establishing a foundation for the further adoption 
of point-of-care (POC) testing. These techniques are 
being designed for use in the field, in locations with 
minimal laboratory support and where the 
infrastructure for laboratories is minimal or lacking. 
The use of these techniques allows frontline 
healthcare workers to make real-time decisions for 
patient care in areas with poor or no access to 
laboratory support [30]. 
POC molecular diagnostics allow testing to take place 
in rural and underserved populations. These POC 
molecular diagnostics contribute to more widespread 
access to testing, potentially leading to earlier and 
decentralized detection, as well as enhanced disease 
surveillance and management of outbreaks. The 
design, accessibility, and affordability of POC 
molecular diagnostics will help facilitate the re-
imagining of diagnostic services worldwide [31]. 
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5. Recent Advances and Innovations 
5.1 Portable and Point-of-Care Devices 
In recent years, there have been small, portable 
molecular diagnostic devices that deliver testing right 
at the patient’s location. These point-of-care (POC) 
systems include handheld PCR and isothermal 
amplification platforms that were designed to operate 
without a complex infrastructure. With techniques 
including loop-mediated isothermal amplification 
(LAMP), microfluidic chips, and CRISPR diagnostics, 
the development of low-cost and simple devices has 
also accelerated that produce timely and accurate 
results, and significantly, outside of a laboratory [32]. 
The arrival of these portable devices is impacting 
diagnostics in resource-limited, emergency, and 
underserved settings where access to central 
laboratories may be limited. Their hand-held 
simplicity, low sample volume, and rapid turnaround 
make these POC devices appealing for disease 
screening, outbreak management, and routine 
surveillance. As seen during the COVID-19 
pandemic, the rapid promotion of these tools will 
show the potential for large-scale public health 
interventions and immediate integration into daily 
clinical practice [33]. 
 
5.2 Integration with Digital Health Platforms 
Digital health platforms are changing how diagnostic 
information is recorded, distributed and interpreted 
as they are connected to molecular diagnostics. Now 
cloud-connected diagnostic devices can transmit test 
results to a central database or a healthcare provider 
right away. This integration improves patient 
monitoring, remote diagnosis, and access to accurate 
data to inform public health actions [34].   
These advances are particularly important for disease 
surveillance and outbreak management. By 
connecting diagnostic data with geographical or 
demographic data, digital platforms can aid in 
tracking the course of infectious disease outbreaks and 
inform targeted public health responses. The 
combination of mobile health applications and of 
telemedicine platforms with diagnostic devices is 
making healthcare delivery possible to underserved 
groups, consequently improving health equity and 
clinical outcomes and assuring tailored health care 
and services [35]. 
 

5.3 AI and Machine Learning in Molecular 
Diagnostics 
Applications of artificial intelligence (AI) and 
machine learning (ML) in molecular diagnostics are 
enhancing the speed, accuracy and predictive nature 
of results. For instance, pathogen or agent 
identification via PCR, next generation sequencing 
(NGS) or microarray has advanced to the point where 
it may be difficult for the human eye to discern some 
patterns or aberrations in the resulting complex data 
sets. AI algorithms can offer assistance in pathogen 
identification and mutation genotyping, and support 
prediction of the likelihood of antimicrobial 
resistance, thus supporting greater precision in 
personalized medicine [36].  
There is an explicit trend in research and practice in 
which ML approaches are specifically being employed 
to refine assay design and support automation of data 
interpretation of findings, or optimizing a 
personalized diagnostic pathway according to patient 
and patient outcome. ML algorithms are being used 
to assist in genomic surveillance to identify new viral 
strains, and possibly even predict outbreaks of disease 
based on molecular patterns and trends. The 
integration of AI to a diagnostic pathway can reduce 
human weighted errors, reduce time for results, and 
ultimately contribute better clinical decision making 
resulting in more efficient and future-ready 
diagnostics [37]. 
 
6. Future Prospects 
6.1 Personalized Medicine and Targeted Therapies 
Molecular diagnostics is poised to fully transform 
personalized medicine via accurate identification of 
infectious agents and personal genetic information. 
Clinicians can create personalized treatment regimens 
using genomic and transcriptomic data, including the 
pathogen, its genetic features, and the host's genetic 
makeup. This approach will help clinicians optimize 
drug choices, while minimizing adverse drug reactions 
and maximizing clinical response outcomes especially 
for chronic viral infections (e.g., HIV and hepatitis) 
[38]. 
As insights improve into host-pathogen interactions, 
and biomarkers are identified for disease progression 
and drug resistance, molecular diagnostics will 
advance our ability to use targeted therapies, dose 
adjust based on genetics, and real time monitoring of 
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clinical response. Eventually, personalized medicine 
will revolutionize our approach to infectious disease 
(and possibly all medical disciplines) from current 
practice of standardizing treatment protocols to a 
patient-centered, individualized care [39]. 
 
6.2 Global Disease Surveillance 
The potential of molecular diagnostics to surveil and 
detect infectious diseases globally in real-time is very 
exciting. Public health departments are increasingly 
able to use high-throughput techniques such as next-
generation sequencing (NGS) to rapidly identify 
emerging pathogens, track the evolution of pathogens 
and respond appropriately before transmissible 
disease outbreaks can spread. This timely response 
capability will be vitally important for managing 
zoonotic spillovers, novel viral threats, and 
antimicrobial resistance [40].  
With the advancement of mobile molecular 
diagnostic technologies and the implementation of 
integrated data reporting systems, all countries from 
the most developed to the least developed will have 
access to real-time data reporting. As increasingly 
sophisticated testing platforms become implemented 
and integrated with global health networks around 
the world, timely consensus actions by the global 
community will occur sooner and with more 
coordinated responses to infectious disease threats. 
Ultimately there is little doubt molecular diagnostics 
will play a pivotal role in developing and 
implementing a more active, objective, and data-based 
global health surveillance system [41]. 
 
6.3 Pandemic Preparedness and Rapid Response 
The COVID-19 pandemic brought to light the 
necessity of fast, accurate, and scalable platforms for 
diagnostic testing to manage a public health 
emergency. Molecular diagnostics became a key 
resource to identify and isolate cases, tracing genetic 
mutations, and informing treatment plans. Future 
pandemic preparedness planning will continue to rely 
on putting molecular diagnostics in place quickly and 
widely throughout the health system [42].  
The integration of formal assay development 
initiatives, mobile laboratory testing units, and 
decentralized laboratory design and networks improve 
ready access to systems for future pandemics. We also 
need an investment in our molecular diagnostic 

infrastructure; training and innovative models of care 
to make sure those health systems can identify new 
pathogens early, scale up efficient mass screening, and 
adapt diagnostics to evolving pathogens. These health 
technologies will help save lives and alleviate the socio-
economic consequences of global health emergencies 
[4]. 
 
Conclusion 
Advancements in molecular d iagnostics have 
become a vital component shaping the future of 
worldwide health; it is at the head of modern 
capabilities for detecting, managing and treating 
infectious disease because of the unmatched accuracy, 
speed, and flexibility these techniques provide. With 
molecular diagnostic techniques such as PCR, qPCR, 
LAMP, and NGS, clinicians, public health experts, 
and infection specialists can identify infections and 
implement a plan of action with more robustness and 
efficiency than ever before. The ability to utilize these 
new diagnostic tools across multiple infectious 
diseases has had major effects resulting in detection 
and treatment earlier and better patient outcomes. 
There are continual rapid advancements in the 
miniaturization of technologies and the integration of 
AI and digital health platforms to provide practical 
utility of molecular diagnosis across both high 
resource and low resource settings. It is anticipated 
that molecular diagnostics will occupy broader roles 
in personalized health care, global surveillance, and 
pandemic response, and in this capacity will remain a 
crucial aspect of global health going forward. 
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