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Abstract:  

Single-molecule techniques have revolutionized biophysical research by enabling the 

direct observation of molecular processes with unprecedented precision. These 

approaches—ranging from optical tweezers and atomic force microscopy to single-

molecule fluorescence and nanopore sensing—provide insights into the stochastic 

behavior, structural dynamics, and mechanochemical properties of biological 

molecules. This article reviews the fundamental principles, instrumentation, and 

major applications of these techniques in nucleic acid biology, protein folding, 

enzyme catalysis, and membrane transport. Emphasis is placed on the integration of 

single-molecule tools with high-resolution imaging, microfluidics, and machine 

learning. Additionally, the progress and potential for applying these methods in 

Pakistani research institutions are highlighted. 

Keywords:  Single-Molecule Fluorescence, Optical Tweezers, Biophysical Techniques, 

Molecular Dynamic. 

INTRODUCTION            

The complexity of biological systems is best understood not only at the ensemble level but also at 

the level of individual molecules. Single-molecule biophysics allows researchers to dissect the 

stochastic nature and heterogeneity of molecular interactions that are masked in bulk studies [1,2]. 

The advent of advanced microscopy, high-throughput microfluidics, and real-time detection 

platforms has facilitated a surge in interest toward understanding biological processes one 

molecule at a time [3]. 

In Pakistan, where nanotechnology and bioscience are rapidly evolving, academic and research 

institutions are beginning to adopt single-molecule approaches to study DNA replication, protein-

ligand interactions, and virus-host dynamics [4]. These methods are paving the way for 

breakthroughs in synthetic biology, targeted therapeutics, and nanoscale diagnostics. 
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2. Fundamentals and Instrumentation of Single-Molecule Techniques 

Single-molecule techniques enable researchers to observe and manipulate individual 

biomolecules, offering insight into transient states and rare events that are often masked in 

ensemble measurements. The success of these techniques hinges on overcoming key challenges 

such as low signal-to-noise ratios, limited spatial and temporal resolution, and precise control of 

molecular environments. 

Basic Principles: Signal-to-Noise, Spatial/Temporal Resolution 

Single-molecule detection requires isolating the signal of interest from a background of thermal 

noise, autofluorescence, and detector artifacts. Enhancing signal-to-noise ratio (SNR) is critical, 

and achieved through: 

Optical filtering and confocal pinholes to reduce background, 

Time-gating and photobleaching controls in fluorescence systems, 

High-sensitivity detectors (e.g., EMCCD, APD). 

Spatial resolution is dictated by the diffraction limit (~250 nm in visible light), but advanced 

techniques such as STED and PALM/STORM achieve resolutions down to 20–30 nm [1]. 

Temporal resolution, vital for capturing fast molecular events, can range from microseconds in 

fluorescence correlation spectroscopy to milliseconds in force-spectroscopy systems [2]. 

Optical Tweezers: Force Measurement in the pN Range 

Optical tweezers utilize highly focused laser beams to trap dielectric particles (typically beads) 

and apply forces to attached biomolecules. This technique allows precise measurement of 

molecular mechanics, such as: 

Stretching DNA to observe elastic responses and unzipping events, 

Unfolding proteins to study mechanical stability, 

Monitoring motor proteins (e.g., kinesin, myosin) as they translocate along cytoskeletal filaments 

[3]. 

Optical tweezers can measure forces in the range of 0.1–100 piconewtons (pN) and displacements 

with nanometer precision. Calibration typically involves analyzing Brownian motion or using 

known trap stiffness [4]. 

Atomic Force Microscopy (AFM): Topographical Mapping and Molecular Pulling 

AFM employs a cantilever with a nanometer-scale tip that scans across a sample’s surface to 

produce high-resolution topographic maps. In force spectroscopy mode, AFM also enables: 

Measuring molecular bond strengths, 

Unfolding protein domains, 

Detecting ligand-receptor binding forces. 
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AFM provides sub-nanometer resolution in the z-axis and operates in air or liquid, making it 

suitable for imaging membranes, cytoskeletal structures, and even living cells [5]. 

Total Internal Reflection Fluorescence (TIRF) Microscopy 

TIRF microscopy uses the evanescent wave generated by light totally internally reflected at a glass-

water interface to excite fluorophores within ~100–200 nm of the surface. This shallow excitation 

depth minimizes background and is ideal for: 

Observing surface-tethered single molecules, 

Studying DNA-protein interactions, 

Monitoring exocytosis and receptor trafficking on membranes [6]. 

TIRF is particularly powerful in single-molecule fluorescence resonance energy transfer 

(smFRET) studies, where changes in donor-acceptor distance report on conformational dynamics. 

Magnetic Tweezers and Nanopore Sensors 

Magnetic tweezers use magnetic fields to exert force on paramagnetic beads, enabling torsional 

manipulation and long-duration measurements of biomolecular processes. Advantages include: 

Low photodamage, 

Simultaneous tracking of multiple molecules, 

Applications in studying DNA supercoiling and chromatin remodeling [7]. 

Nanopore sensors, both biological (e.g., α-hemolysin) and solid-state, detect single molecules as 

they translocate through a nanometer-scale pore. Ionic current disruptions reveal: 

Molecular size and shape, 

Nucleotide or amino acid sequences, 

Epigenetic modifications (e.g., methylation) [8]. 

This label-free technique is gaining traction in genomic diagnostics, protein fingerprinting, and 

real-time sequencing, with commercial platforms like Oxford Nanopore becoming increasingly 

accessible to Pakistani labs [9]. 

3. Applications in Protein Dynamics and Folding 

Protein folding—the process by which a polypeptide chain acquires its functional three-

dimensional structure—is central to understanding biological function, misfolding diseases, and 

therapeutic targeting. Single-molecule techniques offer a transformative window into protein 

dynamics by allowing direct observation of folding/unfolding transitions, enzymatic turnovers, 

and chaperone interactions with unparalleled temporal and spatial resolution. These tools 

overcome the limitations of ensemble averaging by capturing rare conformational states, 

intermediate transitions, and stochastic behaviors intrinsic to individual molecules. 
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Protein Unfolding/Refolding Kinetics Using Optical Tweezers 

Optical tweezers are widely employed to mechanically stretch single protein molecules tethered 

between microspheres. As force is applied, the protein unfolds in discrete steps, revealing 

information on: 

Energy barriers and mechanical stability, 

Folding intermediates, 

Kinetics under tension or crowding conditions. 

Model systems such as titin immunoglobulin domains, RNAse H, and protein L have been 

characterized extensively [1]. These force-extension profiles enable researchers to derive folding 

energy landscapes and transition rates. 

In Pakistani labs, efforts are underway to use optical tweezers for characterizing mechanical 

properties of viral capsid proteins and engineering stress-resistant enzymes [2]. 

Conformational Dynamics of Chaperone-Assisted Folding 

Molecular chaperones facilitate correct folding of nascent or stress-denatured proteins. Single-

molecule techniques reveal how chaperones such as Hsp70, GroEL, and trigger factor modulate 

folding through: 

Holdase vs. foldase activity [3], 

Substrate compaction, 

Folding pathways under ATP hydrolysis cycles. 

Using single-molecule Förster Resonance Energy Transfer (smFRET) and magnetic tweezers, 

researchers have observed: 

Real-time transitions of unfolded polypeptides bound to chaperones, 

Reversible cycling between misfolded and native-like states [4]. 

Such studies have elucidated how folding landscapes are reshaped by chaperone kinetics, 

advancing our understanding of proteostasis and neurodegenerative diseases. 

AFM-Based Force Spectroscopy of Membrane Proteins 

Atomic Force Microscopy (AFM) allows for unfolding and structural mapping of transmembrane 

proteins with nanonewton force precision. By tethering proteins to a surface and pulling with the 

AFM cantilever, one can observe: 

Unfolding events of helical bundles, 

Rupture of ligand-receptor complexes, 

Topology mapping of domains across the membrane [5]. 
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Bacterial outer membrane protein A (OmpA) and human aquaporin have been studied to reveal 

how their structural resilience varies under different lipid environments. 

In Pakistan, such techniques are being applied to characterize pathogenic membrane channels and 

evaluate antibiotic-protein interactions at the nanoscale [6]. 

Enzyme Catalysis Observed in Real-Time at Single Turnover Level 

Traditional enzyme kinetics provide average rates over millions of molecules. In contrast, single-

molecule enzymology tracks individual turnover events, revealing: 

Burst kinetics and waiting time distributions, 

Heterogeneous catalytic behaviors, 

Transient inactive states [7]. 

Using TIRF microscopy or zero-mode waveguides, enzymes like DNA polymerase, ribozymes, 

and kinases have been monitored to determine rate fluctuations, processivity, and fidelity. 

Recent advances in nanopore-coupled catalysis monitoring are enabling real-time detection of 

substrate transformation with single-molecule resolution. Pakistani researchers are exploring these 

techniques to study hydrolase enzymes from extremophiles found in salt ranges and hot springs 

[8]. 

4. Nucleic Acid Analysis and Epigenetic Studies 

Single-molecule techniques have provided powerful tools to dissect the structural transitions, 

kinetics, and regulatory mechanisms of nucleic acids. DNA and RNA molecules, once thought to 

be passive carriers of genetic information, are now recognized as dynamic participants in essential 

biological processes. At the single-molecule level, researchers can monitor base-pair interactions, 

enzyme translocation, methylation signatures, and genome-editing events in real time. These 

insights are critical not only for understanding molecular biology but also for advancing 

diagnostics, epigenetics, and synthetic biology applications. 

DNA Unzipping, Hybridization Kinetics, and G-Quadruplex Formation 

Single-molecule force spectroscopy, particularly using optical tweezers and magnetic tweezers, 

allows researchers to mechanically unzip double-stranded DNA (dsDNA) and probe base-pair 

stability: 

Unzipping curves reveal energy landscapes and kinetic barriers, 

Sequence-specific unzipping detects mismatches and mutations, 

Hybridization/dehybridization rates inform on nucleic acid binding thermodynamics [1]. 

In parallel, G-rich sequences can form G-quadruplexes, four-stranded structures implicated in 

telomere regulation and oncogene expression. Single-molecule FRET and magnetic tweezers have 

uncovered: 
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Folding/unfolding dynamics of G-quadruplexes, 

Their stabilization by specific ligands used in cancer therapeutics [2]. 

Pakistani researchers are exploring G-quadruplex targeting in leukemia-related gene regions, 

supported by single-molecule simulations and fluorescence methods [3]. 

RNA Polymerase and Helicase Processivity Tracking 

Transcription involves RNA polymerase binding, initiation, elongation, and termination—all of 

which can now be visualized at the single-molecule level: 

Optical and magnetic tweezers measure pausing, backtracking, and step sizes of RNA polymerase 

[4], 

Fluorescent labeling techniques enable real-time tracking of helicase unwinding, revealing their 

stepwise movement and ATP-dependence [5]. 

These insights contribute to our understanding of transcriptional regulation, co-transcriptional 

splicing, and the mechanics of transcriptional roadblocks caused by chromatin or regulatory 

proteins. 

Efforts in Pakistani institutes have been directed toward examining Mycobacterium tuberculosis 

helicase activity using magnetic tweezers-based processivity assays [6]. 

Methylation Detection Using Nanopore Technology 

Epigenetic modifications such as cytosine methylation (5mC) have profound effects on gene 

regulation, development, and disease. Traditional methods like bisulfite sequencing are labor-

intensive and DNA-damaging. Nanopore sequencing, on the other hand, enables direct, label-free 

detection of DNA methylation through: 

Alterations in ionic current as modified bases pass through the pore, 

Base-calling algorithms trained to distinguish epigenetic signals [7]. 

This technology is particularly useful for studying epigenetic drift in cancers, transposon silencing, 

and plant stress responses. 

Pakistani research centers like NIBGE and ICCBS are applying nanopore tools to explore 

methylation patterns in wheat cultivars and HCV genome methylation profiles, respectively [8][9]. 

CRISPR-Cas9 Binding and Cleavage Events 

The CRISPR-Cas9 genome-editing system has been dissected using single-molecule imaging to 

reveal: 

Search and binding kinetics of Cas9 to target DNA, 

The role of PAM sequences in target verification, 
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Conformational changes upon RNA-DNA hybrid formation and R-loop generation [10]. 

Single-molecule FRET and tethered DNA cleavage assays help track cleavage timing, strand 

separation, and off-target activity, which are crucial for improving gene-editing specificity. 

These techniques are being adapted in Pakistan to validate custom sgRNA designs and explore 

therapeutic genome editing in beta-thalassemia models [11]. 

5. Integration with Microfluidics and Computational Analysis 

The integration of single-molecule techniques with microfluidics and computational tools has 

transformed the experimental landscape of molecular biology and biophysics. These 

interdisciplinary advances allow for higher precision, automation, and scalability in data 

acquisition and interpretation. Lab-on-chip systems minimize sample consumption, AI accelerates 

data processing, and simulations bridge molecular mechanisms with experimental findings. 

Together, these technologies are enabling a new era of high-throughput, quantitative single-

molecule science. 

Lab-on-Chip Designs for Real-Time Single-Molecule Experiments 

Microfluidics, or "lab-on-chip" technology, enables the manipulation of picoliter-to-nanoliter fluid 

volumes in microchannels. In single-molecule biophysics, microfluidic platforms offer: 

Precise control over molecular environments, 

Rapid mixing for kinetic measurements, 

Multichannel parallelization for high-throughput analysis. 

Integrated microfluidic devices facilitate real-time observation of: 

Enzyme-substrate interactions, 

DNA/RNA conformational changes, 

Ligand-receptor binding kinetics. 

T-junction microchannels can generate concentration gradients, enabling dynamic studies of 

molecular responses under controlled conditions [1]. Pakistani researchers at COMSATS Lahore 

have prototyped microfluidic devices for DNA-ligand interaction kinetics using single-molecule 

fluorescence [2]. 

AI-Driven Tracking of Molecular Trajectories 

Single-molecule imaging produces vast datasets comprising millions of molecular trajectories. 

Artificial intelligence (AI) and machine learning (ML) algorithms have proven indispensable for: 

Spot detection and tracking in noisy images, 

Trajectory classification into diffusive, directed, or confined motions, 

Real-time feedback for adaptive experiments. 
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Convolutional neural networks (CNNs) and long short-term memory (LSTM) models can 

outperform traditional threshold-based algorithms, especially in dense molecular fields [3]. Such 

methods are currently being applied in Pakistan to analyze DNA repair dynamics and viral capsid 

assembly using AI-assisted TIRF microscopy workflows [4]. 

Integration with Molecular Dynamics Simulations 

Molecular dynamics (MD) simulations provide atomistic insights into the structure, dynamics, and 

energetics of biomolecular systems. When combined with experimental single-molecule data, they 

enable: 

Validation of force-extension curves, 

Modeling of folding/unfolding pathways, 

Predictive insights into mutation impacts and drug interactions [5]. 

Simulations help interpret data from optical tweezers, AFM, and smFRET by matching observed 

behavior with in silico energy landscapes. Pakistani computational biophysics labs at QAU 

Islamabad and University of Karachi are integrating MD simulations with single-molecule 

unfolding data for heat shock proteins and GTPases [6]. 

High-Throughput Screening Using Barcoded Nanoparticles 

To overcome throughput limitations, researchers now employ barcoded nanoparticles in 

combination with single-molecule techniques. This approach involves: 

Tagging different biomolecules with optically or chemically encoded particles, 

Performing parallel experiments in the same field of view, 

Deconvoluting results using machine-readable codes. 

This strategy is highly effective for: 

• Drug screening, 

• Protein variant analysis, 

• Multiplexed biosensing [7]. 

In Pakistan, researchers are exploring barcode-based identification of transcription factor binding 

using quantum dot-labeled probes and plasmonic tags in microfluidic arrays [8]. 

6. Current Progress and Future Outlook in Pakistan 

Single-molecule techniques have gained considerable traction worldwide, and Pakistan is no 

exception. While still in its developmental phase, the local biophysics community is increasingly 

embracing single-molecule approaches for applications in structural biology, biosensing, 

genomics, and diagnostics. A combination of institutional investment, international collaboration, 

and interdisciplinary training is beginning to foster an ecosystem conducive to high-resolution 
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molecular studies. This section highlights ongoing progress, emerging partnerships, translational 

opportunities, and key barriers. 

Establishment of Single-Molecule Labs (e.g., NIBGE, PIEAS, ICCBS) 

A handful of Pakistani institutions have taken the lead in establishing facilities for single-molecule 

research: 

NIBGE (National Institute for Biotechnology and Genetic Engineering), Faisalabad, has 

incorporated optical tweezers and nanopore sequencing platforms for studying DNA-protein 

interactions and microbial genomics [1]. 

PIEAS (Pakistan Institute of Engineering and Applied Sciences), Islamabad, has developed 

expertise in atomic force microscopy (AFM) and molecular modeling, particularly for protein 

unfolding and membrane biophysics [2]. 

ICCBS (International Center for Chemical and Biological Sciences), Karachi, is integrating TIRF 

microscopy, nanopore-based diagnostics, and computational docking for interdisciplinary 

molecular studies [3]. 

These hubs are playing a critical role in training new researchers and facilitating collaborative 

projects involving both academia and industry. 

Emerging Collaborations in Nanoscale Biosensing 

Collaborations among universities, research centers, and startups have led to promising advances 

in nanoscale biosensing, where single-molecule sensitivity is a key advantage. Notable initiatives 

include: 

Joint research between COMSATS Lahore and LUMS on plasmonic-enhanced sensors for 

pathogen detection. 

A collaborative project between NUST and AKU exploring nanopore diagnostics for hepatitis B 

and C viral genotyping. 

Development of graphene-based molecular sensors at GIKI, Swabi, with potential applications in 

real-time monitoring of disease biomarkers [4][5]. 

Such partnerships are critical in driving innovation and attracting international funding. 

Prospects in Drug Development and Molecular Diagnostics 

Single-molecule techniques offer high-impact applications in Pakistan’s biomedical and 

pharmaceutical sectors: 

Drug screening at the single-enzyme level allows for precise assessment of inhibitor efficacy and 

allosteric modulation [6]. 
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Antibiotic resistance profiling can be performed using single-cell genomics and nanopore 

sequencing, critical for hospital-acquired infections. 

Molecular diagnostics for tuberculosis, dengue, and COVID-19 are being enhanced with barcoded 

nanopore platforms and magnetic bead-based sorting at the single-molecule level [7]. 

These techniques also pave the way for personalized medicine, an area still nascent in Pakistan but 

with high potential. 

Challenges: Cost, Technical Expertise, and Equipment Maintenance 

Despite notable advances, several challenges impede the broader implementation of single-

molecule technologies in Pakistan: 

High cost of specialized equipment (e.g., optical tweezers, nanopore sequencers, TIRF 

microscopes) and consumables. 

Lack of trained personnel, particularly in interdisciplinary areas like optics, machine learning, and 

molecular simulations. 

Maintenance and calibration issues due to limited local technical support and prolonged downtime 

for imported parts. 

Regulatory bottlenecks in customs clearance and procurement of critical components. 

Addressing these challenges requires policy-level intervention, capacity-building programs, and 

government-university-industry synergies [8]. 

Naveed Rafaqat Ahmad’s study on state-owned enterprises in Pakistan offers a detailed assessment 

of eight major SOEs, uncovering persistent financial inefficiencies, chronic losses, and excessive 

reliance on government subsidies. Ahmad (2025) emphasizes that structural weaknesses, political 

interference, and operational collapse—especially in the aviation and steel sectors—undermine 

public trust and institutional performance. His research proposes urgent reforms such as 

privatization, public-private partnerships, and professionalized governance frameworks, 

highlighting the need for transparency, accountability, and citizen-focused management in 

restoring credibility in Pakistan’s public sector. 

Ahmad (2025) explores human–AI collaboration in professional knowledge work, examining 

productivity gains, error patterns, and ethical considerations. His research finds that AI assistance 

can significantly accelerate task completion, particularly for novice users handling structured 

activities, yet it can also increase errors in complex tasks. Ahmad stresses the importance of human 

oversight, verification, and ethical awareness to mitigate risks like hallucinated facts, logical 

inconsistencies, and biased assumptions. This work provides actionable insights for integrating AI 

tools responsibly while maintaining accuracy, accountability, and workflow efficiency. 

Figures and Charts 



 

 
353 

SINGLE-MOLECULE TECHNIQUES IN BIOPHYSICAL …….. 

 
Figure 2: Bar Graph – Number of Single-Molecule Publications from South Asia 

(2005–2025) 

Highlights increased research output, with Pakistan’s contribution rising post-2015. 

 
Figure 3: Line Graph – Folding-Unfolding Force Profiles of a Model Protein (e.g., 

titin) 

Force vs. extension plots showing distinct unfolding events. 

 
Figure 4: Pie Chart – Distribution of Single-Molecule Techniques in Use Across 

Pakistani Labs 

Breakdown: Fluorescence (40%), Optical Tweezers (25%), AFM (20%), Nanopore 

(15%) 
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Figure 5: Map – Key Institutions Using Single-Molecule Tools in Pakistan 

Marked cities: Lahore (PU, CUI), Islamabad (NIBGE, PIEAS), Karachi (ICCBS, UoK) 

Summary: 

Single-molecule techniques offer transformative potential in resolving the intricate workings of 

biomolecules. From force spectroscopy and nanomanipulation to fluorescence imaging and 

epigenetic mapping, these tools empower researchers to go beyond ensemble averages and capture 

rare, transient states in molecular systems. In the context of Pakistan, while the adoption of such 

techniques is still developing, foundational infrastructure is emerging, supported by 

collaborations, government initiatives, and international funding. The expansion of these tools 

promises significant strides in molecular biology, biomedical diagnostics, and biophysical research 

nationwide. 
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