
 

Biophotonics: Light-Based Techniques 

in the Life Sciences 

 

Biophotonics is an interdisciplinary field that explores the interaction of light (photons) with 

biological matter (molecules, cells, tissues) for imaging, sensing, and therapy. It is broadly 

defined as “the application of light and other forms of radiant energy to the life sciences” 

indico.ictp.it . In practice, biophotonics involves generating and harnessing light to image, detect, 

and manipulate biological materials indico.ictp.it . Since light is non-ionizing and can be delivered 

with lasers or LEDs, biophotonic methods can probe living cells and tissues noninvasively, 

often at subcellular scales. These methods exploit basic optical principles – absorption, 

scattering, fluorescence, and interference – so understanding both photonics 

(lasers, optics, detectors) and biology (cellular and molecular processes) is essential indico.ictp.it 

nature.com . 

Foundations: Biophotonics treats photons much like how electronics treats electrons. It 

extends photonics into biology, using instruments like microscopes, endoscopes, fiber 

probes, and spectrometers. Key principles include the quantum nature of light (photons) and 

their interactions with biomolecules (e.g. chromophores, fluorophores) indico.ictp.it . By measuring 

fluorescence, Raman/infrared spectra, or optical coherence, biophotonics techniques can 

reveal molecular signatures and structural detail without destroying samples. Commonly 

used wavelengths range from the ultraviolet through the visible and nearinfrared (often 

~400–1300 nm), chosen to balance resolution and penetration. In summary, biophotonics 

merges optical physics with biomedicine, emphasizing non-contact 

imaging/sensing of biological processes photonicsonline.com nature.com . 

Historical Evolution 

Biophotonics has deep roots in the history of optics and microscopy: 

 1600s: The field’s origins trace to Van Leeuwenhoek’s single-lens microscope (~1670), 

which first visualized bacteria and cells. (Anton van Leeuwenhoek is often called “the 

father of microscopy” pmc.ncbi.nlm.nih.gov .) 

Early 20th century: In 1903, Niels R. Finsen won a Nobel Prize for treating skin disease 

with concentrated light, foreshadowing phototherapy pmc.ncbi.nlm.nih.gov . Alexander Gurwitsch 
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observed that living tissues emit ultra-weak light (biophotons) in the 1920s, an early 

biophotonics concept photonicsonline.com . 

 Mid 1900s – Lasers and Confocal Microscopy: The invention of the laser (1960) and 

laser scanning microscopes enabled precise illumination of samples. Marvin Minsky 

developed the first confocal microscope in 1957, paving the way for 3D optical 

sectioning. 

 Late 20th century: The term “biophotonics” itself emerged in the mid-1980s 

photonicsonline.com . In the 1990s, key advances included multiphoton microscopy (allowing 

deep tissue imaging) and Optical Coherence Tomography (OCT) by Huang et al. (1991) 

for cross-sectional imaging of retina and other tissues. 

 Nobel-winning innovations: The Green Fluorescent Protein (GFP) was discovered and 

applied in the 1990s, earning a 2008 Nobel Prize (Shimomura, Chalfie, Tsien) 

pmc.ncbi.nlm.nih.gov . In 2014 Betzig, Hell and Moerner won the Nobel Prize for super- 

resolution fluorescence microscopy pmc.ncbi.nlm.nih.gov . That same year saw the Nobel for blue 

LEDs (Nakamura et al.), enabling new photonic tools pmc.ncbi.nlm.nih.gov . In 2018 Arthur 

Ashkin received a Nobel for optical tweezers to trap and manipulate single molecules 

pmc.ncbi.nlm.nih.gov . 

 21st century: Recent decades have seen biophotonics explode with new lasers, probes, 

and computation. Fluorescent probes (e.g. Qdots, near-IR dyes) and label-free methods 

(Raman/SERS, IR) have proliferated. Nanophotonics and fiber-optic miniaturization 

enable endoscopic and implantable tools. Biophotonics is now a mainstream term 

encompassing everything from laboratory microscopes to clinical imaging devices 

 photonicsonline.com pmc.ncbi.nlm.nih.gov . 

Core Technologies and Methods 

Biophotonics employs a wide range of optical techniques. Some foundational tools include: 

 Fluorescence Microscopy: Excites fluorescent dyes or proteins in cells and images the 

emitted light. Confocal and two-photon microscopes achieve optical sectioning and 

deep imaging. Super-resolution variants (STED, PALM, STORM) break the diffraction limit 

to localize molecules with ~10–50 nm accuracy. Fluorescent labels (e.g. GFP, Alexa dyes) 

 or autofluorescence provide contrast indico.ictp.it nature.com . 

 Optical Coherence Tomography (OCT): Uses low-coherence interferometry to measure 

optical reflectance as a function of depth. OCT yields micron-scale cross-sectional 

images of tissue (e.g. retina, skin, coronary arteries) in real time, like “optical ultrasound.” 
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 Raman and IR Spectroscopy: Vibrational spectroscopy techniques that provide 

molecular fingerprints. Raman scattering (including enhanced versions like SERS) and 

mid-IR absorption can identify biochemical composition of cells/tissues without labels. 

These are used for in vitro diagnostics and, increasingly, in vivo probes. 

 Photoacoustic Imaging: Combines pulsed laser excitation with ultrasound detection. 

Tissues absorb light and emit ultrasonic waves. This yields high-contrast images of deep 

structures (e.g. tumor vasculature) with optical specificity. 

 Phase, Polarization, and Scattering Imaging: Methods like phase-contrast, dark-field, 

and elastic scattering microscopy exploit refractive index and scattering differences to 

image live cells without stains. 

 Flow Cytometry and Cell Sorting: Laser-based instruments analyze individual cells in 

fluid streams. Fluorescence-activated cell sorters (FACS) detect fluorophores on cells and 

separate them for analysis. Imaging flow cytometers even capture microscope images of 

cells at high speed. 

 Optical Tweezers and Manipulation: Highly focused laser beams can trap and 

manipulate microscopic particles or cells. This enables biomechanical studies of DNA, 

proteins and cells. 

 Biosensing (Photonic Sensors): Devices like surface-plasmon-resonance (SPR) chips, 

photonic crystal sensors or integrated photonic circuits detect binding of biomolecules 

via optical signals. They are used for label-free detection of proteins, DNA, or small 

molecules. 

 Optogenetics and Phototherapy: In neuroscience, light-activated ion channels (opsins) 

enable control of neurons with light. In medicine, photodynamic therapy uses light to 

activate drugs (photosensitizers) to kill cancer cells. Photothermal and 

photobiomodulation therapies also rely on light–matter interaction to treat tissues. 

In all these methods, light–matter interactions (absorption, fluorescence, scattering, 

reflectance) encode the biological information. For example, “optical detection exploits… 

absorption, scattering, fluorescence, and reflectance” to reveal biochemical changes in 

disease nature.com . Biophotonic systems typically integrate lasers or LEDs (sources), filters and 

optics, and sensitive detectors (cameras, photodiodes, spectrometers) to perform these tasks. 
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Major Applications 

Biophotonics has transformed research and practice across medicine, biology, and related 

fields: 

Medical Diagnostics and Imaging: Light-based tools are widely used in healthcare. For 

example, cancer detection is aided by fluorescence endoscopy (highlighting tumors), 

OCT (imaging skin or cervical lesions), and Raman spectroscopy (identifying tumor 

margins). In ophthalmology, OCT is standard for retina and glaucoma evaluation. 

Cardiology uses intravascular OCT and near-IR spectroscopy to visualize plaque in 

arteries. In dermatology, lasers remove lesions and confocal microscopy noninvasively 

images skin. Microscopy in pathology (digital slide scanners with fluorescence) 

accelerates biopsy analysis. Photonic sensors detect biomarkers in blood and fluids. 

Overall, biophotonics enables non-destructive, real-time diagnostics (e.g. glaucoma 

 screening, oral cancer checks) that preserve tissue integrity researchgate.net pmc.ncbi.nlm.nih.gov . 

 Therapeutics and Surgery: In surgery, lasers (a photonic tool) perform precise cuts and 

ablations. Photodynamic therapy (PDT) uses light to activate drugs that kill cancer cells. 

The same photonic principles (absorption of specific wavelengths) allow targeted 

therapy of tumors or microbes. 

 Neuroscience: Neurophotonics uses light to image and modulate the brain. 

Twophoton calcium imaging tracks neuronal activity in living brain tissue. Optogenetics 

(light-activated channels) enables precise control of neural circuits. Fiber-optic probes 

(miniscopes) and diffuse optical tomography (fNIRS) image brain function noninvasively. 

 Cell and Molecular Biology: Biophotonics is ubiquitous in basic research. Fluorescent 

tagging (GFP, immunofluorescence) reveals protein location and gene expression. FRET 

and FRAP techniques study molecular interactions and dynamics. Super-resolution 

microscopy uncovers molecular architecture. Single-cell analysis (imaging flow 

cytometry, microfluidic chips with optical sensors) deepens understanding of cell 

heterogeneity. 

 Biosensing and Lab-on-Chip: Optical biosensors are used in genetics and diagnostics 

(e.g. DNA microarrays, lab-on-chip devices with integrated photonics). Surfaceenhanced 

Raman and fluorescence immunoassays serve in pathogen detection (e.g. rapid tests for 

viruses). 

 Agriculture, Food Safety, and Environment: Light-based sensing extends beyond 

medicine. For instance, agriculture uses hyperspectral imaging to assess plant health 

and detect pests. Food safety employs fluorescence to spot spoilage or contamination. 

Environmental monitoring uses optical biosensors (bioluminescent assays, fiber 
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probes) to detect pollutants or pathogens in water and air. These diverse uses highlight 

biophotonics as a “cornerstone of next-generation precision medicine and the One 

Health approach,” applying the same optics to human, animal, and environmental health 

researchgate.net . 

Across these fields, biophotonics provides high sensitivity and resolution. Studies have 

shown that optical imaging can detect viruses and nanoparticles, and techniques like 

tipenhanced Raman microscopy have even characterized the structure of SARS‑CoV‑2 virions 

pmc.ncbi.nlm.nih.gov . In short, any application requiring label-free or fluorescence-based 

detection, high-speed imaging of cells, or minimally invasive diagnostics can benefit from 

biophotonics nature.com researchgate.net . 

Recent Advances (Last 5 Years) 

Modern biophotonics is advancing rapidly, driven by new lasers, materials, and computation. 

Notable recent breakthroughs include: 

 Innovative Imaging Techniques: Researchers have repurposed standard microscopes 

with clever optics and software to achieve new capabilities. For example, a 2024 study 

used a conventional fluorescence microscope (with metabolic probes and image 

analysis) to map single-cell metabolic changes in cancer cells, revealing how therapy- 

resistant cells adapt research.uky.edu research.uky.edu . Such cost-effective, high-content methods 

democratize advanced imaging. 

 Multimodal Probes: Teams are integrating multiple optical modalities into one 

instrument. At LASER World 2023, a fiber-optic “invaScope” probe combined Raman 

spectroscopy with OCT and machine learning to diagnose bladder cancer in vivo. This 

endoscopic system achieved over 90% sensitivity and specificity in distinguishing 

tumors from normal tissue optics.org optics.org , showing how multi-modal biophotonics 

can improve real-time diagnostics during surgery. 

 Deep-Tissue (NIR-II) Imaging: Advances in fluorophores and detectors have pushed into 

the second near-infrared window (1000–1700 nm). Tissues are most transparent in NIR-

II, enabling centimeter-scale imaging depths with high resolution. The NSF and others 

note that NIR-II imaging is a key frontier for deeply penetrating, non-invasive medical 

imaging nsf.gov . 

 AI and Computational Methods: Artificial intelligence and deep learning are 

revolutionizing biophotonics. New algorithms can reconstruct high-quality images from 

sparse or low-SNR data, classify complex spectral signatures, and even perform virtual 
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staining of tissues. A recent white paper highlights AI and novel materials as critical 

enablers of next-generation biophotonics pubmed.ncbi.nlm.nih.gov . For instance, deep-learning 

models now extract diagnostic information from label-free images (e.g. phase images 

predicted as H&E-stained histology). 

Ultrafast and Super-Resolution Microscopy: Light-sheet and lattice light-sheet 

microscopy have matured, allowing faster 3D imaging of live embryos and organoids. 

Super-resolution techniques continue to improve (e.g. MINSTED, MINFLUX) and become 

more accessible, opening nano-scale biological imaging. Combined with genetic 

fluorophores and adaptive optics, researchers can now image molecular dynamics in 

living tissues in real time. 

 Advanced Spectroscopy and Sensors: Nanophotonic structures (plasmonic 

metasurfaces, photonic crystals) are enabling ultra-sensitive biosensors. 

Surfaceenhanced Raman (SERS) substrates now detect single molecules at 

physiologically relevant conditions. Integrated photonics (on-chip spectrometers, 

whispering-gallery resonators) are creating portable, multiplexed sensors for point-of-

care diagnostics. 

 Photonic Materials and Devices: Novel materials like biocompatible polymers, 

biodegradable waveguides, and miniaturized lasers are emerging. Implantable 

microLEDs and nanolasers (“cellular lasers”) are being explored for in vivo sensing. The 

ability to 3D-print optical components is spawning new bio-integrated devices. 

These advances, among others, reflect a broad trend: combining photonics with biology, 

computation, and nanotechnology to achieve deeper, faster, and smarter imaging and 

sensing. For example, optical tools have recently been applied to study SARS-CoV-2 at the 

molecular level (e.g. atomic force–IR and tip-enhanced Raman revealing viral structure 

pmc.ncbi.nlm.nih.gov ). In summary, the last five years have seen biophotonics move from the 

benchtop toward integrated clinical and field applications, often guided by cross-disciplinary 

collaboration. 

Industry and Commercial Trends 

Biophotonics is a rapidly growing market, driven by healthcare and technology demand. 

Market reports estimate the global biophotonics market at $60–70 billion in 2023, with 

projected growth around 9–11% per year grandviewresearch.com . This growth is fueled by aging 

populations, rising chronic diseases, and increased government and private investment in 
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photonic health technologies grandviewresearch.com . Key market segments include medical imaging 

devices, diagnostic instruments, and analytical instruments. 

Leading Companies: Major instrumentation companies dominate the field. For example, 

Olympus, Zeiss, and Hamamatsu Photonics provide microscopes and imaging systems, while 

Thermo Fisher Scientific (via Affymetrix) and PerkinElmer offer advanced biosensor and 

spectroscopy tools grandviewresearch.com . Becton Dickinson (BD) is prominent in cytometry (flow/ 

image cytometers) grandviewresearch.com . Other players include Oxford Instruments, Coherent/IPG 

Photonics (laser manufacturers), and Zecotek Photonics. These companies invest heavily in 

R&D and often collaborate with academic labs. 

Recent Products and Adoption: New products illustrate current trends. In April 2024, BD 

launched the FACSDiscover S8, an image-enabled spectral cell sorter, expanding 

highthroughput biophotonics for single-cell analysis grandviewresearch.com . In late 2023, Zeiss 

showcased ultra-fast, high-resolution fluorescence microscopes at a neuroscience 

conference, enabling live-cell imaging with unprecedented clarity grandviewresearch.com . Meanwhile, 

companies like Lifecacera, Dolomite Bio, and Lumencor push microfluidic and light-source 

integration. Point-of-care devices (e.g. portable dermatoscopes, smartphonebased 

spectrometers) are also proliferating, lowering barriers to optical diagnostics. 

Market Dynamics: Adoption of biophotonic technologies is expanding in both research and 

clinical settings. Hospitals and labs increasingly use OCT for retinal exams, confocal 

endoscopy for GI screening, and fluorescence guidance in surgery. In research, virtually every 

biomedical lab uses fluorescence microscopy or flow cytometry. Investment in photonic 

biosensors and diagnostics has surged, especially after the COVID-19 pandemic highlighted 

the need for rapid detection. According to Grandview Research, by 2030 the biophotonics 

market is expected to roughly double in size grandviewresearch.com grandviewresearch.com . 

Trends: Current trends include miniaturization (lab-on-chip photonics), integration with 

electronics/AI (smart microscopes, telemedicine), and sustainability (biodegradable 

photonic materials). There is also growth in non-medical sectors: agriculture (e.g. dronebased 

crop imaging), food processing (spectral sorting of fruits), and cosmetics (optical skin 

analysis). Global players from Asia (e.g. Nikon, Canon) and startups in biotech hubs (Silicon 

Valley, Europe, China) are increasingly active. 

Overall, the industry is shifting toward more accessible, connected, and intelligent 

photonic solutions. Leading companies leverage interdisciplinary expertise, often 

collaborating with software/AI firms to add value. Funding from agencies (e.g. NIH’s 
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Biophotonics program nsf.gov ) and consortia (light institutes) continues to drive innovation. 

Given the broad 

applications, biophotonics companies now straddle both the photonics and life-sciences 

markets. 

Challenges and Future Directions 

Despite its promise, biophotonics faces several challenges: 

 Limited penetration and depth: Optical scattering in tissues severely limits imaging 

depth (typically a few millimeters). This depth–resolution trade-off remains a barrier for 

deep-organ imaging (e.g. brain, whole-body). Overcoming the optical penetration 

depth is a key research goal pmc.ncbi.nlm.nih.gov . Strategies involve using longer wavelengths 

(e.g. NIR-II), adaptive optics, and novel contrast agents. 

Photodamage and toxicity: High-intensity light or stains can damage cells or tissues. 

Balancing signal strength against phototoxicity and photobleaching is critical, especially 

for live-cell or in vivo imaging. 

 Data and interpretation: Modern imaging generates massive, complex datasets 

(3D+time with spectral channels). There is a need for standardized analysis, storage, and 

interpretation. Machine learning offers solutions, but algorithms must be validated for 

accuracy and reliability. 

  Standardization and regulation: There is no single standard across biophotonics 

techniques. Different labs and clinics use varied instruments and protocols, making it hard 

to compare results or get regulatory approval. Clinical translation often requires extensive 

validation and meeting FDA (or equivalent) criteria. A recent review notes that 

“standardization, regulation, and clinical translation” are critical challenges in bringing 

biophotonics to market researchgate.net . 

 Cost and accessibility: Cutting-edge biophotonics equipment (e.g. super-res 

microscopes, multi-modal probes) can be very expensive, limiting access to well-funded 

centers. Reducing cost through simpler designs or mobile devices is an ongoing need. 

Despite these challenges, opportunities abound: 

 Advanced Probes and Materials: New contrast agents (e.g. brighter NIR-II 

fluorophores, adaptive dyes) and photonic materials (metamaterials, biocompatible 

optics) can break current limits. For example, developing robust biosensors for common 
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diseases is highlighted as a vital future direction pmc.ncbi.nlm.nih.gov . Implantable or wearable 

optical sensors could enable continuous health monitoring. 

 Deep-tissue and Integrated Imaging: Exploiting the second NIR window (1000–1700 

nm) is a major opportunity for centimeter-scale imaging nsf.gov . Hybrid techniques (like 

the Raman–OCT probe) and photoacoustics extend reach. Integrating multiple 

modalities (optical with ultrasound, MRI, etc.) can provide complementary information. 

 Computational Biophotonics: AI and computational algorithms will continue to 

transform the field. We expect “computational microscopes” that use light patterns and 

learning algorithms to image around obstacles or reconstruct high-speed events. Cloud 

and mobile processing can make devices smarter and more user-friendly. 

 Point-of-Care and Global Health: Biophotonics can address diagnostics in 

resourcelimited settings. Portable spectrometers and smartphone-based imagers are 

emerging (e.g. smartphone otoscopes, foldscope-based microscopes). Low-cost optical 

assays (paper-based photonic tests) hold promise for outbreak detection and 

personalized health. 

 Precision Medicine and One Health: As noted in recent analyses, biophotonics is 

poised to be a “cornerstone of next-generation precision medicine and the One Health 

approach” researchgate.net . In the future, optical tools may personalize therapy (e.g. 

imaging-guided phototherapy) and link human health with animal and environmental 

monitoring via shared photonic technologies. 

 Quantum and Nanophotonics: Emerging quantum photonic techniques 

(entangledphoton microscopy, quantum-enhanced sensors) could push sensitivity 

beyond classical limits. Nanoscale lasers and photonic chips will make devices smaller 

and more powerful. 

In summary, biophotonics stands at an exciting crossroads. With advances in lasers, 

detectors, nanotechnology, and AI, the field is poised to overcome current limits. Its 

interdisciplinary nature means collaboration among physicists, biologists, engineers, and 

clinicians will be key. Addressing the challenges of depth, standardization, and clinical 

translation will unlock new frontiers, from in vivo diagnostics to ubiquitous health 

monitoring pmc.ncbi.nlm.nih.gov researchgate.net . Summary of Core 

Biophotonic 

Technologies 
Technique Principle 

Fluorescence Microscopy Excite fluorescent markers and image their 
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Optical Coherence 

Tomography (OCT) 

Raman/IR Spectroscopy 

Photoacoustic Imaging 

Phase/Scattering Imaging 

Flow Cytometry 

Optical Tweezers 

Biosensors (SPR, etc.) 

emission (confocal, 2-photon, super-res) indico.ictp.it 

Low-coherence interferometry for depth-resolved 

reflectance imaging 

Inelastic scattering or absorption gives molecular 

“fingerprints” 

Light induces ultrasonic emission upon absorption 

Contrast from refractive index or scattering 

changes 

Laser-excited fluorescence of cells in flow 

cytometer 

Laser trapping of micro-objects 

Optical resonance shifts due to biomolecular 

binding 

Example Applications 

Cell biology (GFP imaging), live tis super-resolution imaging of mole 

Retinal scans, skin/artery cross-sec noninvasive biopsy imaging 

Label-free tissue diagnostics, path identification, cancer detection 

Deep tissue vascular imaging (tum angiogenesis), functional brain im 

Live cell imaging without dyes, flo (speckle) 

Blood cell analysis, cancer cell det sorting 

Biomechanics of DNA/proteins, ce 

Real-time detection of antibodies, biomarkers 

https://indico.ictp.it/event/a07140/session/13/contribution/8/material/0/0.pdf#:~:text=Biophotonics%20is%20the%20science%20of,invasive%20to%20the%20body


 

Sources: Core methods summarized from biophotonics literature indico.ictp.it nature.com . 
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Phototherapy 
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Neural stimulation, cancer photod 
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