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A B S T R A C T   

This paper presents a comprehensive overview of the potential applications for Photo-Acoustic 
(PA) imaging employing functional nanoparticles. The exploration begins with an introduction 
to nanotechnology and nanomaterials, highlighting the advancements in these fields and their 
crucial role in shaping the future. A detailed discussion of the various types of nanomaterials and 
their functional properties sets the stage for a thorough examination of the fundamentals of the 
PA effect. This includes a thorough chronological review of advancements, experimental meth
odologies, and the intricacies of the source and detection of PA signals. The utilization of 
amplitude and frequency modulation, design of PA cells, pressure sensor-based signal detection, 
and quantification methods are explored in-depth, along with additional mechanisms induced by 
PA signals. The paper then delves into the versatile applications of photoacoustic imaging facil
itated by functional nanomaterials. It investigates the influence of nanomaterial shape, size 
variation, and the role of composition, alloys, and hybrid materials in harnessing the potential of 
PA imaging. The paper culminates with an insightful discussion on the future scope of this field, 
focusing specifically on the potential applications of photoacoustic (PA) effect in the domain of 
biomedical imaging and nanomedicine. Finally, by providing the comprehensive overview, the 
current work provides a valuable resource underscoring the transformative potential of PA im
aging technique in biomedical research and clinical practice.  
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1. Introduction 

1.1. Nanotechnology and nanomaterials 

Starting from first industrial revolution in mid-to-late eighteenth century, humanity has tried to understand the inner mechanisms 
of very big celestial objects like stars, planets, galaxies etc. to the very small, microscopic and then nano-scale objects. 

Nano-scale objects and functional materials usher a new era of human civilization with a vast range of potential applications - from 
medical implants patrolling the arteries to the supercomputers with processing chips having transistors with gate lengths in the domain 
of 2–3 nm [(1a)]. This flexibility in the application of these miniature materials enabled dramatic changes in the technological world, 
encouraging innovation for the future. Nanotechnology (NT) makes use of nanomaterials (NMs), that have at least one external 
dimension of measure and a few nanometres of magnitude in that dimension. 

Nanomaterials exhibit unique properties owing to their small size and can occur naturally or be engineered to meet specific re
quirements. Their dimensions, synthesis processes, and properties play a crucial role in their applications. These materials have gained 
widespread use in various industries and daily life, from drug delivery systems to sunscreens. Nanomaterials are intentionally engi
neered to take advantage of their small size, which often leads to distinct properties not observed in bulk materials. For instance, in the 
cosmetic industry, nanomaterials are utilized in sunscreens for their enhanced UV protection capabilities [(1b)]. Similarly, nano
materials are employed in textiles to create stain-resistant clothing and find applications in many other everyday products. Reduced 
size of nanomaterials compared to bulk materials results in an increased surface area, leading to unusually high percentage to surface 
atoms leading to greater chemical reactivity and novel functional properties [(1a)]. The study of nanomaterial characteristics has 
gained momentum, with a focus on quantum effects and novel electric, magnetic, and optical behaviour. A wide variety of nano
materials are commercially used today. For several decades, applications of nanomaterials have been prevalent in commercial 
products such as paints, textiles, coatings, and varnishes etc. Furthermore, nanocomposites are utilized in consumer goods like sports 
equipment, windows, and automobiles. Noteworthy examples include UV-blocking coatings on glass bottles that protect beverages 
from sunlight, as well as the use of titanium dioxide in self-cleaning windows, sunscreen formulations, and dental fillings [(1c)]. 

1.2. Advancement in nanotechnology and nanomaterials 

As discussed previously, the influence of nanotechnology paved a path towards a spectrum of applications. This resulted in many 
nations investing in the research and development of nanotechnology. With the growing interest in research and development, 
nanotechnology industries started developing rapidly since 1980s resulting in commercialization of many related applications and the 
trend is constantly on the up [(1c)]. The demand for functional and structural materials for both the organic and the inorganic cat
egories became prominent as their optical, electrical, electronic, magnetic, and catalytic properties were well understood. The pro
duction of cluster-assembled or nano-phase materials is dependent on the process of making small clusters that are separated and 
concatenated into a bulk material or solid/liquid compact. The following fundamental properties of nano-sized materials are predicted 
to advance in overlapping generations of numerous products which may include active nanostructures, passive nanostructures, mo
lecular nano-systems, nanomedicine, food, agriculture, textile, nano sensors, nanoelectronics etc [(1b)]. 

1.3. Types of nanomaterials 

NMs are extremely small in size, comparable to the size of molecular clusters. They have at least one dimension, which is of a 

Fig. 1. Different types of NMs and nanocrystals are commonly found. Reprinted with permission. Copyright 2015 Capital Publishing com
pany [(1b)]. 
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magnitude ranging a few nanometres. These nano-structural materials are classified based upon the available dimensions along with 
their shape as illustrated in Fig. 1:  

• Zero dimensional spheres and clusters  
• One dimensional nanofiber, nanowires, surface films and nanorods  
• Two Dimensional Plates, Strands and Networks  
• Three-dimensional NMs like multi nanolayers and colloidal nanoparticles [(1d)] 

These NMs exist as fused, single or agglomerates/aggregates which may be further classified depending upon their shapes and sizes 
Fig. 2. Some of the well-known shapes include the spherical, the cubic, the rod and the tubular. Other examples of NMs are dendrimers, 
nanotubes, fullerenes and quantum dots. All these different types of nanoparticles (NPs) serve various functions in the field of 
nanotechnology based upon their physical and chemical characteristics [(1c)]. For example, gold nanorods are good optical absorbers, 
while nanocages are capable of encapsulating drugs for targeted delivery. Similarly, the difference in constituent atoms of concerned 
NPs also have a significant impact on their chemical and physical properties. Carbon nanotubes, silver nanorods, fullerenes, silica 
based NMs have different properties enabling their utilization in various industries [(1e)]. 

Along with the classification based on shape, nanomaterials (NMs) are also characterized by their ultra-small size, typically 
measuring fewer than 50 nm [(1a)]. This size range allows the particles to exhibit unique properties and performance, leading to their 
further modulation and optimization for specific applications. 

1.4. Functional properties of nanomaterials 

The flexibility and controllability of nanomaterials in terms of synthesis and properties have sparked significant interest in 
research. Interestingly, non-linear optical properties of nanostructured semiconductors are identified to have several advantages. For 
example, quantum confinement effects shown by Q-particles may provide special use cases like luminescence in powdered silicon. 
Quantum dots made up of silicon-germanium can be utilized as optoelectronic devices in infrared radiation. In solar cells, window 
layers make use of nanostructured semiconductors [(1a)]. Porous coatings, dense parts, gas-tight materials are the applications of 
nanosized metallic powders which show properties like ductility along with the cold-welding properties of metal-metal bonding 
making them suitable for the electronic industry. The magnetic properties (coercive field and saturation magnetization) of single and 
multiple domain magnetic nanoparticles/nanocomposites demonstrate surprising differences. They can be utilized for targeted drug 
delivery, bio-imaging, ferrofluids, big data storage and spintronics [(1a)]. 

Metal nanostructures and mono colloids are being used as catalysts. These materials with pluri-metallic composition can be used as 
precursors for cortex-catalysis or heterogeneous catalysis due to their substantial advantages of selectivity, activity and lifetime in 
various chemical transformations, fuel cells and electrocatalysis. Nanoscale metal particles with chiral modifiers are found to be good 
at enantioselective catalysis [(1e)]. 

Metal oxide thin films with thickness in the ranges of few nm, have shown to be effective for their applications in gas sensors for 
detecting NOx, CO, CH4, CO2 and hydrocarbons that are aromatic. These thin films have great sensitivity and enhanced selectivity. 
MnO2 thin films are being used in rechargeable batteries for automobiles [(1d)]. Whereas Si thin films have gained popularity in 
thin-film solar cells due to their transparent contacts. Solar cells of dye sensitization require titanium oxide nano-structured films due 

Fig. 2. Nanoparticles of different compositions. Reprinted with permission. Copyright 2011, Taylor & Francis [2].  
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to their advantages of good surface area and high transmission leading to good absorption [(1c)]. Polymer-based nanocomposites with 
a high dielectric-constant are useful raw materials to attain photonic bandgap structure due to the high percentage of inorganic 
particles. 

1.5. Future of nanotechnology 

Nanotechnology can provide valuable tools that can help us to deal with the future impending challenges like medical diagnosis, 
advanced manufacturing, self-healing structures, climate change etc [(1a)]. 

Nanotechnology-based devices having a size of tens to hundreds of nanometres can be utilized to serve the purpose of medical 
diagnosis by operating at the cellular level. In this field of research, NMs are already being used in diagnostic, targeted drug delivery 
and biomedical imaging applications [(1e)]. This gives our future generation a ray of hope in facilitating personalized medication 
which can be customized according to the genetic profile and specific disease type of the individual. In future, the medical diagnosis 
will have a dramatic improvement with nanoscale sensors and devices which may provide cost-effective and continuous monitoring of 
patients’ health which may include early prediction of diseases and nanotools. 

Similarly, nanotechnology and its applications also have a positive impact on manufacturing smaller, energy-efficient and more 
functional sensors. For example, cost-effective sensors having tiny features can help in printing large quantities of flexible plastic rolls 
[(1b)]. These advancements will lead to demand for portable, miniature, analytical devices with low cost. 

Structural healing is one of the challenges where nanotechnology can play a pivotal role. Altering the structure of materials at the 
nanoscale will increase the functionality of materials and enhances their properties. Soon, various coatings and additives will be 
manufactured to enable materials to heal when worn or damaged [(3a)]. Also, dispersible NPs can migrate within the bulk of a material 
to fill any gaps or cracks that could appear [Fig. 3]. 

Nanotechnology (NT) will be also highly useful in tackling climate change and related challenges looming over sustaining our 
industrial civilization without harming the surrounding biosphere. Solar Panels, energy-efficient batteries, electric vehicles are some of 
the fastest-growing research areas [(1a)]. NMs provide more surface area, resulting in more reactions taking place in an energy 
generator. This in turn reduces the wastage of energy and helps the device to work efficiently [(1a)]. Forthcoming developments by the 
implementation of nanotechnology may include hybrid NMs that can produce energy from various external factors like variation in 
temperature, light with good conversion efficiency [(1a)]. 

2. Fundamentals of photoacoustic (PA) 

The concept of photoacoustic (PA)/optoacoustic (OA) effect, is the conversion of high intensity modulating light (generally Laser) 
energy into sound emission. The idea was originally proposed by Alexander Graham Bell 150+ years ago (~1880). It deals with the 
measurement of absorbed light or electromagnetic radiation with the help of acoustic sensors. The phenomenon of the PA/OA effect 
was observed with the generation of sound waves as the result of absorption of light in a material [(3b)]. The intensity of the light or 
the electromagnetic radiation must keep varying constantly at regular intervals or as a single pulsed light or flash. Quantification of the 
PA effect is done by measuring the pressure changes or the sounds formed with devices such as microphones or sensors which are 
piezoelectric in nature [(3b)]. The variation of output with time, either in terms of voltage or current from the above discussed or 
piezoelectric sensor is the PA signal. The following generated signal helps in the determination of various functional material 

Fig. 3. Self-healing polymers. Reprinted with permission. Copyright 2020, Elsevier [(3a)].  
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properties of the samples of interest [(3c)]. The best example of the fore-mentioned process would be PA spectroscopy, in which the 
generated PA signal is used to infer the absorption of light either in transparent or opaque objects [(3c)]. One of the advantages of this 
method, when compared to other general procedures, include the flexibility and specificity utilizing a pulsed laser [(3c)]. 

PA measurements, serve as an essential tool for analysing and understanding photochemical reactions. This technique involves the 
measurement of thermal signals resulting from light absorption, allowing researchers to gain insights into various aspects of photo
chemical processes [(3b)]. Specifically, in the field of botany and the study of photosynthesis, PA measurements play a crucial role in 
investigating the energy transfer, photochemical efficiency, and overall dynamics of photosynthetic systems. 

By employing PA measurements, researchers can examine the behaviour of plants and other photosynthetic organisms under 
different types of illuminations, study the impact of environmental degradation on photosynthetic processes, and gain a deeper un
derstanding of the underlying mechanisms involved [(3c)]. The ability to quantify and analyze the thermal signals generated during 
photochemical reactions provides invaluable data for elucidating complex processes and advancing our knowledge in fields such as 
botany and photosynthesis research [(3c)]. Commonly, all the electromagnetic (EM) radiation ranging from microwave to radio and 
gamma radiation to X-rays can be exploited towards applications of the PA effect. But so far, most of the research and implementations 
include utilization of only visible, ultraviolet and infrared regions of the EM spectra [(3c)]. 

In detail, PA effect primarily involve the three steps outlined below [(3c)]:  

➢ Production of heat energy from the modulated radiation or absorbed pulse.  
➢ Temperature variation in the region where the electromagnetic radiation was absorbed.  
➢ Pressure changes due to the thermal expansion and contraction caused by the temperature variation. 

The change in pressure at the area of absorption of light propagates throughout the body of the sample and the same can be sensed 
by a sensor that is directly coupled to it. Generally, for solids and liquids, the variation in pressure is rather observed in the surrounding 
air due to the temperature gradients around the sample. This modulation of pressure gives rise to successive contraction and rare
faction in the gaseous medium surrounding the sample. This in effect initiate propagation of a longitudinal wave through the same 
gaseous medium, which we know as Sound wave. That is why this mechanism is termed as Photo-acoustic effect [5]. 

PA/OA effect can be utilized to precise and local information regarding any photochemical reaction, as the temperature and 
pressure gradient exponentially decay as we move away from the source [5]. 

Meanwhile, the changes in temperature and pressure are minuscule using normal light intensities, in the order of micro to milli- 
degrees and nano to micro-bars, respectively [5]. 

Now, recording the PA spectrum of a sample is done by measuring the sound, utilizing the light at different wavelengths. The short 
pulse and rapidly modulated radiation are used as inquisitive energy, having the capability of detecting the ultrasound [5]. This ul
trasound is created by photon absorption and thermo-elastic expansion. The spectrum which is produced can enable the identification 
of absorbing components in the sample of interest Fig. 4. 

Previously, PA has seen its implementation in studying solids, liquids and gases [5]. The study of PA has gained the attention of 
researchers in various fields such as engineering [6], physics [7] and medicine [8] due to their wide range of applications. The po
tential to give functional, kinetic, molecular and structural details employing endogenous contrast agents such as melanin, haemo
globin, lipids and water or a range of different contrast agents which are exogenous or two of them put together, demonstrated the 
broad variety of applications. This includes the applications in the fields of spectroscopy, biosensors and other miniature PA in
struments in the electronics industry. Along with the same, few contrast agents were tabulated in Table-1, which were also discussed 
consecutively. 

The progress of PA research across various fields has contributed to its increasing significance in medical imaging. One such 
example includes providing great contrast of blood vessels. In addition to this, PA is also efficient in imaging blood oxygen saturation 
(functional imaging) as well as providing molecular imaging of cells, tissues, and organs at greater depth and resolution. This 
advantage is attributed to the use of ultrasound energy in PA imaging, which overcomes the limitations of light energy such as 

Fig. 4. PA signal generation, acquisition and detection. Reprinted with permission. Copyright 2019, Elsevier [4].  
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scattering and attenuation. The promising features of PA techniques transformed it into an important biomedical imaging method 
providing the gains of the acoustic depth penetration and a good optical resolution. Also, the spatial distribution of the optical ab
sorption is better even at the deepest tissue level along with greater penetration depths and better resolution, than that of traditional 
optical imaging methods [9]. In the successive section, the advancements of PA as of now have been explained in detail. 

2.1. Chronological advancements 

PA effect was originally observed with an experiment revealing the photosensitivity of selenium. The outcome of the experiment 
showed that when an electric current was passed through a crystalline selenium bar, its resistance was found to be less compared to an 
identical selenium bar kept in the dark [10]. 

The results of this study ensued further investigation explaining the relationship between the changing resistance and the irra
diation as follows:  

• Understanding the relation between changing resistance and luminous rays  
• Comparing the changes in resistance with respect to various light sources  
• Determining the potential of light energy in producing electricity  
• Examining the electrical conductivity of selenium in the dark 

Later, the production of sound with the help of light energy was demonstrated. Similar studies revealed the remarkable properties 
of selenium and several other materials like gold, platinum, antimony, silver, iron, brass, steel, lead, zinc, and copper, to name a few 
[11]. Similar studies have shown the modulation of sound waves directly in response to the amplitude of electricity. The electric 
current that was modulated and sent through the telegraphic wires was utilized to transmit sound. In this case, the selenium wire could 
convert the modulated light into sound waves [12]. 

Following the observations which are discussed above, further experimentation has shown that the special properties of specific 
substances could also be observed in the liquid and gaseous forms of matter [13]. In the same manner, the action and effect upon the 
gaseous matter because of an intermittent beam of radiant energy were described [14]. Additionally, many studies and research work 
found that a variety of materials, under identical conditions, exhibit similar sonorous property irrespective of the state of the matters 
being solid, liquid or gas [15]. These fundamental observations led to the discovery of a device called spectrophone [16]. The 
functioning of the device exploits the ability of light to generate sound. An object placed in the middle absorbs the energy that is 
focussed from a beam of light followed by a thermal expansion which is time modulated and can be detected with the help of a simple 
stethoscope. 

A waveguide ring resonator utilizes light in order to detect the sounds. The light is generally coupled by using a waveguide leading 
into a micro ring. When the wavelength is comparable to the ring circumference, waveguide dimensions get distorted, altering the 
observed resonance spectrum. Rayleigh reported sound wave generation by the simple effect of intermittent radiation on thin plates of 
a wide range of substances [17]. 

Parallel investigations on a wide range of materials demonstrated that the production of sound was not a cause of the vibrating disc 
but was actually a result of contraction and expansion of the air along with the disk which was intermittently heated [18,19]. 
Meanwhile, other research work [20] also found similar results following periodical heating and cooling, resulting in contraction and 
expansion, respectively. Experimentation on thermal currents was presented in [21], which reported noteworthy results. The study 
highlighted that the rate of heating, as well as the contraction and expansion, vary almost directly in response to the decrease/increase 
of current, although these variations are very small. Later, experimental works [22] were conducted to explore the transmission of 
speech signals using light as a medium, aiming to investigate the potential of optical communication for speech transmission. 

In a seminal study, light was captured from a point source utilizing a lens with a focal length of 1 m. The resultant image was 

Table 1 
Contrast agents and its applications.  

Contrast Agent Type Advantages Disadvantages Applications 

Gold Nanorods Inorganic Good penetration depth Limited absorption 
efficiency, High cost 

Brain tumor imaging, Photothermal 
therapy 

Silver Nanoparticles Inorganic Good tissue transmission windows  Thermo-plasmonic, Photothermal 
therapy, Photothermal imaging, PA 
imaging 

Melanin Nanoparticles Organic Dual-labeling agents (MRI and PA imaging), 
Biocompatible  

Stem cell labeling, Tumor detection 

Copper Sulfide 
Nanoparticles 

Inorganic Deep tissue imaging, Photothermal ablation 
of cancer cells  

PA tomography 

Nickel Dithiolene 
Nanoparticles 

Organic Sharp and strong absorption peak for deep 
tissue imaging  

PA imaging 

Perylene-based Organic 
Nanoparticles 

Organic Improved permeability and retention for 
brain tumor imaging  

PA imaging of brain tumors 

Conjugated Polymer 
Nanoparticles 

Organic High non-radiative quantum yield, strong 
near-infrared absorption, good photostability  

PA vascular imaging, Photothermal 
therapy  
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projected onto a concave mirror, which was subsequently affixed to a gramophone recorder. By inducing divergence, the light passed 
through an identical lens and was then projected onto a remote station. Both lenses were equipped with grids placed in their respective 
paths. Notably, the image from the first grid was superimposed onto the second grid using a concave mirror. Intriguingly, the oscil
latory behaviour resulting from sound vibrations was observed in the latter grid. Research work was done building upon Tyndall- 
Rontgen optic-acoustic effect. It was illustrated that when the radiation of absorbing gases and vapours were exposed to thermal 
radiation with periodic interruption, a corresponding cooling and heating of gases occurred. This, in turn, resulted in fluctuations in 
the periodic pressure, making way for sound emission and the earlier known optic-acoustic effect was commonly referred to as the 
Tyndall-Rontgen effect at that time. 

Further studies presented some of the physical methods to measure the concentrations of certain vapours and gases in the at
mospheric air. The methods described in the study are limited to compounds like carbon dioxide, methane and carbon monoxide 
having good characteristic absorption bands present in the infrared [23]. 

In extension to the existing research, an infrared gas analyser was constructed to measure the trace of gases with the help of ab
sorption of the emitted infrared source of light by taking an air sample. This gas analyser worked with the help of microphone detectors 
and has two cells, one containing the sample of interest, while the other cell has the concentration of reference gases. A coupled 
chamber was found to be separated by a membrane capacitor and the infrared sources were made to periodically interrupt by means of 
a rotating disk having acoustic signals generated. These acoustic signals were calibrated as a differential signal from the microphone 
[24]. 

The experiments related to optoacoustic properties, implementations and their advantages gained prominence with time. Along 
with this, the name of the technique with reference to the “spectroscope” was eventually changed to “optoacoustic analysis” [25] 
which was widely used for the analysis of gases. The timeline chart of the following section is provided in “Fig. 5.” 

2.2. Methods and experimentation 

The concept of PA imaging encompasses a broad spectrum of choices and aspects that are contingent upon the characteristics of the 
absorbed radiation. Selecting a particular scheme for a problem statement depends largely upon the sample of interest, operational 
flexibility and many other requirements. Typically, for solids, liquids and gases, parameters like temperature and pressure may vary 
significantly. 

In the same way, there are also considerable variations within the same state of matter. For example, the analysis of samples in 
solid-state includes the measurement of pressure which is generated either directly with the help of a piezoelectric sensor for a pulsed 
regime or, a gas in contact can be used with the help of a microphone. 

In the gas phase, the measurement in diffused direction of the acoustic wave is unavoidable. In this case, it is impossible to have 
direct contact with the sample. This phenomenon can also be seen in the case of powders, greases, or gels. 

Moreover, if deployment of piezo based pressure sensors is non-suitable due to the nature of experiment/higher temperature, PA 
signal measurement through non-contact methods have an advantage [Fig. 6]. 

Also, the temporal and spatial gradient of the refractive index can be made by monitoring the deflection from a probe beam in a 
transparent sample, otherwise, above the surface of the sample. In situations where non-contact methodologies are utilized, slight 
deformations or surface reflectivity can also be analyzed by means of a probe beam. Changes in thermal radiation from the surface of 
the sample can be observed by an infrared detector. The following technique employs Stefan-Boltzmann law. Other such methods are 

Fig. 5. Timeline of PA related experimentation.  
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pyroelectric detection in case of analysing thin films, interferometric methods and thermal lensing. 
In the case of weakly absorbing liquids, the general arrangement has a tunable pulsed laser that can direct a beam through the PA 

cell containing the sample of interest. The acoustic waves which are generated will be detected by a transducer that has less response 
time. Generally, the initial raise or peak of the acoustic signal is observed and utilized for further processing. The variation in pulse to 
the pulse of laser power is described for the normalization of the piezoelectric signal. 

Another important aspect of the analysis is the measurement of strongly absorbing or opaque liquids. An optothermal window, or 
simply a PA cell was made for this application. It contains an uncoated window and lead zirconate titanate (PZT) transducer at the 
bottom. A laser beam passes without any obstruction through the window and a droplet of the sample gets deposited on the other end 
of the disc. The heat which is generated in the process, diffuses into the above-said disc and ultimately expands. The transducer then 
records the induced stress. Unlike the traditional transmission spectroscopy, in which the thickness of the cell is a restriction in dealing 
with highly absorbing samples, the magnitude of the opto/photo-thermal window depends upon the product of thermal diffusion 
length and absorption coefficient. Whereas the latter can also be adjusted with the help of modulating frequency. 

In gaseous phase measurements, the typical setup involves a narrow-width tunable laser or a broadband radiation source, 
accompanied by optical filters. Pulsed or amplitude-modulated radiation is commonly transmitted through the PA cell. The acoustic 
sensor used is usually a condenser microphone or a commercial electret microphone, both of which are user-friendly and suitable for 
studying trace gases with low absorptions. Detection thresholds are commonly determined based on ambient noise, molecules at the 
cell wall and window heating, rather than microphone sensitivity or electrical noise. However, fluctuations in radiation intensity, 
amplifier noise, and microphone sensitivity are employed to measure and assess sensitivity. 

The impact of microphone sensitivity is generally minimal, but temperature dependencies should be considered in special cases. 
When modulated radiation is employed, the microphone signal is sent to an amplifier synchronized with the modulation frequency. 
Consequently, for weakly absorbing media, the absorbed power is directly proportional to the microphone signal’s amplitude. 
Additionally, the average radiation power is recorded using a power meter for normalization. If pulsed radiation is utilized, the mi
crophone’s bandwidth may not be sufficient to resolve the temporal structure of the generated pulses. 

Microphones can typically be employed for laser pulses of nanoseconds since the length of a single acoustic pulse is determined by 
the transit time of the acoustic wave transversing the beam radius. The PA amplitudes are obtained by dividing the peaks of the 
microphone signal by the corresponding laser pulse energy, which is recorded using a pyroelectric detector. Taking the mean of all 
pulses enhances the signal-to-noise ratio. 

Another approach for pulsed radiation involves using an acoustic resonator with a high Q-factor as a gas cell and capturing signals 
in the time domain using a microphone. The analysis of PA signal amplitudes is performed after Fourier transforming the signals into 
the frequency domain, allowing observation of PA frequency spectra and excited cell resonances. 

Calibration of the PA system is crucial for many applications, as the PA signal depends on various factors with limited accuracy. A 
general calibration can be achieved using a reference sample with a known absorption. While gaseous mixtures can be calibrated 
during experimentation, the calibration process becomes more intricate with structured morphological samples such as tissues, 
powders, and gels. Obtaining quantitative data in such instances is challenging, leading to reliance on qualitative analysis to 
extrapolate information when spectroscopic techniques fail due to strong scattering or opaqueness of the sample. 

It is important to note that numerous variations and modifications of the schemes can be devised, incorporating other conventional 
methods like Fourier transforms or chromatography techniques. In the next section, we will briefly discuss additional aspects of 
detecting PA spectrometer components. 

3. Source and detection of PA signal 

In many of the commercial applications of the PA, incandescent lamps are being used as light sources along with light-emitting 
diodes, interferometers, or filters. In compact gas sensors, the source of modulated radiation consists of devices equipped with a 
small light bulb modulated by direct current or a chopper. Appropriate filters are used to avoid interference from other species present 

Fig. 6. Illustration of non-contact methods of PA imaging. Reprinted with permission. Copyright 2020, Elsevier [26].  
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[“Fig. 7”]. 
However, it is important to note that the generated PA signal is proportional to both the incident and absorbed radiation power. 

While the previous paragraph focused on the generation of PA signal, it is worth mentioning that powerful radiation sources such as 
lasers offer significant advantages in terms of spectral brightness. They play a crucial role in achieving excellent detection selectivity 
and sensitivity in various spectroscopic applications. Depending on the spectral range, lasers should be carefully selected. For instance, 
in the visible and UV ranges of the spectrum, commonly used options include dye lasers and excimer lasers. Whereas, in fundamental or 
mid - Infrared (IR) regions, carbon monoxide or carbon dioxide lasers have greater prominence. Similarly, for monitoring overtones 
and interpreting combination bands in molecular absorptions, near IR diode lasers have a greater advantage. 

Narrow band and widely tunable solid-state laser devices are used in the mid-IR region in order to access the fundamental ab
sorptions (stronger). Recent and budding developments of mid- IR tunable lasers have a long way to go for future applications. 

3.1. Amplitude & frequency modulation 

Modulation schemes can be broadly categorized into two main types: modulating the absorption of the sample and modulating the 
incident radiation. The commonly used method in the second category is Amplitude Modulation (AM). AM of continuous radiation is 
achieved using acousto-optic or electro-optic modulators, choppers, or modulated source emission. Pulsed excitation or current 
modulation is employed to modulate the source emission. 

On the other hand, Wavelength Modulation (WM) or Frequency Modulation (FM) can yield more valuable results compared to AM 
by eliminating the continuous background caused by absorption independent of wavelength. An illustrative example is window 
heating, which is particularly efficient for absorbers with small linewidth and simplified performance. This type of modulation, when 
combined with radiation sources, allows for rapid tuning within a few wavenumbers. Pulsed excitation is commonly used for liquid 
samples and is gaining popularity in applications involving gaseous samples due to advantages like time-gating and acoustic resonance 
excitation. 

In spectroscopic analysis of complex gas mixtures, enhancing selectivity and sensitivity is paramount. Modulating the sample’s 
absorption characteristics offers a powerful approach. The Zeeman and Stark effects exploit the interaction between an applied 
modulated magnetic or electric field and a molecule’s inherent properties, such as the permanent electric dipole moment. This targeted 
interaction leads to significant changes in absorption for specific molecules (e.g., NO, NH3) while minimally affecting interfering 
species (e.g., CO, H2O). This effectively “filters” the desired molecular signal from the background. Furthermore, combining absorption 
modulation with light source intensity modulation (amplitude modulation) provides an additional layer of selectivity and sensitivity 
improvement, particularly valuable for multicomponent samples. This combined strategy proves highly effective in scenarios like 
detecting trace ammonia (NH3) amidst carbon monoxide (CO) and water vapor (H2O). Through these modulation techniques, re
searchers gain a powerful tool for achieving superior selectivity and sensitivity in complex gas analysis. 

3.2. Design and utilization of PA cells 

A PA cell serves as a container for storing the sample of interest. As an attachment to the same, a microphone is used to detect and 
capture the generation of acoustic waves. This can be better understood through the visual representation provided in Fig. 8A simple 
PA cell design characterizes a pivotal point in case of mitigating background noise and finally in limiting the sensitivity of detection. In 
some of the instances, in the applications related to trace-gas, most of the cell configurations have been used like non-resonant cells, 
acoustically resonant cells, single and multi-pass cells etc. Non-resonant cells generally have small volumes and are mostly used for 
analysis on solid samples having a modulated excitation. Similarly, such type of cells has also seen their utilization while working with 
gaseous and liquid samples with pulsed laser excitations. 

The choice and optimization of resonant modes in cell design are essential to maximize the detection sensitivity in gas monitoring. 
By precisely engineering the cell dimensions, material properties, and resonant frequencies, it is possible to create a resonant cell that 
effectively captures and amplifies the acoustic signals generated by the absorbed radiation. This strategic design approach ensures the 
efficient conversion of optical energy into acoustic waves, leading to enhanced detection capabilities and improved gas sensitivity. 

Therefore, understanding the significance of cell design and its impact on detection sensitivity is crucial in developing high- 
performance gas monitoring systems. By harnessing the power of resonant modes such as azimuthal, longitudinal, and Helmholtz 
resonances, parameters such as the interaction between the excitation source, the sample, and the resonant cell can be optimized, 

Fig. 7. Industrial PA application set-up. Reprinted with permission. Copyright 2020, Elsevier [27].  
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ultimately improving the accuracy and reliability of gas detection and analysis. 
Resonant cells, commonly utilized for gas monitoring, employ modulated excitation and operate based on various resonances, 

including azimuthal, longitudinal, and Helmholtz resonances.  

• Azimuthal resonances involve the circular motion of the gas molecules within the cell, resulting in a well-defined resonance 
frequency. This type of resonance is particularly useful for samples with cylindrical symmetry, such as gases confined in cylindrical 
cells. By exciting the azimuthal mode of vibration, the PA signal can be optimized, leading to improved detection limits and 
accuracy.  

• Longitudinal resonances, on the other hand, pertain to the back-and-forth motion of the gas molecules along the axis of the cell. 
This type of resonance is commonly exploited in cells with a rectangular or cylindrical geometry. By exciting the longitudinal mode, 
the PA signal can be enhanced, enabling better detection of species with high absorption coefficients or low concentrations.  

• Helmholtz resonances are based on the resonance of the gas within a cavity formed by two or more parallel surfaces. These 
resonances depend on the dimensions and geometry of the cell, and they can be employed to amplify the PA signal. By tuning the 
dimensions of the cell to match the desired Helmholtz resonance frequency, improved detection sensitivity can be achieved. 

By leveraging the advantageous features of these resonances and carefully designing the resonant cell, PA spectroscopy can provide 
enhanced performance, improved detection limits, and better accuracy in gas monitoring applications. 

Enhancing the signal using a high Q-factor offers several advantages. The resonance frequencies typically fall within the kilohertz 
range, resulting in resonant widths measured in multiples of hertz. Designing the gas handling system to position inlets and outlets at 
pressure nodes of acoustic resonance allows for more accurate flow rate quantification without increasing noise levels. 

In the context of PA spectroscopy, specialized cell designs are developed for specific applications. For example, window-less cells 
equipped with acoustic baffles effectively reduce the effects of heat and ambient noise, making them suitable for analysing low volatile 
liquid samples. 

Furthermore, PA spectroscopy enhanced by quartz components offers improved performance when working in open-air envi
ronments without requiring a traditional cell. This enhancement is achieved through the use of microtubes. Quartz, being a crystalline 
form of silica, possesses several advantageous properties that contribute to its superior performance in PA spectroscopy.  

1. Firstly, quartz exhibits high optical transparency across a broad range of wavelengths, including UV, visible, and IR regions. This 
exceptional transparency allows for efficient transmission of modulated radiation used in PA spectroscopy. As a result, a larger 
portion of the incident radiation reaches the sample, maximizing the excitation efficiency and signal strength. The increased optical 
transmission of quartz enhances the sensitivity and accuracy of PA measurements. 

2. Secondly, quartz demonstrates low acoustic absorption, minimizing the attenuation of acoustic waves generated during PA exci
tation. This characteristic ensures efficient transfer of acoustic energy from the sample to the surrounding medium, leading to 
stronger and more detectable PA signals. The reduced acoustic losses in quartz components contribute to improved detection limits 
and enhanced signal-to-noise ratios in PA spectroscopy.  

3. Furthermore, quartz exhibits excellent thermal stability and low thermal expansion coefficients. These properties make it well- 
suited for PA spectroscopy in open-air environments where temperature variations are likely. The thermal stability of quartz 
components ensures consistent performance and reliable measurements, even under challenging conditions. Additionally, its low 
thermal expansion coefficients mitigate the impact of temperature fluctuations, preserving the dimensional integrity of the 
microtubes used in open-air setups.  

4. Lastly, quartz is chemically inert and highly resistant to corrosion. This chemical stability enables the use of quartz microtubes with 
a wide range of samples, including reactive or corrosive substances. The compatibility of quartz with different sample types makes 
it a versatile choice for PA spectroscopy applications, expanding its utility in various research and industrial settings. 

In conclusion, PA spectroscopy enhanced by quartz components offers improved performance in open-air environments through 
the utilization of microtubes. The exceptional optical transparency, low acoustic absorption, thermal stability, and chemical resistance 
of quartz contribute to enhanced sensitivity, improved detection limits, and reliable measurements. These advantages position quartz 
as a preferred material for PA spectroscopy, enabling advanced analyses in diverse fields such as environmental monitoring, gas 
sensing, and biomedical research. 

Fig. 8. Structure of PA cell. Reprinted with permission. Copyright 2013, Springer [28].  
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3.3. Detection of PA signal using pressure sensors 

As mentioned in the previous section, the generation of any kind of disturbances in the sample can be sensed by employing a 
pressure sensor. When the sample that needs to be analyzed is a solid or liquid, piezoelectric devices such as PZT, quartz crystals or 
LiNbO3 have been widely operated. These devices have greater responsivity in the order of Volts/Bar while others can also have lower 
responsivity such as polyvinylidene-difluoride foils. These sensors are better known for their fast responses and are therefore usually 
adapted for usage in pulsed PA applications. 

In the studies related to the gas phase, commercial microphones have gained prominence. These include Knowles or Sennheiser 
models, miniature electret microphones and condenser microphones. Typically, frequency has an almost little or negligible effect on 
responsivity. All these microphones have their own functionalities and can help in modulation frequencies of the range of 100 Hz to 1 
kHz. In the instance of pulsed applications, the dependency between bandwidth and responsivity along with the manifestation of 
external noise results in a decline in signal-to-noise ratio for large bandwidths. 

Therefore, miniature electret microphones are commonly good instruments for detection in that case. Enhancement of detecting 
sensitivity could be done by adding up the signals from several microphones. In such an arrangement the signal improves with the total 
number of microphones utilized. Along with the following, the random noise from the microphone increases proportionally to the 
square root of their count. Since electret microphones are small and cheap, many of such microphones can be used in a well-designed 
compact structure. Additional development of sensitivity is projected by concatenating it with an electrical filter by which the 
components with low frequency can be cut down of the signal. These components have less or negligible impact on the signal-to-noise 
ratio in comparison with the components with high frequencies. Another noteworthy point includes the adaption of microphone 
frequency response so that the full operation of the microphone could be exploited to sense all the frequency contributions except the 
components contributing to the noise. 

While the PA spectroscopy enhanced by quartz scheme employs the tuning fork as the device to sense, other methods like PA 
spectroscopy enhanced by cantilever relies upon the acoustic wave which is generated in a cell using an interferometer. 

In case of a necessity for non-contact detection, thermal sensing, refractive sensing and both Photothermal and PA deflection can be 
used. These techniques make use of a probe beam and pump beam in either a transverse or collinear arrangement. In comparison to the 
commonly used PA techniques by employing the pressure sensors like the piezoelectric, the above schemes also provide a comparable 
sensitivity. But these techniques need a complicated arrangement and stringent calibration. 

3.4. Quantification of PA signal strength 

The application of the PA effect involves various methods of quantification, depending on whether the sample being studied is in a 
condensed phase or a gaseous state. In PA measurements, pressure variations are typically measured in the immediate vicinity of the 
sample. The chosen timescale for studying chronological variability usually ranges from milliseconds to a sub-second scale. 

In many cases, a technique called continuous modulation or chopping is used, where light is modulated at a specific frequency. The 
resulting PA signal can then be analyzed using a lock-in amplifier to interpret its quadrature, in-phase (or phase and amplitude) 
components. 

When measuring pressure in the condensed phase, piezoelectric sensors are commonly employed. These sensors are often coupled 
or inserted into the sample itself. The timescale for such measurements generally falls within the range of microseconds to 
nanoseconds. 

The PA signal obtained from different pressure sensors is influenced by several factors. These factors include the properties and 
physical characteristics of the system, the mechanism used to generate the PA signal, the specific characteristics of the material 
absorbing the light, the dynamics related to the relaxation of the excited state, the modulated frequency, the pulse-related information 
of the radiation used, and the properties of the sensor itself. 

Based on these factors, signals can be separated and analyzed according to their system mechanisms, the time dependence of heat 
evolution, the rate of change of volume, or the PA signal with respect to time. 

Fig. 9. Image illustrating the PA signal-induced thermal expansion. Reprinted with permission. Copyright 2018, SPIE [29].  
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3.5. Additional mechanisms induced by PA signal 

Though the implementation of the PA technique has gained a lot of momentum utilizing the latest advancements in nanotech
nology, other methods and mechanisms superimposed on the PA effect could be worked out in yielding better results. Studies on the 
following techniques will have a significant contribution to the PA signal and improvement of the photothermal mechanism. These 
methods which are allied to the following field are collectively called photochemical reactions. The key steps in the following processes 
include  

• Variations in the material balance of the sample or the change in surroundings (air) of the sample [Fig. 9].  
• Alteration in the molecular structure causing changes in the volume of the substance [Fig. 10] 

Analysis and emphasis on the following reactions or processes will help in understanding the interference of light and the relation 
between pressure and thermal fluctuations. Some of the examples of the following contain analysis on oxygen consumption because of 
photo-oxidation of rubrene [31]. Correspondingly, studies were done to understand the modifications that occurred in 
fullerene-porphyrin systems utilizing PA and photothermal techniques [32]. In contrast to the examples specified above, one of the 
most interesting phenomena comprises photosynthesis and many other biological reactions. 

Photosynthesis as a photo-chemical reaction also follows the fore-mentioned two steps. The operation of the first step can be 
evidently observed in the plant leaf. In this step, the oxygen evolution which is induced by the sunlight causes a significant pressure 
change in the air in turn leading to a PA signal. This is comparable to a general photothermal mechanism in terms of magnitude; hence, 
the same process can also be named a ‘photo baric’ reaction. The second step which is illustrated above [Fig. 10] can be realized in the 
reaction centres of photosynthesis, as the induced light initiates an electron transfer process creating a micro electrostriction effect 
affecting the molecular volume. This process also induces a wave of pressure propagating in the macroscopic medium. A similar 
process can also be observed in (Bacteriorhodopsin) proton pump, where the molecular volume change is a result of confirmational 
changes that take place in this protein with good light absorption. 

PA measurements have a greater role to play in measuring the photosynthetic activities, photochemistry and exchange of gases 
[33]. Likewise, the non-destructive nature of PA spectroscopy has seen its implementation in studying the absorption spectral features 
of opaque solids like surfaces, solids and biological specimens such as microorganisms, cells and tissues [34]. In order to achieve more 
benefit out of the PA procedures, a computer-controlled pulse modulation system was designed which was distinct in contrast with 
conventional analysis in the frequency domain [35]. 

4. Nanoparticles and applications of PA effect 

PA techniques offer diverse applications in different fields, including spectroscopy, medical imaging, energy conversion, and 
material analysis. Their ability to provide detailed information about absorption spectra, energy storage, and material properties 
makes them valuable tools in scientific research and technological advancements. 

Considering only the applications of the photothermal process, the acoustic signal itself can quantify the absorption spectrum, 
particularly for transparent samples with low light absorption. Compared to general absorption spectroscopy, which relies on the 
variation of light intensities before and after passing through a sample, PA techniques provide more detailed information. However, in 
PA spectroscopy, the signal is related to both light intensity and light absorption. The ratio of the signal spectrum to the light intensity 
spectrum can provide a relative percentage that can be calibrated to obtain absolute values. This allows for the analysis of small 

Fig. 10. Temperature effect on the size of silver nanoparticles. Reprinted with permission. Copyright 2020, Elsevier [30].  
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quantities and sample concentrations. 
The combination of ultrasound and optical techniques has significant potential in medical applications, and low-cost PA imaging 

techniques have gained attention in recent years [36]. PA spectroscopy can also be applied to opaque samples. In the case of studying 
opaque samples, a sensor is typically positioned close to the gaseous phase near the sample, and the resulting PA signal propagates 
from the absorption zone towards the surface. An important parameter influencing the formation of the acoustic signal is the thermal 
diffusion length, which varies depending on the material and modulation frequency. The thermal diffusion length is typically in the 
micrometer range and aids in determining the absorption spectrum. 

Surface analysis separate from the bulk of the material can be achieved by leveraging research in surface chemistry, allowing for 
utilization of features such as absorption losses [37,38]. Additionally, altering the wavelength and modulation frequency of the 
probing radiation enables variation in the probed depth, facilitating depth profiling [39,40]. Depth-dependent optical absorption 
coefficients can be calculated from the PA frequency responses, proving to be effective. PA imaging has also found applications in the 
detection of inhomogeneities [41,42] within a sample, aiding in the understanding of material properties through PA signals. 

Another notable application of the PA effect lies in approximating the amount of energy stored and converted [43] during different 
stages of photochemical reactions, with a particular emphasis on photosynthesis [44]. After light absorption, photochemical and 
photophysical processes occur, storing light energy as chemical energy, which subsequently evolves as heat energy, resulting in a 
detectable PA signal that provides quantitative information about energy storage. For transient species, this process involves 
measuring the signal in an appropriate timescale. This mechanism plays a significant role in various applications, such as studying 
energy conversion efficiency [45,46] in solar cells and identifying suitable materials for their manufacturing [47]. 

Currently, PA techniques have been implemented in the quantitative measurement and analysis of nanomaterials (NMs), nano
particles (NPs) and macromolecules, including proteins [48]. Various material properties, such as photothermal treatment, absorption, 
scattering, bioimaging, PA response, aggregation, and treatment, have been analyzed using PA and related techniques. A more detailed 
review of these mechanisms is provided in the next part of this review, which describes NPs and NMs of different shapes, sizes, and 
types. 

4.1. Dependence on shape 

There are various types of NPs that are commonly discussed in the field of nanotechnology. In this section, we will explore some of 
these NPs, characterized by their shapes as shown in Fig. 11. Different shapes of NPs exhibit distinct advantages and play important 
roles in various fields. In the area of exogenous contrast agents for biomedical PA applications, noble metal NPs, particularly silver and 
gold, have been extensively studied. These metals possess good tissue transmission windows in the visible to near-infrared bands. 
Geometrically diverse shapes of silver and gold NPs, such as spherical core-shell structures, nanorods, and nanocages, hold promise for 
applications in thermo-plasmonic, photothermal therapy, photothermal imaging, and PA imaging. Simulations of PA responses in a 
water medium have been performed for core-shell and gold NPs, using finite element methods to analyze the effects of laser pulse 
excitation on temperature distribution and PA pressure. Optimization of dimensions, such as the thickness of the gold-silica shell and 
the core diameter, has been carried out to improve PA conversion efficiency. Moreover, studies have explored the impact of shell 

Fig. 11. Different morphologies of gold NPs. Reprinted with permission. Copyright 2018, Springer [49].  
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thickness on pulse PA signals, with silica-gold core-shell NPs demonstrating superior PA conversion efficacy compared to gold-silica 
core-shell and gold nanosphere geometries [50]. These findings have facilitated the design of effective nanoprobes for PA tomography, 
PA imaging, photothermal therapy, and drug delivery. 

For molecular imaging purposes, NP-augmented PA techniques have emerged as a dominant approach [51]. This technique in
volves suspending plasmonic NPs in weakly absorbing fluids to generate PA signals. The PA signal of gold nanospheres, for example, is 
influenced by heat transfer between the surrounding environment and the NPs, with varying silica shell thickness. 

PA imaging techniques have gained significant prominence in the biomedical field. Numerical simulations have been employed to 
understand the characteristics of PA signals generated by different shapes of NPs. These simulations require complex mathematical 
formulations, making them computationally expensive. As an alternative, the K-wave simulation toolbox has been implemented to 
simulate the generated PA signals for various NP shapes, such as cylinders, spheres, hollow cylinders, hollow cubes, cubes, nano stars, 
and triangles. Ultrasound detectors or point sensors have been used to detect the PA signals, which are presented in both the frequency 
and time domains to better understand the influence of different shapes on the PA signal characteristics. Detectors placed at multiple 
locations have been used to observe changes in PA signal characteristics relative to position. Experimental validation has provided 
valuable insights into the relationship between NP shape and the generated PA signal. The simulation time has been significantly 
reduced to 40 ns, a substantial improvement compared to other analytical methods that typically require several hours [52]. 

Gold nano shells have emerged as a new contrast-enhancing agent for PA tomography. These concentric sphere NPs consist of a 
dielectric silica core and a gold shell. By varying the relative thickness of the shell and core layers, the optical resonance (plasmonic- 
derived) of gold can be shifted across a wide range of wavelengths, spanning from visible to infrared, where physiological trans
missivity is highest. For instance, gold nano shells with a 20-nm gold shell thickness and a 100-nm silica core diameter exhibit an 
optical absorption peak at 800 nm, enabling the in-vivo imaging of the vasculature architecture in the rat brain [53]. The use of gold 
nano shell contrast agents allows for accurate imaging of the rat brain, with the nano shells significantly enhancing the near-infrared 
contrast present in the vasculature. This opens up possibilities for biomedical applications, including the detection of tumors in situ and 
the guidance of tumor therapy based on nanoshells. These findings provide a precise and non-invasive method of imaging at cellular 
and molecular levels, facilitated by contrast agents. 

Gold nanorods and nanospheres have been characterized for their potential in photothermal therapy and PA imaging. Colloids of 
gold nanorods and nanospheres have been synthesized using seed-mediated methods, and a comparison has been made between finite 
element simulations and nanosecond PA and photothermal analyses of the NPs. This comparison has helped quantify the size- 
dependent enhancement of PA signals in nanorods and nanospheres. The non-sphericity of nanospheres has been found to have a 
greater impact on PA signal enhancement. Nanosecond pulsed PA studies on nanorods have revealed that an aspect ratio of 4.8 
generates optimal PA signals. The nanorods, when exposed to nanosecond laser pulses, undergo size and shape variations, which have 
been confirmed by transmission electron microscopy measurements and optical absorbance. Moreover, simulations involving nano
rods of varying diameters and aspect ratios have been conducted to explore photothermal stability and PA signal enhancement. Among 
the tested nanorods, those with an aspect ratio of 5 and a diameter of 10 nm have been identified as the most suitable for photothermal 
stability and PA signal generation [54]. 

In recent times, nanotubes have been widely employed in phototherapy and imaging techniques. Light-triggered treatments for 
growth inhibition and tumor ablation have been achieved using photothermal therapy and photodynamic therapy [55]. However, a 
common challenge in these fields is the lack of effective and selective agents that can accumulate in tumors to achieve therapeutic 
concentrations. Researchers have made attempts to produce photosensitizer complexes with photothermal nanoparticles. For example, 
a CD44-targeted PA nano-photo therapy agent was developed by conjugating Indocyanine Green (ICG) to hyaluronic acid nano
particles (HANPs) encapsulated with single-walled carbon nanotubes (SWCNTs). This resulted in a theranostic nanocomplex called 
ICG-HANP/SWCNTs (IHANPT). The physical properties of IHANPT were fully characterized, along with PA imaging, photodynamic 
therapy, and photothermal therapy in both in vivo and in vitro settings. The delivery of IHANPT nanoparticles led to their accumu
lation in tumors in a xenograft human cancer model in nude mice, which was confirmed by PA imaging techniques. The phototherapy 
effects were verified through low-power laser irradiation, resulting in rapid 

temperature increases in the tumor due to the photothermal effect from SWCNTs and ICG. This led to marked tumor induction and 
significant tumor growth inhibition with IHANPT. The active thermal stability of IHANPTs ensured that photothermal therapy did not 
interfere with ICG-dependent photodynamic therapy. Thus, the synthesized nanocomplex IHANPT exhibited excellent therapeutic and 
imaging properties, enabling image-guided photodynamic and photothermal cancer therapy at a cellular and molecular level. 

In conclusion, various shapes of nanoparticles, including core-shell structures, nanorods, nanocages, nanospheres, and nanotubes, 
offer unique advantages and have found applications in biomedical imaging, therapy, and contrast enhancement for photoacoustic 
techniques. These nanomaterials provide opportunities for precise and non-invasive imaging, as well as targeted therapy at the cellular 
and molecular levels. 

4.2. Effect of size variation 

As discussed previously, the structural features of nanoparticles (NPs) have a significant impact on their properties. In addition to 
different shapes, it is important to analyze the variations in properties resulting from a wide range of sizes. While gold and silver NPs 
have been widely used for photoacoustic (PA) imaging as molecularly targeted contrast agents due to their advantageous absorption 
cross-sections [52,57–63], it is worth exploring the performance of NPs made of other materials at different sizes as well. 

In the context of gold NPs, for example, the optical properties vary with changes in size, as shown in Fig. 12. The absorption cross- 
section of spherical gold NPs with a size of 40 nm is approximately five times higher than that of commonly used organic dyes. This 
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property makes labelling a molecular target with a single alternative of such NPs equivalent to using several other organic dyes [64]. In 
addition, studies have demonstrated the enhancement of organic dyes and aggregates encapsulated in liposomes or micelles, enabling 
the delivery of a large number of chromophores for biomolecular imaging. Although still in the early stages of development, this 
approach holds significant potential for molecular PA imaging [65–68]. 

While gold NPs with a core diameter greater than 20 nm have been implemented in PA imaging involving specific molecules 
[69–73] exceeding the renal clearance threshold of 5–10 nm [74–78], their non-biodegradable nature can lead to potential issues such 
as chronic inflammation and related effects [79,80]. To address these concerns, ultra-small, targeted gold NPs with core diameters less 
than 10 nm have been developed to improve body clearance, organ biodistribution, and tissue penetration. Hence, the size variation of 
nanoparticles directly impacts their usage and leads to different properties of the same material. 

Further computational investigations have been conducted to analyze the size dependencies of PA effects. A mathematical model 
based on the Rayleigh-Plesset model has been proposed to explain the trends in PA effects generated by laser-induced nanobubbles in a 
colloidal gold solution [81]. The model has been validated through measurements and provides accurate approximations for spherical 
gold NPs in the size range of 10–80 nm. Additionally, it has been demonstrated that metals with tunable plasmon resonance ab
sorptions in the visible and near-infrared regions have additional advantages for PA signal detection. The interaction of lasers with NP 
suspensions in aqueous media has found applications in medical imaging, biosensors, and therapeutic applications. These NPs absorb 
laser radiation, resulting in rapid temperature increases and the formation of bubbles in the surrounding medium. These phenomena 
can enhance the sensitivity of diagnosis based on PA techniques and facilitate better photothermal therapies. Furthermore, semimetal 
NPs with ultra-small sizes have been utilized in various applications of PA imaging. 

In the realm of multifunctional nanoparticles, those with therapeutic and integrated diagnostic functions have gained tremendous 
attention, particularly in combination therapy for enhanced treatment efficacy. For instance, a multifunctional theranostic agent based 
on peptide (LyP-1)-labelled ultrasmall semimetal NPs of bismuth (Bi-LyP-1 NPs) was developed [82]. These NPs, synthesized from 
oleyl-amine as the reducing agent, exhibited greater tumor accumulation after conjugation with the LyP-1 peptide. They showed 
efficient performance in PA imaging, dual-modal computed tomography, and synergistic NIR-II radiotherapy or photothermal therapy 
of tumors. Importantly, these NPs could be rapidly cleared through fecal and renal means within 30 days, highlighting their low 
toxicity and faster clearance as desirable properties for biomedical applications. 

It is important to analyze the dependencies of surface plasmon resonance on both shape and size, as they significantly influence 
material properties. Optical absorption properties of gold NPs with different sizes and shapes are measured using PA methods. Seed- 
mediated techniques are extensively employed for the synthesis of dot- and rod-shaped gold NPs. Scanning tunnelling microscope 
measurements are used to determine the size and shape of these NPs [83], enabling the understanding of surface plasmon resonance 
splitting into transverse and longitudinal modes, particularly in the case of gold nanorods. An increase in the nanorod aspect ratio leads 
to a redshift in longitudinal surface plasmon resonance. This phenomenon can be utilized to assess variations in the dielectric constant 
of the surrounding medium with aspect ratios. 

Experimental support exists for the simulation of PA signals in gold-silver alloy NPs. Finite element-based numerical analyses have 
been conducted to compute PA signals for various types of NPs. Monodisperse and size-controlled spherical gold NPs with tunable 
plasmonic resonance wavelengths have been synthesized using gold-silver alloys. Combining the thermodynamic, electromagnetic, 
and acoustic properties through a coupling approach, researchers have investigated the impact of the molar fraction of gold NPs in 

Fig. 12. Variation of optical properties of Au and Ag NPs with varied sizes. Reprinted with permission. Copyright 2019, Optica Publishing 
Group [56]. 
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gold-silver alloys on the PA signal generation for different NP sizes. Notably, a significantly stronger PA signal was achieved using gold- 
silver alloys with gold molar fractions of 0.55 and 1, compared to pure silver NPs, while maintaining the same shape and size [84]. 

While manipulating NP size offers various advantages, there are also limitations and challenges associated with it. As mentioned 
above, non-biodegradable NPs, such as gold NPs, can lead to chronic inflammation and related effects. To mitigate these issues, re
searchers are exploring strategies to improve biocompatibility, reduce toxicity, and enhance clearance mechanisms. Additionally, the 
design and synthesis of NPs with optimal sizes for specific applications require careful consideration of factors such as biodistribution, 
clearance pathways, and potential long-term effects on the body. 

4.3. Role of composition, alloys and hybrid materials 

The previous section illustrated the influence of size and shape on PA imaging, a commonly used biomedical imaging and detection 
technique. PA techniques offer advantages such as non-invasiveness, low cost, and non-ionizing characteristics, which make them 
valuable in high yield results. This has led to further investigation into developing contrast agents with varying compositions and 
hybrid properties. 

To enhance the contrast for in vivo imaging (“Fig. 13”), gold NPs have been commonly employed as potential sonophores due to 
their good absorption cross-section and highly tunable plasmonic resonance [86]. However, their utilization in clinical applications is 
hindered by low PA efficiency and toxicity. Therefore, there is a high demand for the development of colloidal PA agents that can work 
within the tissue transparency window, provide good PA signal, and exhibit biocompatibility. Previous findings demonstrated the 
coating of gold NPs of various shapes and sizes with melanin shells, resulting in hybrid NPs with better biocompatibility, excellent 
dispersibility, and enhanced PA responses compared to pure gold or pristine melanin particles [87]. Among different geometries, the 
rod-shaped NPs showed better performance, which was further validated through numerical calculations explaining the improved 
performance due to a thermal confinement effect. The melanin-coated gold NPs were utilized as gastrointestinal imaging probes in 
mice (see Fig. 14). 

This imaging method signifies the non-ionizing modality and the improvement in performance achieved by employing a hybrid 
model that provides adequate spatial resolution and good tissue contrast [88–104]. Emphasis was also placed on molecular and 
functional imaging achievable through in vivo PA imaging. In this regard, recent advancements in colloidal gold nano beacons for 
molecular PA imaging were reviewed [105]. These nano beacons represent a stringent NP platform that can emulate several copies of 
minute gold NPs (ranging from 2 to 4 nm) within a larger colloidal particle, which is encapsulated by natural amphilines or 
biocompatible synthetics. The use of multiple tiny gold NPs amplifies the PA signal without exceeding the renal elimination threshold 
size. Fibrin-targeted gold nano beacons have shown promising results in the detection of microthrombus during ruptured athero
sclerotic plaques, allowing the identification of patients at risk of lumen stenosis and stroke. Smaller gold nano beacons have facilitated 
the advancement of sentinel lymph node biopsy and assessment, providing improved rapidity and sensitivity in mice. Moreover, in 
vivo application has shown the advantages of specific discrimination, sensitivity, quantification, and integrated visualization of 
angiogenesis, a vital microanatomical biomarker of cardiovascular disease progression and tumors. 

In the field of photothermal therapy, a major challenge is to develop biocompatible transducers with the capability to efficiently 
absorb and convert near-infrared light into heat energy [106]. A study reported the salt-induced aggregation of gold NPs for PA 
imaging and photothermal therapy of cancer [107]. These NPs, when dispersed in a biocompatible medium, can form efficient 
transducers for photothermal or PA imaging for cancer diagnosis. The in-situ aggregation of gold NPs induced by salt leads to good 
near-infrared absorption through plasmonic coupling between nearby gold NPs. The recorded photothermal conversion efficiency was 
52 %, resulting in the photothermal destruction of tumor cells. Notably, the simultaneous PA imaging and photothermal therapy of 
tumors using in-situ aggregates of gold NPs provide an effective and simple way to develop new biocompatible and intelligent pho
tothermal transducers with improved PA imaging and photothermal efficiency. 

Similarly, another study reported the synthesis of silver NPs in ethanol using the laser ablation method, where the pulsed PA 
technique was used [108]. Pure metal NPs, particularly silver NPs, have gained attention due to their unusual properties related to 

Fig. 13. Accumulation of contrast agent within a targeted tumor using two different NPs. Reprinted with permission. Copyright 2015, ACS Pub
lications [85]. 
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electrical, optical, and magnetic properties [109,110]. The PA technique was employed to analyze the rate of production per laser 
pulse and the concentration of the synthesized silver NPs. The samples were produced using a Nd:YAG laser with a pulse duration of 7 
ns and a wavelength of 1064 nm. The laser pulse energy ranged from 10 to 100 mJ, and transmission electron microscopy confirmed 

Fig. 14. Scanning electron microscope images of (a) E. coli and (b) S. epidermidis deposited on the AgNP@SiO2-coated air filter at different 
magnifications and (c) E. coli and (d) S. epidermidis incubated in AgNP@SiO2 solution for 0, 10, and 30 min (left, middle, and right, respectively). 
Reprinted with permission. Copyright 2012, ACS Publications [113]. 
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that the attained NPs had a spherical geometry with an average size of approximately 10 nm. The plasmon absorption peak was 
observed at 400 nm through the absorption spectra of the colloids. Furthermore, a significant decline in the production rate of silver 
NPs was observed during the initial hundreds of laser pulses, after which the production rate became almost constant. This study 
concluded that the laser pulse fluence on the surface of the target was directly proportional to the root mean square value of the 
generated PA signal, highlighting the pivotal use of the PA technique in monitoring the ablation process. 

In order to make PA applications a powerful biomolecular imaging technique in vivo, it is crucial to develop efficient and safe 
contrast agents. Despite their low invasiveness, high spatial resolution, and greater penetration power, PA techniques still face 
challenges in developing endogenous, non-toxic, photostable, and biocompatible contrast agents, especially for clinical purposes 
[111]. Studies have been conducted to address the aforementioned issues, particularly poor aggregation and high PA contrast [112]. 
MelaSil_Ag-NPs, a biocompatible PA nanoprobe, was developed, relying on the formation of silica-templated eumelanin and metal 
chelating properties. This nanoprobe can reduce unipositive silver ions and control the growth of the generated metal NPs. The 
self-structuring system in a core-shell architecture of the hybrid nanoplatforms enables the silver core to boost the PA signal, despite 
the low eumelanin content. These nanoplatforms exhibit stable PA properties even under greater irradiation. Furthermore, the 
conjugation with rhodamine isothiocyanate enables particle detection through fluorescent imaging, showcasing their multifunctional 
characteristics. The nanoplatforms are stable against aggregation and can be adequately endocytosed by human pancreatic cells 
without cytotoxic effects. These features make them promising multifunctional platforms for bio-medical applications. 

The advantages of both gold and silver NPs have led to the combination of their properties. Silver ions have excellent antibacterial 
properties [114], and silver NPs act as reservoirs for these ions. This enables targeted therapy for bacterial infections. Previous in
vestigations have focused less on understanding the effective release and monitoring of these ions from silver NPs. However, a study 
was conducted to develop hybrid NPs by coating gold nanorods with silver. This coating decreased the PA signal. The resulting 
nanorods were stable under normal conditions, but when exposed to a 1 mM ferricyanide solution, the silver shell underwent oxidative 
etching. The PA contrast simultaneously recovered as the silver was released, providing better non-invasive monitoring of the released 
silver ions. The released silver ions exhibited strong antibacterial efficacy comparable to that of free silver ions (AgNO3). The NPs 
effectively killed over 99.99 % of both gram-positive and gram-negative Escherichia Coli. Additionally, a pilot in-vivo experiments 
demonstrated the theranostics capacity of the gold-silver nanorods by inoculating mice with methicillin-resistant Staphylococcus aureus 
subcutaneously implanted after silver etching. The results showed a 730 % increase in the PA signal before and after etching, along 
with a 1000-fold reduction in bacterial counts in the infected tissues compared to the untreated control [115]. Moreover, these hybrid 
NPs can release silver ions upon stimulation by reactive oxygen species such as peroxynitrite and hydrogen peroxide. Thus, these NPs 
hold great potential as theranostics agents for PA imaging and the treatment of bacterial infections. 

In recent studies, attention has shifted towards NPs coated with bioactive materials (Fig. 15) for biomedical applications. One 
investigation focused on iron oxide NPs coated with boiling rice starch extract for PA imaging-guided chemo-photothermal therapy to 
treat cancer [116]. The synthesis of iron oxide NPs involved a solvothermal method. The rice starch-loaded doxorubicin (DOX) 
molecules were physically immobilized on the surface of the iron oxide NPs. In vitro drug release was assessed in acidic (pH 4.5), 
neutral (pH 7.2), and basic (pH 9.0) media over varying time periods using UV spectroscopy. The physical and chemical properties of 
these spherical NPs were characterized using advanced instrumentation. The potential for hyperthermia was evaluated through a 
magnetic saturation experiment with rice starch iron oxide NPs in targeted drug delivery. The biological activity was analyzed using 
the acridine orange/propidium iodide fluorescence cell viability study and the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide assay. The synthesized NPs demonstrated good photothermal stability, excellent photothermal conversion efficiency, high 
absorption in the infrared region, and biocompatibility. These findings support further analysis of rice starch as an excellent bioactive 
coating material for theranostics applications (see Fig. 16). 

Melanin, a natural pigment, can serve as a biomarker for melanoma [117]. Studies have described its utilization as a contrast agent 
[118]. Furthermore, gadolinium-loaded synthetic melanin NPs exhibited significantly higher PA signal intensity. Specifically, they 
demonstrated a 40-fold enhancement in PA signal intensity compared to synthetic melanin and other metal-chelated synthetic melanin 

Fig. 15. Illustration of different bioactive models.  
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NPs [119]. This makes them suitable as dual-labeling agents, as they also serve as effective contrast agents in magnetic resonance 
imaging. These NPs were employed to label human mesenchymal stem cells, and cellular uptake was confirmed using bright-field 
optical and transmission electron microscopy. The stem cells labelled with gadolinium-synthesized NPs expressed the surface 
markers CD90, CD73, and CD105. The labelled stem cells were injected intramyocardially into mice, and the tissue was observed using 
PA and magnetic resonance imaging. The results indicated an increase in cell number accompanied by the PA signal, demonstrating 
that this approach could be used to differentiate between stem cell populations with a limit of detection of 2.3 × 104 cells. The 
combination of multimodal magnetic resonance and PA imaging offers a temporal solution for PA imaging along with the anatomical 
resolution of magnetic resonance. 

Similarly, copper sulfide NPs have emerged as a new class of PA contrast agents for imaging deep tissues [120]. Previous findings 
have shown that copper sulfide NPs exhibit quantum size confinement and can generate heat for photothermal ablation of cancer cells 
when interacting with 800-nm light [121,122]. Semiconductor copper sulfide NPs were utilized for PA tomography using an Nd: YAG 
laser at a wavelength of 1064 nm [123]. These NPs were employed to visualize the brain of a mouse after intracranial injection. 
Additionally, the NPs were tested with agarose gel in chicken breast muscle at a depth of 5 cm. 

Similarly, nickel (II) dithiolene-containing polymeric NPs have been utilized for deep tissue imaging in the second near-infrared 
window [124]. These nascently developed polymeric NPs exhibit a sharp and strong absorption peak at 1064 nm, making them 
suitable as contrast agents for enhancing specific absorbance in the near-infrared window, particularly for deep tissue imaging in vivo. 
In vivo PA images of deep tissue, such as lymph nodes (sentinel), bladders, and gastrointestinal tracts in live rats, were acquired using a 
clinically viable imaging system. The PA signal enhancement achieved by these synthesized NPs in the near-infrared II window 
(wavelength range ~1000–1700 nm) was 287 % higher than that in the near-infrared I window (wavelength range ~700–900 nm). 
These results demonstrate the strong absorption capability of these NPs in the near-infrared II window and indicate the feasibility of PA 
imaging for clinical and preclinical investigations, as shown in in vivo and ex vivo PA imaging of gastrointestinal tracts and bladders in 
rats. These findings can be translated to human clinical evaluation [125,126]. 

Similarly, multifunctional nanoparticles (NMs) with both therapeutic and diagnostic functions and low toxicity have gained sig
nificant attention [127,128]. To this end, research was conducted on PEGylated W-doped TiO2 (WTO) NPs synthesized via a facile 
organic route [129]. The study demonstrated the strong absorbance of these WTO NPs in the second near-infrared window, resulting 
from successful doping with tungsten (W). These NPs can absorb both ionizing radiation and NIR-II laser, making them suitable for 
dual-mode tomography NIR-II PA imaging. Long-term in vivo studies confirmed that the PEGylated WTO NPs were non-toxic and could 

Fig. 16. Human leukaemia monocytic cell lines are attached to the mesh as a consequence of the cell tracker experiment. Cell tracker dye solution 
was used to colour the cells red. (a) without and (b) with dodeca molybdophosphoric acid; stainless steel mesh (c) without and (d) with dodeca 
molybdophosphoric acid. Reprinted with permission. Copyright 2014, RSC [135]. 
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be cleared from the specimen after 30 days, opening up potential applications in therapeutics and imaging in biomedicine. 
With a broad overview of applications involving pure metals and hybrid materials as contrast agents, nanotechnology has made 

significant progress in non-invasive molecular imaging techniques, surpassing the limitations of conventional optical imaging tech
niques in terms of imaging depth. This progress has created new opportunities in clinical applications, translational medicine, and 
fundamental biology. Recent advancements in the field include the use of organic NPs for PA imaging applications. Organic NPs have 
been categorized based on their diverse imaging applications, including gastrointestinal imaging, tumor imaging, disease microen
vironment imaging, sentinel lymph node imaging, and real-time drug imaging [130]. 

Similarly, to advance the clinical and preclinical applications of PA imaging, novel PA contrast agents are highly sought after for 
molecular imaging of diseases, particularly to overcome the limitations in depth and resolution [131]. Perylene-3,4,9, 
10-tetracarboxylic diimide-based near-infrared-absorptive organic NPs have been formulated as effective agents for PA imaging of 
brain tumors in live mice, offering improved permeability and retention [132]. 

In addition to metallic and organic NPs, assembled NPs from various organic molecules have shown versatility for theranostic 
applications. Studies have been conducted on chlorin dimers synthesized by reducing porphyrin molecules [133]. These dimers 
assemble into aggregates in the absence of auxiliary agents or surfactants [134]. The resulting NPs exhibit higher absorbance than their 
porphyrin counterparts, leading to enhanced photothermal and photodynamic activity. These NPs have been effectively endocytosed 
by tumor cells under irradiation, resulting in suppressed tumor growth in vivo. Moreover, these aggregates can be utilized for PA 
imaging and, when combined with phototherapeutic capabilities into a single NP, can contribute to diagnosis, imaging, and therapy in 
the future. 

The fundamental unit of both dimers and polymers is a minute monomer. Polymer encapsulated NPs have gained prominence in the 
field of biomedicine due to their ease of fabrication, unique optical properties, and better performance in therapeutic and imaging 
agents [132–134]. Fluorogenic or conjugated polymers with aggregation-induced emission feature significant advantages in tuning 
brightness, biocompatibility, physical stability, and potential biodegradability. To enhance readability, the latest development in 
polymer-encapsulated conjugated polymers is summarized, including preparation methods, matrix selection, material design, surface 
functionalization, and NP fabrication. 

Similarly, the specific applications regarding a target in vivo and in vitro, such as cell labelling, cell tracing, blood vessel imaging, 
molecular imaging, and inflammation monitoring, are focused upon. The strategies to fine-tune the NP properties by altering the 
organic cores and selecting polymer matrices are discussed [136]. However, it is important to provide sufficient context for the studies 
or findings discussed. For example, the passage does not explain why a particular type of NP is important or how its properties 
contribute to its applications. This lack of context makes it difficult to understand the significance of the findings. 

Likewise, in the case of PA vascular imaging, conjugated polymer NPs have been widely used. Exogenous contrast agents with 
perfect near-infrared absorption are favorable for satisfactory penetration depths. Poly[9,9-bis(4-(2-Ethylhexyl)phenyl)fluorene-alt- 
co-6,7-bis(4-(hexyloxy)phenyl)-4,9-di(thiophene-2-yl)-thiadiazoloquinoxaline] (PFTTQ), a conjugated polymer, was synthesized 
using Suzuki polymerization [137]. PFTTQ NPs exhibit high non-radiative quantum yield and strong near-infrared absorption, making 
them suitable for photothermal therapy [138–141]. Additionally, these NPs demonstrate better photostability than gold nanorods 
under high pulsed laser illumination at a fixed laser fluence of 15 mJ cm− 2. The significance of PFTTQ NPs as a good PA probe is 
demonstrated using brain vascular imaging as an example. 

Polymeric NPs, particularly natural polymers like cellulose NPs, have gained attention due to their biodegradability and potential 
use as PA contrast agents [142]. The following NPs were analyzed, and the outcomes illustrated a peak PA signal at 700 nm and an in 
vitro detection limit of 6 pM. Mouse models of ovarian cancer were used for PA imaging. PA imaging is widely used in many preclinical 
models related to human disease, including breast [8], prostate [143], and ovarian cancer [144]. Notably, these NPs were found to be 
biodegradable in the presence of cellulose, as observed through electron microscopy and glucose assay. 

With the increase in opportunities for formulating different types of NPs, the field of PA imaging has gained new momentum by 
utilizing semiconductor NPs. Semiconductor polymer NPs with a self-quenched process were developed by incorporating an electron- 
deficient unit into the backbone of semiconducting polymers [145]. These NPs were transformed into semiconducting polymer NPs, 
which amplified PA imaging in live mice by 1.7-fold compared to semiconductor polymer NPs. Furthermore, the delineation of tumors 
was enhanced by 4.7-fold after systemic administration. 

Semiconductor polymer NPs were tested for second near-infrared PA imaging. They proved to be useful for deep-tissue diagnosis 
due to minimized tissue absorption and reduced light scattering [146]. These organic nano agents consist of a pi-conjugated and 
oxidizable polymer as a PA signal generator and a hydrolysable polymer as a particle matrix to enhance water solubility. Moreover, 
these NPs can be cleared via renal excretions and hepatobiliary pathways after systemic administration, thus minimizing potential 
toxicity to living mice. The nano agents exhibit excellent photothermal conversion efficiency and emit signals at 1064 nm, providing 
sensitive near-infrared-II PA imaging of deep brain vasculature and subcutaneous tumors at a low systemic dosage. The findings 
discussed provide valuable insights into semiconductor materials for biophotonic applications, mainly in the near-infrared-II window. 

Another study focused on the synthesis of a broadband-absorbing PA contrast agent based on semiconductor polymer NPs [147]. 
This contrast agent was applied for PA imaging in the near-infrared-II window and can absorb in both I and II regions, allowing for a 
comparison of PA imaging at 750 nm and 1064 nm. The synthesized NPs resulted in a 1.4-fold greater signal-to-noise ratio for PA 
images at 1064 nm compared to 750 nm at an imaging depth of 3 cm. The study demonstrated imaging of brain vasculature in living 
mice, which exhibited a 1.5-fold higher signal-to-noise ratio compared to near-infrared-I imaging of PA signal. The work highlights the 
advantages of near-infrared-II over near-infrared-I for PA imaging and introduces a broadband-absorbing contrast agent for improved 
PA imaging. 

Alongside an eclectic range of nanomaterials, the implementation of green techniques in synthesizing NPs is a trending research 
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field in nanotechnology. A one-spot green technique was demonstrated, which elaborated on the rapid surface passivation of carbon 
NPs with organic molecules such as polyethylene glycol and polysorbate in a solvent-free condition [148]. These NPs, derived from 
commercial food-grade honey, have a size of approximately 7 nm, different from previously explored NPs like carbon nanotubes, 
copper NPs, and other gold NPs. The results of the study illustrated an exceptional signal enhancement of sentinel lymph nodes, 
potentially reducing complications caused by low-resolution imaging or dye mismarking. 

Simultaneously, studies have been conducted on the optothermal properties of inorganic NPs for PA applications [149]. Plasmonic 
systems were found to be more favorable than dye molecules for generating PA signals for imaging and spectroscopy due to their 
enhanced versatility. The properties of inorganic NPs can be adjusted to achieve the desired plasmonic properties, allowing for analysis 
across a wide range of the spectrum. Surface chemical modifications enable the introduction of desired functionalities. The conversion 
efficiency, which represents the efficacy of transforming light into heat in PA signals, can be precisely determined using various PA 
methods. 

Solventless preparation of PEGylated black phosphorus NPs was carried out for photothermal therapy and PA imaging of cancer 
[150]. Black phosphorus and other nanostructures have gained considerable attention due to their unique properties and broad range 
of use cases in biological, physical, and chemical fields. Biocompatible PEGylated black phosphorus NPs were prepared, and their 
properties, such as conversion efficiency and photostability, were demonstrated, making them suitable as PA imaging and photo
theranostic agents for cancer. They showed good accumulation capacity at the tumor location and achieved photothermal ablation 
through near-infrared light irradiation. 

In addition, alkaline phosphatase-triggered self-assembly NPs were observed to enhance optoacoustic (OA) imaging of tumors 
[151]. An alkaline phosphatase activatable probe was reported for improved PA imaging, along with the NIR probe IR775-Phe-Phe-Tyr 
(H2PO3)-OH (1P), which was used for in vitro alkaline phosphatase activatable PA imaging. The catalysis of alkaline phosphatase 
resulted in the conversion of 1P to IR775-Phe-Phe-Tyr-OH, which self-assembled into NPs. The formation of self-assembled NPs led to a 
6.4-fold enhancement of the 795 nm PA signal of 1P. The future scope of all the discussed NPs and their implementations will be further 
explored in the subsequent section. 

5. Future scope & conclusion 

Over the past two decades, various types of NPs have found widespread use in commercial development, offering opportunities for 
breakthroughs in nanotechnology by leveraging size, shape, composition, and hybrid material properties (Fig. 17) [152–156]. Ap
plications include products like stain-repellant fabrics, crack-resistant paints, and self-cleaning windows, harnessing nanoscale fea
tures for cleaner, lighter, and stronger systems. For instance, transparent nanoscale titanium oxide NPs are used in sunscreens, while 

Fig. 17. Future scope of NPs.  
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antimony-tin oxide NPs enhance scratch resistance and UV protection in coatings. Nanotechnology has also improved safety in the 
automotive industry with NPs enhancing tire grip and reinforcing steel [153]. In food manufacturing, NPs can manipulate molecular 
food forms and improve packaging with antimicrobial coatings [156]. In medicine and biology, NPs are utilized in drug delivery [157], 
gene therapy [158], imaging [159], and many other applications [159–166]. In view of these ongoing developments, NPs hold promise 
in therapeutic applications, especially in cancer diagnosis and treatment, while research must address potential toxicity concerns 
[167–169] damage to the cardiovascular and respiratory systems [170,171], and inflammatory responses [172]. 

These above-mentioned avenues create new opportunities for future research and potential developments of novel bio-applications 
and advanced technologies. Likewise, despite the stupendous capabilities that were demonstrated by these miniature materials, 
emphasis should also be placed on the imaging and instrumentation systems for better analysis and validated results. Light sources for 
better PA signal excitation are one of the aspects with tremendous potential in the work related to light sources. The advantage of PA in 
enabling valuable insights into investigating turbid mediums in comparison with other methods made the technique revolutionize the 
applications of bio-optical observation systems. 

In the realm of pre-clinical applications, a multitude of both established commercial and experimental imaging scanners, already in 
operation within research laboratories globally, have been pivotal in addressing key research challenges. These encompass a wide 
spectrum of biological functions, ranging from investigations into cardiovascular diseases [173], cancer cells [174], and tumor therapy 
[175], to applications in ophthalmology [176], neuroimaging [177], diabetes [178], obesity [179], cell trafficking [180], and 
immunology [181]. 

Also, the growing integration of nanotechnology and chemistry into this field opens up a vast array of applications and holds 
considerable potential for synthesizing various NPs. This progress offers a promising solution to impending challenges across various 
domains, including the creation of targeting agents, organic dyes, and specialized biomarkers. Harnessing the capabilities of nano
technology and chemistry, researchers can effectively confront these challenges, investigating innovative solutions across diverse areas 
like diagnostics, therapeutics, biomedical research and biomedical imaging. 

Through the synthesis of NPs using these scientific disciplines, precision targeting, advanced imaging capabilities, and improved 
molecule detection can be achieved, ultimately propelling precision medicine and diagnostics forward. This interdisciplinary approach 
is expected to revolutionize disease diagnosis and treatment, opening up new avenues for personalized medicine and targeted ther
apies. In accordance with enhancing contrast agents, there is a need for the development of cost-effective and efficient technologies 
that offer increased sensitivity, miniaturization, ultrasound detection methods, expanded data processing capacities, and integrated 
inversion models. These implementations will continue to drive the evolution of PA technology, positioning it at the forefront of 
research, and improving the tools necessary for clinical diagnostics and biological research studies. 

At present, multiple solid-state lasers have been employed in clinical applications for stent and vascular imaging, typically oper
ating at a single wavelength. Consequently, there is a pressing demand for novel light sources characterized by high-output pulse 
energy and rapid wavelength tuning to facilitate improved clinical translation in the realm of PA imaging. 

Continuing in this field, recent advancements have introduced light-emitting diodes and laser diodes as promising alternatives to 
conventional solid-state lasers [182]. These diodes offer distinct advantages, such as smaller sizes, cost-effectiveness, and a broader 
spectrum of wavelengths compared to their solid-state counterparts. These attributes make them particularly well-suited for real-time 
PA imaging applications in clinical diagnostics. However, it’s essential to address certain challenges that persist, such as low 
signal-to-noise ratios and inadequate output energies. 

To tackle these challenges, researchers are exploring techniques like pulsed light with coded excitation and the averaging of 
multiple signal acquisitions [183]. These approaches hold the potential to enhance the performance of diode-based PA imaging 
systems, further advancing their utility in clinical diagnosis and research. 

The ongoing development of these innovative light sources holds immense promise for advancing imaging applications in areas 
concerning vasculatures, tumors, invasive devices, red blood cells, and atherosclerotic plaques. Moreover, laser diodes can be designed 
and miniaturized into curved arrays, offering potential advantages for probe design. Notably, these laser diodes show great potential in 
the creation of miniature PA imaging systems, characterized by their compactness and cost-effectiveness. As a result, they are poised to 
become the future light sources of choice for clinical and real-time PA imaging systems, representing a significant step forward in 
medical imaging technology. 

Furthermore, the integration of ultrasound sensors holds great significance when combined with laser diodes [184] and PA imaging 
techniques [185,186], offering a broad spectrum of applications. Ultrasound sensors offer distinct advantages over conventional 
piezoelectric counterparts, including immunity to electromagnetic interference, transparency, heightened sensitivity, and broadband 
capabilities. These attributes enhance their compatibility with intraoperative Magnetic Resonance Imaging (MRI) for guiding surgical 
procedures. Moreover, ultrasound sensors can be strategically positioned along the path of light, facilitating co-linear design for both 
ultrasound detection and light delivery. Leveraging these benefits, it becomes possible to miniaturize and integrate probes, maximizing 
the signal-to-noise ratio without compromising bandwidth and acoustic sensitivity – a prospect with considerable potential for the 
future. 

Conversely, as the active surface area increases, the sensitivity of piezoelectric ultrasound sensors gradually diminishes, presenting 
a challenge to achieving a good signal-to-noise ratio in images, particularly with miniature detectors. In applications requiring wide 
bandwidth, detectors made of polyvinyl difluoride [187] become more significant. Although these detectors offer high bandwidth, 
their sensitivity is generally lower compared to piezo composites due to smaller electromechanical coupling coefficients. However, 
they do provide a narrower detection bandwidth, particularly with high-frequency detectors, potentially impacting the quality and 
spatial resolution of collected images. 

Therefore, optical ultrasound sensors hold the promise of significantly advancing the development of miniature probes for PA 
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applications. Various other optical and ultrasound imaging techniques have been explored in the past [188–190] and the integration of 
these techniques can provide comprehensive structural information about tissues in numerous applications. In some cases, ultrasound 
was generated using optically absorbing materials coated on a fiber tip through pulsed light illumination via the PA effect [191], 
further expanding the potential of optical ultrasound sensors in medical imaging. 

To further enhance existing implementations and methodologies, pulse-echo signals generated from tissue can be captured by 
ultrasound detectors for imaging purposes. As part of ongoing advancements, researchers are exploring the use of dye-based, gold, and 
other NP composites for the development of all-optical dual-mode PA probes. These probes exploit precise optical absorption bands, 
facilitating the transmission of light for efficient PA imaging. 

In addition to intraoperative imaging techniques, point-based PA spectroscopy holds the potential for advancing minimal or non- 
invasive approaches. It can aid in target identification and the preservation of vital tissue structures, such as blood vessels during tumor 
resections or nerves during nerve blocks. 

While PA imaging is still in its early stages of development, it offers depth-resolved spectroscopic contrast at greater depths 
compared to traditional optical spectroscopy methods. Consequently, PA imaging has experienced exponential growth, becoming a 
prominent area of research, especially in biomedical imaging applications. With the potential for transformative impact in clinical and 
pre-clinical settings, the integration of PA imaging into clinical and diagnostic practices has garnered significant interest and holds 
considerable significance across various fields. The miniaturization of imaging techniques has the potential to revolutionize PA im
aging of deep tissue structures through internal illumination of light, greatly expanding its clinical capabilities. 

Given these recent developments, further research is imperative, focusing on sources, detectors, materials, and applications to 
utilize the full potential of PA in biomedical imaging. PA imaging presents a powerful biomedical imaging modality with several 
unique advantages. It combines the high resolution of optical imaging with the deeper tissue penetration of ultrasound, enabling 
visualization of anatomical structures, physiological processes, and molecular signatures within living organisms. However, trans
lating the promise of PA imaging into routine clinical applications requires overcoming certain challenges associated with nanoparticle 
contrast agents. 

A critical challenge lies in ensuring the biocompatibility of PA nanoparticles. Ideally, these agents should be non-toxic, readily 
cleared from the body after use, and avoid triggering unwanted immune responses. Manohar et al. explored strategies for surface 
modification of gold nanorods to enhance biocompatibility and reduce aggregation within the body [192]. Liang et al. demonstrated 
the use of antibody-conjugated carbon nanotubes for targeted PA imaging of tumors, highlighting the potential of targeted approaches 
[193]. The efficacy of PA nanostructures and nanomaterials primarily relies on their ability to efficiently convert absorbed light energy 
into acoustic waves. This necessitates careful selection of materials with strong light absorption at wavelengths that can penetrate deep 
into tissues. Traditional NIR absorbing agents, like gold nanorods, offer good penetration but mostly suffer from limited absorption 
efficiency. Recently, research by Zha et al. explored novel organic photoacoustic contrast agents with tailored NIR absorption prop
erties for deeper tissue imaging [194]. Developing a broader library of PA nanoparticles with optimized light absorption characteristics 
remains an active area of research. While PA imaging boasts superior resolution compared to traditional ultrasound, achieving high 
spatial resolution with deep tissue penetration remains a critical challenge. Factors like limited bandwidth of ultrasound detectors and 
the scattering of acoustic waves by tissues can compromise image quality. 

Research by Zhang et al. investigated photoacoustic microscopy techniques that utilize focused laser beams and high-frequency 
ultrasound detectors to achieve micrometer-scale resolution for pre-clinical studies [195]. Further advancements in both nano
particle design and imaging instrumentation are necessary for achieving optimal resolution and image specificity in deep tissues. The 
integration of PA imaging with other modalities, like magnetic resonance imaging (MRI) or computed tomography (CT), offers the 
potential for comprehensive characterization of tissues. However, developing PA nanoparticles that are compatible with other imaging 
modalities presents a significant challenge. Yang et al. explored the development of multifunctional PA/MRI contrast agents for tumor 
imaging, demonstrating the potential of theranostics (therapy and diagnostics) using PA nanoparticles [196]. Further research is 
required to create a wider range of theranostics PA nanoparticles for simultaneous imaging and therapeutic interventions. High cost of 
developing and manufacturing PA nanoparticles can hinder their clinical translation. Additionally, regulatory hurdles and the need for 
extensive pre-clinical and clinical trials pose significant challenges for bringing PA nanoparticle technologies to the bedside. 

Despite these challenges, PA imaging using functional nanostructures holds immense potential for revolutionizing biomedical 
imaging. The high sensitivity of PA imaging with targeted nanoparticles allows for the detection of diseases like cancer at earlier stages 
when they are more treatable. Research by Chen et al. demonstrated the use of PA imaging with gold nanorods for the early detection 
of lymph node metastases, highlighting the potential for improved patient outcomes [197]. PA nanoparticles can be used to guide 
minimally invasive therapeutic interventions like photothermal therapy or drug delivery. The real-time visualization capabilities of PA 
imaging enable precise targeting of diseased tissues while minimizing damage to healthy surrounding structures. A study by Zhong 
et al. explored the use of PA imaging to guide laser ablation of tumors using gold nanorods, demonstrating the potential for 
image-guided therapies [198]. PA imaging excels at visualizing blood vessels due to the strong light absorption properties of hemo
globin. This opens doors for studying blood flow dynamics, monitoring angiogenesis (new blood vessel formation), and diagnosis of 
vascular diseases. Research by Zare et al. investigated the use of PA imaging for quantifying blood flow in tumors, highlighting its 
potential for monitoring treatment efficacy [199]. PA imaging can be used to assess various physiological processes within tissues, such 
as oxygenation, metabolic activity, and drug delivery. By employing PA nanoparticles sensitive to specific biomarkers, researchers can 
gain valuable insights into the functional state of tissues. 

A study by Xie et al. [200] explored the use of PA imaging with carbon nanotube-based probes for monitoring tumor hypoxia (low 
oxygen levels), which is a critical factor in cancer progression. The development of PA nanoparticles with unique spectral signatures 
allows for multiplexing, where several different nanoparticles can be used simultaneously to image various biomarkers within the 
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same tissue. This can provide a more comprehensive picture of the biological processes at play. Research by Cheheltani et al. 
demonstrated the use of multicolor PA imaging with different gold nanoparticle morphologies to differentiate tumor types [201]. 
Further advancements in nanoparticle design and signal processing techniques are crucial for realizing the full potential of PA imaging 
multiplexing. 

In accordance to the above discussion, some other emerging strategies in utilization of PA in biomedical imaging encompass 
Biodegradable NPs. Developing biodegradable PA nanoparticles that are naturally cleared from the body after use can address con
cerns about long-term biocompatibility and potential toxicity. Yoo et al. explored the use of poly (lactic-co-glycolic acid) (PLGA) 
nanoparticles for PA imaging, demonstrating their biodegradability and potential for clinical applications [202]. Engineering PA 
nanoparticles that respond to specific stimuli, such as changes in pH or enzymatic activity within the target tissue, can enhance image 
specificity and reduce background noise. Another study by Miao et al. investigated activatable PA probes for tumor imaging that 
become fluorescent only in the acidic environment of tumors [203]. This approach holds promise for improved diagnostic accuracy. 
The integration of Artificial Intelligence algorithms into PA image analysis can significantly improve image reconstruction, reduce 
artifacts, and automate image interpretation. Deng et al. demonstrated the use of deep learning techniques for quantitative PA im
aging, highlighting the potential of AI for improved image analysis and data extraction [204]. PA imaging can be used to visualize 
blood flow dynamics by capturing the motion of red blood cells within blood vessels. This emerging technique, known as photoacoustic 
flow imaging, has the potential to assess vascular health and diagnose various cardiovascular diseases. Van den Berg et al. explored the 
use of PA flow imaging for quantifying blood flow in brain tumors, demonstrating its potential for studying tumor angiogenesis [205]. 

PA imaging NPs offer a revolutionary approach to biomedical imaging, presenting a unique combination of high resolution, deep 
tissue penetration, and functional information. While challenges remain in ensuring biocompatibility, optimizing photoacoustic 
properties, and achieving high-resolution deep tissue imaging, the potential rewards are vast. With ongoing research efforts aimed at 
overcoming these challenges and exploring new opportunities, PA imaging nanoparticles are poised to transform the landscape of 
clinical diagnostics and therapeutic interventions. 
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