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Photoacoustic microscopy diagnostic modality: an advanced system based on high 

power laser diode 

Van Tu Nguyen 

Department of Biomedical Engineering,  

The Graduate School, Pukyong National University 

Abstract 

Photoacoustic microscopy (PAM) is an efficient, noninvasive and three-dimensional 

imaging modality capable of imaging organs, tissues, and cellular structures with high 

resolution. However, the popularity of the PAM systems generally used are inconvenient 

and expensive solid-state laser source. Therefore, a cost-efficient and compact PAM 

system using the high power pulsed laser diode (PLD) has been used to develop its 

advantages in biological applications. In this study, two significantly improvement 

configuration PAM of using PLD is presented. A low loss microscopy objective lens is 

used to persist the laser power which set up two PAM systems: transmission mode (TM) 

and reflection mode (RM) PAM. The commercial focused transducer with central 

frequency of 5 MHz is employed to pick up the photoacoustic (PA) signal which were 

rebuilt to 2D images via MATLAB software. The lateral resolution of two PAM systems 

can be estimated to ~ 40 µm by imaging carbon fiber. On the other hand, we imaged the 

phantom, ex vivo, in vivo with poly-pyrrole methylene blue nanoparticles (PPy-MB NPs) 

as a contrast agent to evaluate the productivity of our PAM systems. Moreover, we also 

perform in vivo mouse ear experiment to further demonstrated the feasibly of using high 

power PLD for PAM systems. The results of these experiments suggest that our PLD PAM 

system is potential for developing of photoacoustic imaging tool. 
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Keywords: Photoacoustic imaging, transmission mode PAM, 

reflection mode PAM, ultrasound imaging, nanoparticles contrast agent, 2D 

reconstruction. 
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Chapter 1. Introduction 

1.1 The fundamental of photoacoustic imaging 

Photoacoustic (PA) technique was discovered in 1880 by Alexander 

Graham bell, when he was doing experiment with long-distance sound 

transmission [1]. Thereafter, until the laser was developed in the 1960s with 

high power, directionality and coherent light, the development of many PA 

sensing applications was necessary. In the 1970s and 1980s, PA sensing 

application was beginning to use in industrial and scientific. However, PA 

application generally used indirectly by laser-induced surface heating of 

gas-phase cell type, where PA signals propagating in a gas was detected 

with a microphone [2]. Until the mid-1990s, PA started to be applied in 

biomedical imaging and the first images began to come out. Then, in the 

early to mid-2000s, the first PA images in vivo was acquired. From this time, 

PA technical was growth rapidly in terms of developing of instrumentation, 

image reconstruction algorithms, functional and molecular imaging 

capabilities in clinical research.  

Photoacoustic imaging (PAI) is formed on the photoacoustic effects 

which is the formation of ultrasound waves according to the absorption of 

the light (mostly short pulses laser light) and generates heat excitation in a 
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material sample. The absorption of the pulsed laser light in a biological 

tissue could be simulated by the Beer-Lambert law: 

𝐼 =  𝐼0𝑒−𝜇𝑎𝐿                                        (1.1) 

where, I is the light intensity after traveling L meters, I0 is the initial 

intensity of the light and a is the optical absorption coefficient of the tissue 

[3].  

In this modality, a few nanosecond pulse widths laser is mostly used to 

illuminating the biological tissues. Due to the fact that, to generate 

wideband ultrasonic emission in the samples, the laser pulses have to be 

smaller than both the thermal relaxation time (𝜏𝑡ℎ) and the stress relaxation 

time (𝜏𝑠):  

𝜏𝑡ℎ =  
𝑑𝑐

2

𝛼𝑡ℎ
                                              (1.2) 

𝜏𝑠 =  
𝑑𝑐

𝑣𝑠
                                                (1.3) 

of the biological tissues; where, dc is the size of the interest object, th is 

the thermal diffusivity of the tissue, and vs is the sound velocity in the tissue 

[3]. Table 1.1 shows the values of optical absorption coefficient, thermal 

diffusivity and sound velocity for some biological tissues and popular 

media[4, 5]. 
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In photoacoustic imaging, some of the transported laser light will be 

absorbed and converted into heat, ultrasound waves can be emitted within 

the irradiated area due to the short thermos-elastic expansion of the tissues. 

These ultrasound waves can be detected and picked up to produce a 

photoacoustic image by an ultrasound transducer. As a result, the amplitude 

of the ultrasound waves (i.e. photoacoustic signal), which is proportional to 

the local energy deposition, disclose physiologically specific optical 

absorption contrast. Therefore, PAI effectively combines the contrast of 

optical imaging techniques with the penetration depth and the resolution of 

ultrasound imaging [3, 6-10]. The schematic diagram of the fundamental 

photoacoustic effect is shown in Figure 1.1. Short laser pulses are employed 

to irradiate in the sample. A part of laser energy is absorbed by the sample 

and it is converted into ultrasound waves by thermo-elastic phenomenon, 

which consequently leads to ultrasonic emission. The photoacoustic signals 

are gathered by the ultrasonic detector to build images. The image 

reconstruct algorithms is applied to form 2D and 3D photoacoustic image. 

For acoustic coupling, the liquid such as water which have elastic medium 

is used for propagating ultrasound waves.  

Table 1. Optical and acoustic values for biological tissues and popular 

media. 



 

4 

 

 

Tissue/Media 

Absorption 

coefficient 

(cm-1) a 

Sound 

velocity 

(m.s-1) b 

Thermal 

diffusivity 

(mm2.s-1) b 

Air - 344 19 

Fat 0.7 1450 0.045 

Muscle - 1584 0.16 

Brain tissue 1.6 1558 0.13 

Blood 1.3 1570 0.13 

Bones - 4080 0.39 

Liver 2.3 1570 0.15 

Kidney - 1560 0.15 

Epidermis 1.5 1645 0.09 

Dermis 2.7 1595 - 

Water - 1480 23.38 

a Parameters for 633-635 nm in vitro. 

b Parameters at room temperature. 
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Figure 1.1. The illustration of basic principle of the photoacoustic effect. 

For more details, in PA imaging, laser wavelengths in the visible and near-

infrared (NIR) ranges (500- 900 nm) are most typically employed. The NIR 

range from 600-900 nm provide the biggest penetration depth widen to 

several centimeters. If PA imaging uses the microwave band from 300 MHz 

to 3 GHz, it can offer better penetration depths. In this excitation of light, 

each tissue such as hemoglobin, melanin, or waters have a specific 

absorption coefficient impinges by rapid heat generate a little temperature 

changes (approx. smaller than 0.1 K). It might be cause the physical damage 

or change the properties of tissues. The reason is that increasing the initial 

pressure, then emitted the broadband with low magnitude of ultrasound 
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waves. They are detecting by either a single transducer scanner or an array 

of ultrasound detectors to collect a serial of A-lines. Based on the speed of 

sound and time of propagation of ultrasound waves, the photoacoustic can 

be form by the same algorithms of the conventional pulse-echo ultrasound 

image.  

1.2 High-power laser diode photoacoustic microscopy system 

Photoacoustic imaging (PAI) is an efficient, noninvasive and three-

dimensional imaging modality capable of imaging organs, tissues, and 

cellular structures with high resolution. It combines the benefits of both 

optical and acoustic imaging [11]. Since the last decade, researchers have 

witnessed a significant progress in PAI.  The substantial contribution of 

PAI helps to the development of diagnostic instruments to detect the brain 

structure and function [12], vasculature networks [13], organic cells [14], 

heterogeneous media [15], chemical traces [16], and tumor tissue [17]. A 

short-pulsed laser source is used for tissue irradiation and a transducer is 

employed to collect the photoacoustic signals created by the thermo-elastic 

expansion phenomenon [18], [19]. Photoacoustic microscopy is an 

important branch of the photoacoustic imaging system in terms of the high 

spatial resolution, image contrast, and depth penetration. PAM supplies 

high sensitivity to optical absorption and opens a new strategy to study 
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biological systems in terms of multiple length and timescales [20]. It has 

great potential for biological tissue imaging in tissue and for resolving 

blood vessels with much higher spatial resolution than the present 

photoacoustic imaging with ultrasound array transducers [21], [22]. 

Especially, optical resolution and acoustic resolution photoacoustic 

microscopy are key mapping vasculature networks in clinical biological 

application [23]. In addition, PAT using exogenous contrast agent enable 

the sensitivity of molecular and extremely expands the performance of the 

modality [24], [25], [26]. 

Although PAM has many advantages for biological tissue imaging, the 

popularity of the PAM systems generally used are bulky and expensive 

laser source such as Q-switched Nd: YAG laser and optical parametric 

oscillator. Furthermore, the low pulse repetition frequency (about 10 Hz) is 

not suitable for PAM systems in clinical applications.  

On the other hand, a high-power pulsed laser diode (PLD) excitation 

has been found as an alternative laser source. With some advantage 

properties: low-cost laser, compact, and high pulse repetition frequency, 

PLD could overcome those limitations to grow its application. In addition, 

PLDs are available with a wide range of visible and (NIR) wavelengths 

without supplement components. In consequence, a PAM model system 

using the high-power PLD may be a compact system to excite small sample 
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areas to have enough energy density. However, the main drawback of the 

high-power PLD is its long pulse duration, which hinders the efficient 

photoacoustic effect for the tiny vessels [21]. Furthermore, the high power 

PLDs with multiple active elements are paid off by the intrinsic anisotropy 

of the beam which is a remarkable challenge to achieving a low-loss 

focusing of light, thus hindering the high-power PLD in applications of 

PAM systems [27], [28], [29]. In this study, an upgraded PAM system is 

introduced by using a high-power laser diode excitation. According to the 

previous literature [30], [31], two different PLD-PAI configurations: TM 

PAM and RM PAM were built. A microscope objective lens with low-loss 

light energy was used to focus the divergent beam to maintain the energy 

power in the TM PAM. Whereas, for RM PAM, an off-axis mirror is used 

to collimate the focused light to obtain the high field of view (FOV) for 

biomedical imaging applications. In order to demonstrate our productivity 

of PAM systems, we present the results of imaging ex vivo of porcine liver 

tissue, and in vivo of the mouse ear. Particularly, the PPy-MB NPs are used 

as exogenous nanomaterials to trace its biodistribution and transportation 

in biological systems. Figure 1.3 show the absorption spectrum of PPy-MB 

NPs with strongly absorbing of the NIR range. With good absorption in 

NIR range, the penetration depth of our PAM system is optimized. The 
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experimental results suggest the feasibility of the laser diode of both PAM 

systems for future producibility. 

  

Figure 1.2. The absorption spectrum of PPy MB NPs. 
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Chapter 2. Materials and Methods 

A high power PLD (Laser Components, 905D5S2L3J08S) was applied 

as a substitute excitation source. The stacked arrays with 10 active elements 

of PLD generated the emitting area of 800 × 440 µm2. The divergence of 

each slow and fast axis was 10° and 25°, respectively. This is the reason for 

an extreme limitation in collimation and focusing of the laser light [27-29]. 

To deal with this limitation, an aspheric lens (Thorlabs,354330-B) was 

chosen as the first element with sufficiently high NA (f = 3.1 mm, NA = 

0.68, AR coated for 600-1050 nm) to collect the divergent beam without 

losing the laser light. The aspheric was attached to the collimation tube 

(Thorlabs, LTN330-B). Then, to get optical resolution, a microscopy 

optical lens is employed. According to the literature, the current microscope 

lens significantly losses energy [29]. Another study illustrates, a low-loss 

microscope objective lens (Plan 40X, NA = 0.65, Leica, Japan) with 

anisotropic beam. In Table 1.2, a comparison between input, output energy 

of different microscope objective lenses to focus the PLD was tested. We 

used the Ophir sensor (PD300-3W-V1 ROHS) to measure the NIR laser 

light. Input energy was measured after the aspheric lens, and output energy 

was measured at the sample. It can be seen that the microscope objective 

lens of Leica (Plan 40X/0.65) transmitted nearly 66% of the 905-nm laser 



 

11 

 

light. In contrast, the microscopy objective lens of Meiji, results a total 

energy loss about 95.23%. Thus, the Plan 40X/0.65 Leica is one of the 

effective solutions to achieve the microscopy resolution without 

significantly losing energy. A commercial driver (PicoLAS, LDP-V 240-

100 V3) helps the high power PLD to radiate the stable laser light at a 905 

± 15 nm of wavelength. The maximum peak power output of PLD is up to 

650 W. In addition, a function generator (HP, 33220A) triggered the driver 

by the 400 Hz pulsed frequency (pulse width duration of 200 ns) and 

synchronized the data acquisition (NI-DAQ) board at the same time through 

a Transistor-Transistor-Logic trigger. 

Table 2. Comparison between input, output energy of different microscopy 

objective lens to focus the PLD (Operates with the frequency 400 Hz and 

the pulsed duration is 200 ns.) 

Lens 
Input energy 

(mJ) 

Output energy 

(mJ) 

Energy loss 

(%) 

Transmission mode  

S. Plan M40X 0.65 

Meiji, Japan 

8.4 0.4 95.23 

Transmission mode 

Plan 40X/0.65 Leica 
8.4 5.6 33.33 

Reflection mode 8.4  4.8 42.86 

 

2.1 Transmission Mode Photoacoustic Microscopy 
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Figure 2.1. The configuration of transmission mode PAM system. LD, laser 

diode; CL, collimated lens; WT, water tank, TG, target; OL, microscopy 

objective lens, AW. Acoustic window; UT: Ultrasound transducer. 

Figure 1 shows the optical resolution PAM system which is configured 

with TM where the laser is opposite the transducer. The photoacoustic 

signal is collected by the commercially focused transducer (Olympus 

Panametrics, NDT-V308) with a center frequency of 5 MHz. The phantom 

is placed on the water tank for acoustic coupling. The scanning is performed 

by two DC motors (Z047A, Newport, France) that move the TM PAM 

system in X and Y directions as raster scan (Yao and Wang 2011). In TM, 

the distance among microscopy objective lens, ultrasound transducer, and 

a sample is adjusted to achieve the maximum amplitude signal. 

2.2 Reflection Mode Photoacoustic Microscopy 
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Figure 2.2. The configuration of reflection mode PAM system. OM, off axis 

mirror; AL: Aspheric lens; CL2, correcting lens; UG, ultrasound gel; M. 

mirror (reflected PA signal but transmitted the laser beam) 

The reflection mode PAM is illustrated in Fig. 2. Similar to the TM 

PAM, the laser light in the reflection mode is focused by passing it through 
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the Leica microscope objective lens. Then, the focused light is placed at the 

focal point of an off-axis mirror (#47-096, Edmund Optics, USA), which is 

aligned perpendicularly with the microscope objective lens (Fig. 2). 

Particularly, based on the properties of the off-axis mirror, all light at the 

focal point is reflected about 97% and becomes parallel. An aspheric lens 

with focal length f=50 mm (#66-025, Edmund Optics, USA) was used to 

focus the parallel light at the sample. A commercial flat transducer 5 MHz 

(PAC, IU5GI) was employed to gather the photoacoustic signal. The 

transducer was placed perpendicularly with the laser light which as has been 

described [31]. The 2D raster scan is performed by smoothly moving the 

sample instead of moving the PAM system, which helps to reduce the load 

weight on DC motor. 

2.3 Phantom preparation 

A phantom was made by polyvinyl alcohol (PVA) that closely mimics 

human tissue to perform PAM experiment for checking PA signal of PPy-

MB NPs. Because of some advantage properties of PVA (non-toxic, easy 

casting and stable storage), it is used for fabricating vessel phantom [32]. 

Particularly, PVA ensures good biocompatibility and, on the contrary, it 

lengthened the bloodstream circulation time of PPy-MB NPs [33]. PVA 

phantoms were made by mixing 8% PVA, 0.4% silica, and 100 mL distilled 
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water. Control and PPy-MB NPs were stirred with 10% gelatin and used as 

three additions (50µL each/well) in the tissue-mimicking PVA phantom. 

Three concentrations of PPy-MB NPs were prepared for testing the 

photoacoustic signal (i.e., 125 µg/ml, 250 µg/ml, 500 µg/ml.) 

 

Figure 2.4. PPy-MB NPs phantom with four different concentrations 

2.4 Ex vivo experiment 

For the ex vivo experiment, the porcine liver tissue was bought from a 

local abattoir and was stored in a refrigerator at -80 ºC. Prior to the testing, 

the frozen sample was cut into a 3-mm thin layer and was kept in saline at 

4 ºC. PPy-MB NPs solution (10 μL, 250 µg/mL) was injected into the center 

of the sample for the photoacoustic imaging experiment. 

2.5 In vivo experiment  
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Female BALB/c nude mouse and female white mouse weighing 21 g 

(Orient Bio Inc, Gyonggi-Do, Korea) were used for the in vivo study. In the 

time of experiment, the mice were kept under anesthesia with a vaporized-

isoflurane system through a self-made breathing mask. The body 

temperature of the mice was maintained by a heating pad at 38 °C. The mice 

were placed on an animal bed underneath the plastic membrane. For 

acoustic coupling, the skin of the mice was pasted by applying degassed 

ultrasound gel.  

We perform the in vivo experiment for the tracking PPy-MB NPs 

kinetics in the nude mice. A solution of PPy-MB NPs (10 μL, 250 µg/mL) 

was injected subcutaneously into the skin of the mouse. Post-injection PAM 

scans on the skin area were performed at 7, 30, 60, 90, 120, 150, 180 mins.  

   

Figure 2.5. In vivo subcutaneous injection of PPy-MB NPs. (a), (b) Photo 

of back skin mouse before and after injection, respectively. 
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Chapter 3. Results 

3.1 Transmission mode photoacoustic microscopy 

Firstly, we imaged a single carbon fiber with ~7 µm diameter as small 

as capillary blood vessels to estimate the lateral resolution of our system. 

Figure 3a shows a maximum amplitude projection (MAP) image along the 

z-axis to the x-y plane of the single carbon fiber. The raster scan was 

performed by a motorized X-Y scanner with 400 points400 points (for both 

X-Y direction) and a small step size of 2 µm. This image (Fig. 7a) was 

reconstructed with the small size of 0.8 × 0.8 mm2 via MATLAB software 

(version 8.0, Mathworks, USA). It was clear and clean with the peak signal-

to-noise ratio (SNR) of the resultant PA signal about 23.28 (dB). The 

diameter of carbon fiber is about 7 µm. Figure 3b shows that the full half 

maximum width (FHMW) of the signal was about 47 µm. Therefore, the 

study indicates that the theoretical lateral resolution of the TM PAM system 

is about 40 µm. 
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Figure 3.1. Photoacoustic image of carbon fiber a) PA image of carbon fiber 

and b) image intensity profile across the PA image, along the dashed line. 
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Secondly, in order to demonstrate the imaging ability of our PAM 

system, we performed the phantom experiment with polypyrrole-methylene 

blue nanoparticles (PPy-MB NPs) as a contrast agent. PPy-MB NPs are 

reported as having an excellent biocompatible, high NIR absorbance for 

PAT [Ref112]. Figure 4(a) shows the field emission scanning electron 

microscopy (FESEM) image of PPy-MB NPs. It was observed that the PPy-

MB NPs are in uniform spherical morphology and the particle size is around 

49.5 nm. The UV-vis-NIR spectrum of PPy-MB NPs with a high absorption 

of 905 nm is shown in Fig. 4b, thus 905 nm laser source is used to monitor 

PPy-MB NPs distribution. As shown in Fig 4c, PPY-MB NPs produced a 

strong photoacoustic signal when excited by the laser light at 905 nm. The 

scan area was 27 x 7 mm2 which is along the dotted line rectangular in Fig. 

4c. The PA signal intensities rose linearly with the concentrations of the 

PPy-MB sample (Fig. 4d). Specially, the sample with the concentration of 

250 µg mL-1 of PPy-MB NPs generated a strong amplitude photoacoustic. 

It is about fourteen times higher than control alone. Thus, the strongly 

absorbing PPy-MB NPs could prevail over the uncertain background 

solvent spectrum in the NIR region. And we chose the concentration of 250 

µg/ml of PPy-MB NPs to perform the in vivo experiment.  
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Figure 3.2. The TM PAM with PPy-MB NPs contrast agent. a) The FESEM 

of PPy-MB NPs, b) The UV-Vis absorption of PPy-MB NPs, c) Photo and 

PA image with the ROI of PPy-MB NPs phantom (The concentration of 
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four samples is correspondingly 500, 250, 125, and 0 [unit: µg/ml] from the 

left to the right), and d) Plot of the photoacoustic amplitude as a function of 

PPy-MB NPs solution concentration. 

In contrast, the ex vivo experiment with the porcine liver tissue is 

presented in Fig. 5. We acquired PA images of 3 mm thickness porcine liver 

tissue (Figure 5a) injected with 10µl PPy-MB NPs (Concentration: 250 

µg/ml). Figures 5b and 5c present the ROI for imaging PA experiments with 

the size of 11 × 11 mm2. A PA MAP image is shown in Fig. 5d with the 

SNR of the image about 7.78 (dB). Its SNR is not high because the liver 

tissue contains a lot of blood which also generates PA signal when 

illuminated by laser light. However, the injected liver tissue is seen clearly 

compared with the photograph of porcine liver tissue. 

 

Figure 3.3. The ex vivo results with the porcine liver tissue. a) Photo of 

porcine liver tissue, b) Photo of porcine liver tissue after injecting 10 µl 

PPy-MB NPs (Concentration: 250 µg/ml), c) The ROI liver with the size of 

11 × 11 mm2 for imaging, d) PA MAP image of porcine liver tissue. 
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We also imaged a nude mouse ear in vivo using TM PAM. The sample 

was placed on a glass (1-mm thin layer) which was white non-absorbing 

material. Only a part of the mouse ear was chosen to perform the 

experiment (red dashed rectangular in Fig. 6a) due to the limitation 

thickness sample of the transmission mode PAM [14], [34], [35]. The 

number of scanning points used in this experiment was 1,200 points (X-

direction) × 400 points (Y-direction) with a step size of 10 μm. Figures 7a 

and 7b are photographs of the mouse ear with the region that is captured by 

TM PAM. Figure 7c shows the PA image of the vasculature in the mouse 

ear. Particularly, the SNR of the PA signal obtained from the sample was 

16.61 (dB). The time for the acquisition was about 30 min. In the 

reconstructed image procession, the original data was executed without any 

signal processing, and the linear color bar corresponds to the maximum 

amplitude of the photoacoustic signal which depended on the optical 

absorption distribution. 
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Figure 3.4. The in vivo experiment results of the TM PAM system. a) 

Photo of the mouse ear, b) the ROI of the mouse ear 12 x 4 mm2, c) PA 

MAP image of the mouse ear.  
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3.2 Reflection mode photoacoustic microscopy 

Similarly, with the TM PAM, we experimentally acquired the single 

carbon fiber to check the lateral resolution. In this experiment, we scanned 

the area with 800 points×800 points (for both X-Y direction) and a small 

step size of 2 µm. Figure 7a shows the PA MAP image with the size of 1.6 

× 1.6 mm2 and its peak SNR is 23.28 (dB), and the lateral resolution is 

estimated about 42 µm. In comparison, the measured lateral resolution is 

slightly worse than its TM due to the undesirable error of alignment of the 

optic components.  
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Figure 3.5. Photoacoustic image of a single carbon fiber a) PA image of 

carbon fiber and b) image intensity profile across the PA image, along the 

dashed line. 
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Figure 3.6. The in vivo results with the liver tissue with PPy-MB NPs 

contrast agent. a) Photo of the back of mouse after subcutaneously injecting 

10 µl (250µl/ml) PPy-MB NPs; b) The area of the PPY-MB NPs injected 

skin from PA MAP image in (c); c) Sequential PA PAM image of the ROI 

captured at 15, 30, 45, 60, 75, 90, 105, 120, 135, and 150 mins respectively. 

Area of the ROI is 5 × 5 mm2. 
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Figure 3.7. The in vivo experiment results with the mouse ear of reflection 

mode PAM. a) Photo of the mouse ear with the ROI for imaging; b) PA 

MAP imaging of the mouse ear. 

To further confirm the capable results obtained from reflection mode 

PAM, in vivo PA image with mouse ear is collected and analyzed. After 
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removing the mouse skin hair, the whole ear image is captured. With the 

scanning size of 12 × 9 mm2, the number of points used in this experiment 

was 1,200 points (X-direction) and 450 points (Y-direction), corresponding 

with a step size of 10 µm and 20 µm, respectively. It took about 50 min to 

acquire the whole of the mouse ear. The SNR of the image is 16.22 (dB). It 

can be seen that the vasculature of the mouse ear can be imaged clearly by 

the RM PAM.  
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Chapter 4. Discussion 

We demonstrated the performance of using a high power PLD in PAI 

systems. Pulse width is the main limitation of most high-power light 

sources [27], [28], [29]. The large pulse width influences the acoustic wave 

generation of small vessels by limiting the stress confinement [21]. For that 

reason, the high-power PLD laser is not acceptable for some applications. 

However, with high power energy, the high SNR signal of the PAM system 

is feasible for imaging biological tissues. In this paper, we showed the 

imaging ability of two configurations of the high-power PLD PAM systems: 

TM PAM; and RM PAM. The PA images of several ex vivo, in vivo 

experiments, were presented. Several challenges were solved in this study. 

The intrinsic challenge of the PAM configurations was made the 

anisotropic beam to be collimated, then focus to the microscopy resolution. 

To tackle this problem, a few configurations has been mentioned in the 

literature [ref]. We optimized a TM configuration that uses the low loss 

microscopy objective lens to focus the diverging beam, then developed the 

reflection mode PAM with an off-axis mirror. We reported both of PAM 

modes; the high SNR of the PA signal was achieved, and it was slightly 

higher in TM. However, TM configuration has limited applications, e.g., 
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imaging of a very thin sample, limiting of FOV. By contrast, the reflection 

mode with widened FOV is not limited by the thickness of samples. Thus, 

the reflection mode PAM can be an excellent tool to apply in biological 

applications. In reflection mode PAM configuration, the off-axis mirror is 

used to collimate the laser light, which solves these limitations of high-

power PLD [27], [28], [29]. However, the use of more optical components 

in reflection mode PLD PAM is paid off by the lower SNR, and a litter 

greater in comparison with TM PLD PAM.  

The transverse resolution of PAM is calculated in theory by the formula: 

0.51 λ/NA where λ is the wavelength and NA is the numerical aperture of 

the objective lens. The size of the spot which laser beam can be focused 

proportional to the wavelength. Then, the lateral resolution of this system 

is about 4.6 µm. However, in our PAM system, the lateral resolution is 

approximately 10 times more than the ideal optical diffraction limit, 

probably because of the extended laser emitting area of LD. In fact, we can 

use a micrometer level pinhole to filter the structure of the laser beam [19]. 

If the pinhole is small enough, we can get the very tiny spot with losing an 

overdone laser energy. Moreover, the laser diode irradiating the emitting 

area is a non-rotationally symmetric beam, which limits the collimation as 

well as focusing the beam of an objective lens. 
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In theory, the axial resolution is determined by the formula 

2ln2×c/(πΔf), where c is the ultrasound velocity and Δf is the bandwidth of 

the transducer. The axial resolution of the PAM system estimated ~ 118 µm 

by 5.6 bandwidth follows the datasheet of the transducer. 

In contrast, the cost of the laser diode and LD driver was only $2.500 

dollars. The size and cost of PAM have been decreased significantly. In this 

PAM system, after losing about 33% energy by through a group of lens, the 

maximum laser energy was 14 µJ per pulse. At the surface phantom, the 

experimental energy was 5.6 mJ. This number is safe in comparison with 

the maximum allowed according to the safety standards of the American 

National Standards Institute. Therefore, our system can be applied in animal 

studies as well as in clinical studies in the near future.  
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Chapter 5. Conclusion 

In summary, the feasibility of using a high-power PLD in the two 

configurations of PAI systems: TM PAM and RM PAM have been 

developed. The lateral resolution of both transmission and reflection mode 

PAM was experimentally calculated to be 48 µm and 51 µm respectively 

by imaging a single carbon fiber. The results of imaging tissue-mimicking 

phantoms, ear mouse vasculature and tracing PPy-MB NPs distribution 

indicated that the compact and efficient PAI systems will be able to set up 

with the high-power PLD. The remaining disadvantage of our systems is 

the large pulse width duration of the high power PLD, which is affected to 

efficient of photoacoustic imaging. In the coming work, we will concentrate 

on applying the laser fast scanning [36] and the combination of different 

laser diodes for multi-wavelength PLD PAM systems [37].  
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