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Preface 

While the core of this work is composed of 5 stand-alone chapters, together they provide 

a cohesive story which maps out the development and application of photoacoustic 

lifetime technology. Without exception, contents of all chapters have been scrutinized, 

either through committee members of established professors (chapter 1 and 4) or peer-

review process by prestigious journals (chapter 2, 3 and 5). Even though this approach of 

organizing this dissertation introduces some inconsistencies in flow of ideas, but it 

ensures that the contents of this dissertation has been fully vetted by the scientific 

community and is up to the highest level of writing standards. 

Chapter 1 outlines the science behind the photoacoustic lifetime imaging and its 

engineering approach of the imaging system towards in vivo application. The chapter 

focus on the development of imaging methods from basic ideas in physical chemistry to 

actual measurements by photoacoustic method. Implementation of multiple optimizations 

inspired by the booming field of photoacoustic imaging was then introduced. This 

chapter consists of the author’s thesis proposal in doctoral written preliminary exam 

(WPE) and the statement for applying doctoral dissertation fellowship (DDF). The 

contents have been updated to reflect the comments and suggestions made by reviewers 

from both committee. 

Chapter 2 describes a new approach based on in vivo application of photoacoustic 

lifetime imaging (PALI) to map the distribution of oxygen partial pressure (pO2) in 

tissue. A multimodal imaging system was designed and built to achieve ultrasound (US), 
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photoacoustic, and PALI imaging within the same system. Nude mice bearing LNCaP 

xenograft hindlimb tumors were used as the target tissue. Hypoxic regions were 

identified within the tumor in a combined US/PALI image. Finally, the statistical 

distributions of pO2 in tumor, normal, and control tissues were compared with 

measurements by a needle-mounted oxygen probe. A statistically significant drop in 

mean pO2 was consistently detected by both methods in tumors. 

Chapter 3 reports a direct and noninvasive in vivo imaging modality based on the 

photoacoustic lifetime which overcomes certain drawbacks of the existing methods. Two 

studies are presented which photoacoustic lifetime imaging (PALI) was applied to 

monitor changes of tissue oxygen induced by external modulations. In first study, PALI 

is demonstrated to be able to reflect the change in oxygen level with respect to normal, 

oxygen-rich, and oxygen-poor breathing conditions. In the second study, the drop of 

tissue pO2 resulted from acute ischemia and recovery from hypoxia by reperfusion were 

tracked and observed by PALI. 

Chapter 4 presents the work on developing a treatment/imaging modality (PDT-PALI) 

that integrates PDT and a combined ultrasound/photoacoustic imaging system. The 

system provides real-time feedback of three essential parameters namely: tissue oxygen, 

light penetration in tumor location, and distribution of photosensitizer. Tissue oxygen 

imaging is performed by applying PALI, which relies on photoacoustic probing of 

oxygen-dependent, excitation lifetime of Methylene Blue (MB) photosensitizer. Lifetime 

information can also be used to generate image showing the distribution of 



 

 3 

photosensitizer. The level and penetration depth of PDT illumination can be deduced 

from photoacoustic imaging at the same wavelength. All images will be combined with 

ultrasound B-mode images for anatomical reference. The ideas and approaches were 

developed before and during the preparation for the proposal of NIH R01CA183749 

(optimizing cancer photodynamic therapy using photoacoustic lifetime imaging).  

Chapter 5 presents the results demonstrating the ability of photoacoustic imaging to probe 

the lifetime contrast between monomers and dimers with high sensitivity in cylindrical 

phantoms. These results suggest that photoacoustic imaging can be used to selectively 

detect the presence of monomers. This chapter also report the synthesis and testing of a 

matrix metalloproteinase 2 (MMP-2) specific peptide probe capable of changing its 

transient photoacoustic lifetime from short to long after activation. It is demonstrated that 

using a pump-probe photoacoustic imaging approach that the cleaved probe exhibits a 

transient signal with lifetime comparable to that of MB monomers, whereas no lifetime 

was detected for the intact probe. 
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Chapter 1 Development of lifetime imaging by photoacoustic pump-probe 

approach 

1.1 Fluorophore excited state lifetime and its application to oxygen sensing 

The lifetime of fluorophore’s excited state is typically an intrinsic property of the 

fluorophore, determined by the quantum transition amplitude between the initial and final 

states. In many cases, interactions with the environment can shorten the unperturbed 

lifetime. This mechanism forms the basis for a wide range of fluorescent sensors applied 

to biological systems. [1] 

A typical example of fluorophore’s excited state lifetime sensing is oxygen sensitive 

dyes.[2, 3]. These dyes can be excited into a triplet state, which has a relatively long 

lifetime due to the “forbidden” (spin-flip) nature of the relaxation to the ground state. 

However, intermolecular collisions with oxygen (in its triplet ground state) can quench 

the excited state. Measuring the excited state lifetime provides a quantitative measure of 

oxygen concentration in the environment. This enables tissue oxygenation imaging as 

shown in Fig. 1. Mapping this lifetime in tissue enables tissue oxygenation imaging.[4]  

In most applications, the lifetime is evaluated by measuring the decay of the fluorescent 

signal. The lifetime of decaying fluorescent signal is computed by fitting the fluorescent 

intensity as a function of the time after excitation. Compared to fluorescent intensity 

measurements, lifetime measurements are much more robust and stable due to the fact 

that measured insensitivity can be affected by dye concentration, excitation intensity, and 
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light absorption in tissue. Therefor the lifetime obtained relies solely on the interaction of 

the fluorophore with its environment.  

Among the oxygen-sensitive dyes, the unique properties of Methylene Blue (MB) make it 

suitable for biomedical applications. MB has a strong absorption peak at 660 nm 

(extinction coefficient is 72,000 cm
−1

 /M). At this wavelength, tissue optical absorption is 

relatively low, allowing imaging at a larger penetration depth.  MB is a water-soluble dye 

that is widely used in clinical diagnostic and therapeutic applications [5-7], due to due to 

its low cytotoxicity and efficient clearance from the body [8, 9]. MB also has a high 

efficiency (quantum yield of 0.52) of being into oxygen-sensitive triplet state after being 

excited. Excited MB exhibits substantial differential in the length of lifetime on oxygen 

concentration, with 79.5 µs in degassed water (pO2=0) and 1.8 µs in air-saturated 

aqueous solution (pO2=150 mmHg) [10].   

The oxygen dependent lifetime is described by Stern–Volmer relationship. 

2

00 O1/ pTkTT Q , 

where T
0
 and T are the triplet lifetimes at zero oxygen and at a given pO2 (in mmHg) 

respectively.  kQ is a constant with unit mmHg
-1

s
-1

, and it’s related to the frequency of 

collisions of  MB molecule in its excited-state with molecular oxygen.  
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Figure 1 The photo-physics of an oxygen-sensitive dye. (a) Methylene Blue (MB) is given as an example of 

oxygen-sensitive dye. 
1
MB

+
, 

1
MB

+*
, and 

3
MB

+*
 are methylene blue ground state, singlet and triplet excited 

states, respectively. The pump laser (red arrow) excites MB molecules at ground singlet state into the 

singlet state by photon absorption. A large portion (quantum yield of 0.52) of excited singlet state 

molecules cross to triplet state by intersystem crossing. MB at triplet state absorbs the probe laser (orange 

arrow) and generates photoacoustic signal. MB at triplet state decays to ground state via either slow non-

radiative (blue dash arrow) decay or oxygen quenching (red solid arrow). The relative positions of the 

species presented in this scheme do not represent their actual energy level. (b) The change of the population 

at the excited triplet state with respect to time. The population at excited state peaks immediately (within a 

few nanosecond) after the excitation pulse. The decrease of this population (microsecond to millisecond) is 

dependent on oxygen concentration (oxygen partial pressure, pO2). The more oxygen the dye interacts with, 

the faster the decay is. (c) The oxygen-dependent transient absorption with respect to time. Following 

excitation, the population at excited state deceases, the absorption by triplet-triplet absorption also decrease 

proportionally. Combined with background absorption (by tissue), the absorption of light matching triplet-

triplet absorption is also oxygen-dependent.  
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1.2 Photoacoustic pump-probe approach for measuring lifetime 

One of the major difficulties in applying fluorescent methods for clinical oxygen imaging 

is the loss of spatial information due to strong light scattering. Pure optical imaging 

methodologies suffer from significantly degraded spatial resolution with depth due to 

optical scattering in soft tissues. Phosphorescence imaging cannot resolve depth and 

therefore is not applicable to tissue imaging. 

Photoacoustic imaging (PAI) is an imaging modality based on generation of acoustic 

waves by the absorption of light. [11] PAI combines ultrasonic resolution with high 

contrast of light absorption. Ultrasound imaging can reach a higher depth in biological 

tissue than pure optical imaging. PAI provides high optical contrast in large volumes of 

biological tissues at the resolution of ultrasound imaging. The resolution of PAI is 

determined by the ultrasound used for photoacoustic (PA) signal detection and therefore 

resembles that of ultrasound imaging. Imaging depth of PAI depends on diffused light 

penetrating tissue and can reach up to a few cm.  

Photoacoustic lifetime is a photoacoustic technique for probing the lifetime of 

fluorophore’s excited state. In this method as shown in Fig. 2, the first laser pulse (pump) 

drives the dye into the excited state, at which it exhibits a transient absorption. The 

transience can be probed by a second laser (probe) to generate photoacoustic wave, and 

the photoacoustic imaging reflecting the relative population of the excited and ground 

states can be obtained.  By changing the time delay between the pulses (pump-probe), the 
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decay of the excited state population can be monitored and the excited state lifetime can 

be extracted. 

 

Figure 2 Photoacoustic pump-probe approach for sensing oxygen. (a) The measurement of an object (MB 

stained tissue as an example) requires two lasers pulses (pump and probe) and an ultrasound transducer 

with a distance L from the object. The pump is defined as the excitation laser, and the probe is for probing 

the triplet-triplet absorption. (b) Pump-probe delay of τ1 and τ2 are applied to capture the optical time-

dependent absorption. (c) Due to the transient absorption, the photoacoustic (PA) signal relies on the pump-

probe delay. The location of the object is determined by the speed of sound and the time between probe 

laser and the PA signal that changes with τ. (d) By applying a series of pump-probe delays, different PA 

signal amplitudes are achieved. (e) The PA amplitudes are fit with an exponential function to the pump-

probe delay, and the lifetime is computed.  
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To verify the basic principle of oxygen sensing by PA method, we applied the system to a 

single object. The object is a single plastic tube with MB inside, the transducer is placed 

about 3 cm from the tube. The oxygen content is controlled by the amount of Nitrogen 

bubbled into the MB solution within a cell. A pump keeps the circulation system flowing 

with constant rate to and from the gas mixture cell, as shown in Fig. 3.  

 

 

Figure 3 Experimental setup of photoacoustic pump-probe lifetime measurement of oxygen. The setup 

includes a closed flow circulating oxygen-sensitive dye, in plastic tubing, a peristaltic pump, and an 

oxygenation cell, adapted from [12]. The excitation and probe beams illuminate a section of the tubing. 

Photoacoustic signals are detected by an ultrasound transducer. Water tank is used for ultrasound coupling 

between the tubing and the transducer. 

The raw PA signal is recorded at a set of time delays. An example of the PA amplitude 

change with time delay of probe and pump is shown in Fig. 4(a). To extract the transient 

absorption of MB and compute the lifetime, the photoacoustic amplitude is fit 

exponentially with the pump-probe delays. The PA amplitude is direct proportional to the 
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absorption, and the lifetime of transient absorption depends on the pO2. Fig. 4(b) gives an 

example of the extracted transient absorption of MB under two distinct oxygen levels. 

 

Figure 4 Photoacoustic signal changes with pump-probe delay. (a) The raw PA amplitude of an object at 

different delay between pump and probe. (b) The transient absorption extracted from the photoacoustic 

measurement with two oxygen level. 

1.3 Photoacoustic lifetime imaging (PALI) 

While the photoacoustic pump-probe approach is able to measure oxygen concentration 

with location information in terms of distance from the transducer, it can only provide a 

1-D profile of oxygen distribution. In order to map the oxygen distribution with 

additional dimension, another degree of freedom is added. An approach is to move the 

ultrasound transducer with respect to the objects, so that from the ultrasound, different 

location can be revolved. In the case showing in Fig. 5(a), a focused ultrasound 

transducer is translating, thus detecting ultrasound only within its focused region and 

eliminating interference. Similar to B-mode ultrasound imaging, amplitude lines are 
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stacked with position information to form a 2-D image of photoacoustic image, as shown 

in Fig. 5(b), the lifetime is then extracted on a pixel-by-pixel basis.  

  

Figure 5 2-D photoacoustic lifetime imaging performed by translating ultrasound transducer, adapted from 

[Ashkenazi 2010]. (a) PALI imaging experimental setup. The setup includes a pulsed pump laser (650 nm), 

pulsed probe laser (808 nm), and a light guide that combines both laser outputs and illuminates the 

phantom object. An ultrasound (US) transducer (10 MHz, focused) mounted on a motorized stage collects 

the PA signals. The phantom includes two plastic tubes. Two separate closed flow loops control 

independently the oxygen level dissolved in MB dye solution in each tube. The phantom and ultrasound 

transducer are immersed in a water tank. (b) (Top) PALI image of the two-tubing phantom. Color code 

indicates oxygen partial pressure in mmHg. Areas where pO2 cannot be resolved due to low photoacoustic 

signal are represented by light gray. (Bottom) Photoacoustic amplitude image in decibel grayscale. Front 

and back sides of each tube appear as a double spot in the image (true location of tubes indicated as yellow 

dashed circle). 
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Translating ultrasound transducer is capable of generating 2-D PALI images, however the 

temporal resolution is largely limited by the mechanical motion of the transducer. In 

order to image an object within a few minutes scale, an ultrasound array is applied. An 

ultrasound array is made up of multiple ultrasound transducers arranged in a fixed 

pattern. The key concept of applying more transducers can be illustrated in Fig. 6. An 

object in the field of view can be detected by more than one ultrasound transducer when 

generating photoacoustic waves. The distance from the object to all the ultrasound 

transducers provides addition information of its position, thus enable possibility of 

reconstructing the acoustic source by solving inverse problems. 

 

Figure 6 Photoacoustic signal can be detected by multiple ultrasound transducer simultaneously. [13] 

A multi-modal imaging system is constructed to allow for three modes of operation: 

pulse-echo US imaging, photoacoustic imaging, and PALI. Both lasers (pump and probe) 

are externally triggered by an FPGA module, so that both the pump and probe operate at 

a 10 Hz repetition rate. The FPGA module also generates a time delay between pump and 

probe. In our imaging example, the time delay is controlled by a PC via the parallel port. 
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The FPGA also sends triggering signal to the open system so that the data acquisition 

starts immediately after the laser pulse. The clock for the FPGA is halved from internal 

clock (80 MHz) of the open system, which synchronizes both the ultrasound pulse 

generator and AD conversion of signals received from the ultrasound probe. The open 

system is connected to a 64-channel ultrasound phased array for emitting and receiving 

ultrasound. The amplification gain of channels can be programed from 0 to 79.9 dB. The 

data are stored and then transferred to the PC for imaging processing. 

 

Figure 7 The schematic of a multi-modal imaging system. 

Ultrasound imaging and PALI modes of operation share the same system setup. In 

ultrasound imaging mode the lasers are turned off. The open system is set to internally 

triggered (without control from the FPGA), which synchronize only the ultrasound pulse 

emission and echo reception. At each step, only one channel of ultrasound elements on 

the phased array transducer emits ultrasound pulse, when immediately all channels start 

to receive the echo. Such step is repeated until echo from every single element is 

recorded. During the pulse and echo, the digitized data are temporally stored at the 
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memory of the open system. The data are finally transferred to the PC for signal and 

imaging processing.   

When working in PALI mode, the open system is set to external triggering mode, with 

the ultrasound pulse generator shut down to eliminate any electronic noise. Both lasers 

and the open system are triggered by the FPGA module. For each laser, there are two 

triggered event, the flash lamp and the Q-switch. The time delay between them is tuned 

so that the laser gives maximum output energy. 
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Chapter 2 In vivo photoacoustic lifetime imaging of tumor hypoxia in small 

animals 

Contributing Authors: Qi Shao, Ekaterina Morgounova, Chunlan Jiang, Jeunghwan Choi, John Bischof and 

Shai Ashkenazi 

The following chapter appeared in publication: Shao et al. Journal of Biomedical Optics 18(7), 076019 

(July 2013) 

2.1 Introduction 

Regions of hypoxia are commonly found in solid tumors. Hypoxia is caused by 

abnormally low oxygen transport[14] and an imbalance in the supply and consumption of 

oxygen[15]. Furthermore, tumor hypoxia is strongly linked to a low treatment efficacy in 

chemotherapy and radiotherapy for several types of human tumors.[16, 17] Hypoxia is 

also correlated with aggressive tumor phenotype and poor prognosis.[18] Some studies 

suggest that, tumor hypoxia does not depend on tumor size, grade or extent of 

necrosis.[19] It has also been shown that tumor oxygenation is not correlated with oxygen 

saturation of hemoglobin in blood (sO2).[20] Monitoring oxygen partial pressure (pO2) in 

tumors has profound implications for the planning of effective therapeutic strategies[21, 

22] and for assessing methods of modulating tissue oxygen to enhance the efficacy of 

cancer treatments.  

The chemical and physical properties of oxygen enable a wide variety of methods for 

measuring pO2 in vivo by both local and regional methods. Clinically, the gold standard is 

based on the local computerized polarographic needle electrode method.[23] However, 
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these systems are invasive and not capable of mapping (imaging) the oxygen content in 

tissue. Characterizing the heterogeneity of oxygen distribution over the region of interest 

is valuable in investigating the underlying pathophysiology, as well as for making clinical 

treatments more effective.[24] 

This has led to the development of oxygen content imaging methods that can be 

categorized into three groups: optical, nuclear, and magnetic resonance based. While 

these methods all provide information about oxygen, they each have significant 

limitations. Optical methods including near-infrared spectroscopy (NIRS)[25] and 

phosphorescence imaging[26] suffer from low penetration depth due to the strong optical 

scattering in tissue. Nuclear methods use various hypoxia-related probes for positron 

emission tomography (PET)[27] and single-photon emission computed tomography 

(SPECT)[28]. These radiolabeled compounds indicate activity of cell metabolism, which 

is not directly related to oxygen content in tissue. Moreover, interpreting the images for 

identification of hypoxic regions is highly susceptible to time delay between injection of 

contrast agent and image acquisition.[29] Magnetic resonance based methods include 

blood oxygen level-dependent magnetic resonance imaging (BOLD MRI)[30], 
19

F 

MRI[31], electron paramagnetic resonance imaging (EPRI)[32], and proton–electron 

double resonance imaging (PEDRI)[33]. BOLD-MRI assesses the hemoglobin oxygen 

saturation and thus can only serve as an indirect measure of tissue oxygenation. 

Moreover, all MRI methods have a long scanning time and therefore cannot generate 

real-time images. Other disadvantages include their high cost and incompatibility with 
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implants and pacemakers. Real-time oxygen imaging is particularly beneficial in 

photodynamic therapy (PDT) where tissue oxygenation changes significantly during the 

course of treatment and can serve as a critical factor for understanding the post-treatment 

metabolic pathway of the tumor.[34] Because of the aforementioned inherent limitations 

in optical, nuclear, and MRI-based methods, these modalities are not commonly 

implemented in a clinical setting. This indicates a strong clinical need for a new oxygen 

imaging modality. 

In previous work we have demonstrated the capability of the photoacoustic lifetime 

imaging (PALI) technique for measuring pO2 in a phantom.[1, 35] Here we report our 

first study in extending this method to image pO2 distribution in vivo. PALI has several 

distinctive features that make it a promising alternative to current clinical pO2 imaging 

methods. It relies on local measurement of triplet state lifetime of a chromophore. The 

lifetime is highly dependent on pO2 for chromophores having a sufficiently stable triplet 

state. This contrast mechanism is similar to those of pO2 imaging methods based on 

phosphorescence lifetime[1]. The readout penetration depth and resolution, however, are 

greatly improved in PALI because the excitation lifetime is measured by photoacoustic 

imaging (PAI), a technique that circumvents the difficulty posed by strong optical 

scattering in tissue. Specifically, PAI relies on detection and imaging of acoustic signals 

generated by light absorption of short laser pulses. Its resolution is determined by the 

ultrasound (US) transducer that is used for photoacoustic (PA) signal detection and 
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therefore resembles that of US imaging.[36, 37] Penetration depth of PAI depends on 

diffused light penetration in tissue and can reach up to 5 cm.[38, 39] 

PALI utilizes two pulsed-laser sources, one for exciting the chromophore and the other 

for PA probing of the excited state. The first laser pulse pumps the dye to an excited 

state. The dynamics of relaxation back to the ground state results in transient optical 

absorption. This transience can be probed by a second pulsed laser that generates PA 

waves. The amplitudes of these waves depend linearly on optical absorption in the 

sample. Because the absorption is time-dependent, the amplitudes of the waves change 

with the time delay between the two pulses. Therefore, by altering this time delay, the 

decay of the excited state population can be measured and the excited state lifetime can 

be extracted. The PA signals are detected and then processed to reconstruct a PA image at 

each pump-probe time delay. The sequence of images is then used to track the decay 

profile of the excited state independently at each pixel position in the field of view. PALI 

thus provides an image showing the distribution of the excited state lifetime. 

Combining PALI with tissue staining by oxygen-sensitive dye yields a method for tissue 

oxygen imaging. The oxygen sensitivity of these dyes is based on dynamic quenching of 

the excited state by collisions with oxygen molecules. High oxygen sensitivity requires 

that the rate of collisions be higher than the relaxation rate of the excited state. For this 

reason, long lifetime dyes are preferred for oxygen sensing. Particularly useful are dyes 

that exhibit efficient intersystem crossing (ISC) to a metastable triplet state. In this case, 

the lifetime is typically in the microsecond or even millisecond range. 
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In this work, we chose to use methylene blue (MB) as an oxygen-sensitive dye. MB is a 

water soluble dye that is widely used in clinical diagnostic and therapeutic 

applications.[5-7] This is due to its low cytotoxicity and efficient clearance from the body 

via bile, feces, and urine.[9, 40] In addition, the lifetime of MB is an intrinsic property 

and does not depend on its concentration (79.5 μs in oxygen-depleted solution[10]). MB 

is relatively stable in stained tissue for up to several hours. After this period, transport via 

blood circulation and lymphatic clearing takes place as well as the reduction of MB to its 

non-absorbing leuco form. Because image acquisition time is typically less than 3 

minutes, this time-window of relatively stable dye concentration in the target tissue is 

long enough to warrant its application in PALI oxygen imaging. 

In vivo application of the lifetime-based PA technique has previously been reported by 

Ray et al..[41] They used G2, a dendrimer-based oxygen-sensitive dye[42], to measure 

pO2 in a single point in the main artery of a rat tail. Their measurements were confined to 

the blood volume because the G2 dye does not penetrate vessel walls due to its relatively 

large molecular size.[43, 44] In the work presented here, we were able to measure pO2 in 

the solid tissue because MB is a small molecule that rapidly stains tissue by diffusion. In 

order to map the distribution of pO2 in the solid tissue, a full 2D imaging technique has 

been implemented. 
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2.2 Materials and methods 

2.2.1 Multimodal imaging system 

The schematic of the multimodal system is shown in Fig. 8. The system allowed for three 

modes of operation: pulse-echo US imaging, PAI, and PALI. The pump laser was a 

pulsed Nd:YAG laser (Surelite I, Continuum), equipped with a third harmonic generation 

module, emitting short pulses (5 ns) at 355 nm. An optical parametric oscillator (OPO, 

MagicPRISM, OPOTEK) was used in conjunction the laser to generate a wavelength of 

650 nm to match the peak absorption of MB in its ground state. A frequency-doubled 

Nd:YAG pulsed laser (Brilliant, Quantel, 532 nm, 5 ns) commercially integrated with a 

second OPO unit served as the probe laser. The integrated laser system (Rainbow, 

OPOTEK) provided a tuning range of 680 to 960 nm. The output wavelength of this laser 

system was tuned to 810 nm to match the excited state triplet-triplet peak absorption of 

MB. The pulse energies at 650 nm and 810 nm were measured to be 8 mJ and 10 mJ 

respectively. A set of prisms was used to align the two beams such that they overlapped 

at the surface of the imaging object. The light intensities of the two beams were 

approximately 8 mJ/cm
2
 and 13 mJ/cm

2
, which are below the ANSI limit.[45]

 

Both lasers were externally triggered by an FPGA module (Saxo FPGA board, KNJN) at 

a 10 Hz repetition rate. The time delay between the pump and probe pulses was 

controlled by a PC via a parallel port connection to the FPGA module. The module also 

triggered the signal acquisition of a 64-channel US system (OPEN system, Lecoeur 

Electronique). The US system was connected to a 64-element US phased array transducer 
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(P7-4, ATL). This transducer has 64 elements arranged in a linear array configuration 

with inter-element spacing of 0.18 mm. The center frequency of the transducer is 5 MHz 

and its bandwidth is 3 MHz. The same transducer was used as a transmitter-receiver in 

pulse-echo US imaging mode and as a receiver-only in photoacoustic imaging (PAI) and 

PALI. All 64 channels were digitized simultaneously at 12-bit resolution. The 

amplification gain of each channel can be programmed from 0 to 79.9 dB. The data were 

stored in an internal buffer and then transferred to a PC for image reconstruction and 

processing. The 80 MHz internal clock of the US system was utilized as a common time-

base for all other clocks and triggering signals in the multimodal imaging system, thereby 

ensuring minimal jitter between laser pulses and PA signal acquisition. 

 

Figure 8 Schematic of in vivo multimodal imaging system. The system was capable of generating US, PAI, 

and PALI images using the same hardware. The animal was illuminated by two laser systems triggered by 

an FPGA module. Both pulse-echo US and PA signals were acquired by a conventional phased array US 

transducer, and then amplified, digitized and stored in the US system. Data were transferred to a PC for 

image processing and display. 
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2.2.2 US Imaging 

In US imaging mode, the lasers were turned off, and the US system triggering was set to 

internal. US images were obtained by the synthetic transmit aperture (STA) method.[46, 

47] At each step, only one channel of the phased array emitted an US pulse, and the 

reflected backscattering signals were simultaneously recorded on all 64 channels. This 

step was repeated until the echo signals from every emitting channel were acquired. The 

signal acquisition time for a complete scan was less than 100 ms. This method generates 

a data set from which signals corresponding to any pair of emitting and receiving 

elements can be extracted. For each emitting element, an amplitude image was 

reconstructed by the delay-and-sum method[48], followed by Hilbert transformation 

along the axial direction for conversion to a complex, analytical signal. Finally, all 

complex amplitude images were summed, and the absolute values were presented using 

dB scales.  

2.2.3 PAI and PALI 

When working in PAI and PALI modes, both lasers were turned on, and the US system 

was then set to external triggering mode with the US pulse generator turned off to reduce 

electronic noise. The PA signal acquired by the US array was averaged over 100 

measurements to compensate for the fluctuations in the OPO output energy. A filtered 

backprojection algorithm was applied to reconstruct the PA images.[49] The PA signal 

was filtered by a zero phase-shift FIR filter with bandwidth of 3 - 7 MHz, and then 

processed through a coherent summation procedure to generate the PA amplitude at each 
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pixel in the field of view. Envelope detection was then applied by taking the absolute 

value of the Hilbert transform of the PA amplitudes along lines in the depth direction. 

The final step was required for generating a unipolar PA image. 

A series of PA signals was obtained with pump-probe delays ( ) of 0.25 μs, 0.5 μs, 1 μs, 

2 μs, 4 μs, 8 μs and 100 ms. The delay was accomplished by changing the time of the 

pump with respect to the triggering signal to US system. At each delay, PA signals were 

recorded with the probe beam both on (synchronized with start of US signal acquisition) 

and off. Taking into account the 10 Hz repetition rate and the time for data transfer, the 

total imaging acquisition time was approximately 150 seconds. This includes averaging 

of 100 samples for each PA signal. In order to extract the transient PA signal, the 

following steps were applied. First, the PA signal corresponding to the 810 nm laser (

810S ) was calculated by subtracting the PA signal generated by the 650 nm laser only (

650S ) from the PA signals generated with both lasers (650 nm and 810 nm) emitting (

650810S ) at a specific pump-probe time delay ( 0 ), as described by Eq. 1.  

000 ,650,810650,810    SSS      (1) 

The 810S  signal had two independent components, a background absorption signal due 

to light absorption in tissue (mostly in hemoglobin) ( backgroundS ,810 ), and a transient 

absorption signal of MB at 0  (
0,,810  transientS ). The two components were separated 
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using a background suppression method described by Huang et al.[50] and below in more 

detail. The background absorption is independent of the pump-probe time delay. 

Therefore the background PA signal was obtained by separating the two individual PA 

responses (650 nm and 810 nm) at a long  (100 ms), a value that is much longer than 

the normal range of lifetime of MB (less than 100 μs). The transient PA signal was then 

obtained by subtracting the background PA signal at 810 nm from the total PA signal at 

810 nm.  

msmsbackground SSS 100,650100,810650,810       (2) 

backgroundtransient SSS ,810,810,,810 00
       (3) 

A sequence of PA amplitude images of the transient absorption was then reconstructed 

from the transient PA signal 
0,,810  transientS . Each image in the sequence corresponds 

to a different time delay. The following set of time delays was used: 0.25 μs, 0.5 μs, 1 μs, 

2 μs, 4 μs and 8 μs. For each pixel, the lifetime (T) and the transient PA amplitude (A0) 

were computed by fitting the amplitude (A) to an exponential decay function of the 

pump-probe delay  . 


TeAA

1

0



          (4) 

Additionally, the coefficient of determination, R
2
, was computed at each pixel to reflect 

the goodness of fit. The amplitude threshold was set to be ¼ of the global maximum 

amplitude of the PA image. An amplitude above threshold and an R
2
 value above 0.8 
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were used as selection criteria to ensure the validity of lifetime estimates. Only pixels that 

met both criteria were converted to pO2 values and displayed in a color scale. The Stern-

Volmer relationship (Eq. 5) describing the lifetime as a function of pO2 [51] was used to 

convert lifetime to pO2.  

2

00

1 pOTk
T

T
Q

       (5) 

Where T
0
 is the lifetime at pO2 = 0, and kQ is the quenching rate constant. For MB T

0
 = 

79.5 s, and kQ = 0.0036 s
-1

mmHg
-1

.[10] 

2.2.4 Phantom imaging 

To demonstrate the capability of multimodal imaging, we tested the imaging system 

using a phantom consisting of two tubes. The experimental setup is shown in Fig. 9(a) 

and Fig. 9(b). Two plastic tubes (inner diameter of 0.7 mm, outer diameter 2.4 mm) 

containing MB aqueous solution at different pO2 were placed perpendicular to the 

scanning plane. The solution in each tube was in closed-flow circulation with an 

oxygenation cell, in which the pO2 level was controlled by gas bubbling. One cell was 

bubbled by air so that the pO2 of the solution is air-equilibrated, and the other one was 

bubbled by pure nitrogen. The US transducer was placed near the tubes, with both lasers 

illuminating the tubes from the side (left side of Fig. 9(a)). Both PA and US signals were 

recorded without moving the tubes and transducer. PA images at a series of time delays 

were reconstructed, and the lifetime was extracted and converted to pO2 for display.  
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Figure 9 Experimental setup and multimodal imaging results of a two-tube phantom experiment. (a) The 

phantom consisted of two plastic tubes containing MB aqueous solution at high pO2 (150 mmHg, right) and 

low pO2 (50 mmHg, left). Both tubes were illuminated by the excitation beam (650 nm laser) and probe 

beam (810 nm laser). (b) Photo of the phantom and the US transducer. UPAT, ultrasound phased array 

transducer. (c) Transient PA image of the two tubes by the 810 nm laser at a pump-probe delay of 0.5 μs 

displayed in a linear scale. The two clusters of PA signals represent the location of the wall-dye interface in 

the two tubes. The phantom was illuminated by two lasers from the left, resulting in higher PA amplitude in 

the left tube. (d) PALI image (color) superposed on US (gray scale) image. Inner and outer walls of both 

tubes are indicated by dashed lines.  
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2.2.5 Animal preparation 

Tumor-bearing nude mice were used as a cancer model in this study. Tumors were 

induced by injecting LNCaP cells into the hindlimbs. The LNCaP cell line was derived 

from human prostate adenocarcinoma and has been commonly used in cancer 

research.[52-54] Specifically, 1×10
6
 cells suspended in 0.1 ml of matrigel matrix (50% of 

Matrigel and 50% of LNCaP growth medium) were subcutaneously injected into the 

hindlimb of each 24 gram nude mouse. Tumors grown for 3 – 5 weeks with a diameter of 

5 – 10 mm were considered appropriate for further experiments.  

MB (methylene blue hydrate, Fluka) was dissolved in physiological saline (DPBS 1X, 

Mediatech) to a concentration of 5 mM. After the animal was anesthetized by ketamine 

(100 mg/kg) and xylazine (10 mg/kg), the MB solution was injected into the hindlimb. 

The amount of MB injection was 0.2 - 0.6 ml at each spot (5 - 10 mm between injection 

spots, total injection volume was limited to 1 ml for a given hindlimb). Data acquisition 

was initiated after 10 - 15 min to allow the dye to sufficiently diffuse in the tissue. All 

animal procedures and care were performed according to protocols approved by the 

University of Minnesota Institutional Animal Care and Use Committee in accordance 

with federally approved guidelines. 

2.2.6 In vivo oxygen imaging and measurement 

The animals were divided into two groups: mice with hindlimb tumor (group A, nA=8), 

and control non-tumor bearing mice (group B, nB=10). Two animals from each group 

were randomly chosen for imaging, while the rest were used for direct measurements 
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using an oxygen probe for comparison. In group A, both the PALI and oxygen probe 

were applied to quantify the pO2 of the tumor and normal tissue at the hindlimbs. In 

group B, pO2 of the non-tumor bearing hindlimb of control mice were measured by both 

methods. The pO2 values in PALI were obtained from individual pixel values within 

regions of interest in the images, while the pO2 values by the oxygen probe were directly 

recorded. The statistics of pO2 values obtained by PALI and the probe with 3 types of 

tissues (tumor tissue, normal tissue and control mice) were compared. 

The animal chosen for imaging was transferred to the imaging platform as shown in Fig. 

10. The imaging platform included an animal holder in order to keep the hindlimb of the 

animal submerged in water and the head above the surface for normal breathing. The 

transducer and platform were fixed by mechanical arms so that the relative position of the 

animal and US transducer did not change throughout the experiment. The water 

temperature was kept at 35 ± 0.5°C by a digital heating system (T3-150, Transworld 

Aquatic Enterprises). US images were generated to provide the anatomical structure of 

the hindlimb. PA images at each pump-probe delay were obtained and then processed to 

yield the PALI image. After the imaging procedures, the animal was euthanized.  

To perform direct oxygen measurements, the animal was first anesthetized and 

transferred to a heater pad. The pO2 of the hindlimb was then assessed by a commercial 

single-point oxygen probe. The device consists of a retractable needle-type oxygen 

sensors (sensor tip diameter 50 μm, surrounded by a 40 mm long and 0.8 mm wide 

syringe needle, OXR50, Pyroscience) and optical oxygen meter (Firesting O2, 
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Pyroscience). The Firesting O2 system is a PC-controlled fiber-optic oxygen meter that 

measures pO2 by quantifying the oxygen-dependent phosphorescence of a dye-stained 

polymer membrane located at the tip of the optical fiber. The oxygen sensor was inserted 

into tissue with the needle. By pulling out the probe in a step-wise manner, pO2 values 

along the needle path at different depths were recorded. Typically, three needle 

penetrations were made in one hindlimb, and 2 - 4 stable pO2 readings were recorded for 

each penetration. The animal was euthanized after the measurements.   

 

Figure 10 In vivo imaging platform for small animals. The nude mouse was fixed within a water tank with 

its head above the water level. Two laser beams overlapped on the tumor-bearing hindlimb, while the US 

transducer was positioned next to the illuminated spot and aligned for multimodal imaging. TBM, tumor-

bearing mouse; UPAT, ultrasound phased array transducer. Red dashed line, the 650 nm laser beam; green 

dotted line, the 810 nm laser beam. 
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2.3. Results 

2.3.1 Phantom imaging 

An example of multimodal imaging results of a phantom is given in Fig. 9(c) and Fig. 

9(d). Fig. 9(c) shows the PA image of the phantom. Fig. 9(d) shows the superposition of 

the PALI image onto the US image. Both the PA and US images correctly reflect the 

structure of the phantom, with the PA image showing the optical absorption of the 

contents inside the tubes and the US image indicating the inner and outer walls. The 

different levels of pO2 in the two tubes are shown in the PALI image. The pO2 within the 

left and right tubes were set to 50 and 150 mmHg respectively.  The PALI image clearly 

shows levels in the range of 40 - 60 mmHg and 130 - 160 mmHg for the left and right 

tubes, respectively. 

2.3.2 In vivo imaging 

The setup for the in vivo measurements is shown in Fig. 10. PA images and PALI images 

were superposed onto the US image. As can be seen from Fig. 10, the laser beams 

illuminated only a portion of the hindlimb due to the limited power of the lasers. 

Therefore, both PA and PALI images covered less area than the US image (Fig. 11(a)). 

The PA image shows the amplitude distribution resulting from the background absorption 

(Fig. 11(b)) and MB’s transient absorption (Fig. 11(c)). The transient PA amplitudes 

associated with two pixels, along with their exponential decay determined by curve-

fitting, are shown in Fig. 11(e). The two pixels correspond to points with high and low 
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pO2 respectively. The hypoxic region imaged by PALI (Fig. 11(d)) is consistent with the 

site of the tumor imaged by US. We have also applied the same technique to the control 

mice without tumor. The PALI images indicate inhomogeneous tissue oxygenation 

within the normal muscle tissue, and the pO2 values were within the normal physiological 

range. 

 

Figure 11 Multimodal imaging of the tumor-bearing mice. (a) US image of the left tumor-bearing hindlimb 

of a mouse. The area of the tumor is enclosed by a red dashed line. (b) PAI representing the amplitude of 

background absorption at 810 nm. Amplitude is displayed in linear scale. (c) PAI of the transient 

absorption of MB with an 810 nm laser at a pump-probe delay of 0.25 μs. (d) PALI of pO2 in color scale 



 

 32 

superimposed on US image. (e) Transient PA amplitudes of two representative pixels within the tumor and 

in normal control tissue respectively. The triangles and circles are the averaged transient PA amplitudes of 

tumor and normal control tissue respectively. The error bars represent the standard deviation of 100 

recordings. Both sets of data were fit with an exponential curve as shown by the dashed line. (f) Animal 

after imaging procedure. An arrow indicates the MB stained imaging region. (g) Open-skin view of the 

tumor site. Note that the tissue was still stained with MB after the imaging process, thereby confirming 

stable MB staining of the tissue for a period of more than 1 hour. The red arrow indicates the site of the 

tumor. 

2.3.3 Correlative in vivo measurement 

We have performed correlative direct measurements using the oxygen needle sensor in 

tumor-bearing mice and control mice. The total number of valid pO2 readings for tumor 

tissue, normal tissue of tumor-bearing mice, and control mice was 38, 39, and 121, 

respectively. The three groups of measurements were then compared with the pO2 values 

extracted from PALI images. The frequency distributions of the pO2 values are displayed 

in a histogram shown in Fig. 12(a). The 3 regions for statistical analysis of pO2 

distribution via PALI are labeled in Fig. 12(b) and Fig. 12(c). We performed two-sample 

t-tests. The results show a statistically significant difference in pO2 distribution between 

tumors and other tissue, with p values below 0.05 by both PALI and the needle probe. 

Both PALI and direct oxygen measurements confirmed that the tissue oxygen level in the 

tumors is significantly lower (about 20 mmHg) than that in normal tissue and control 

mice. 
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Figure 12 Histogram of pO2 in tumor tissue, normal tissue and control mice. (a) Top row: histogram of pO2 

values extracted from PALI. Bottom row: histogram of pO2 values measured by the oxygen probe. Data 

from tumor tissue, normal tissue (adjacent to tumor site), and control tissue (no tumor present) are 

displayed in left, middle, and right columns respectively. (b) PALI showing the regions of tumor (red 

dashed line) and normal (yellow dashed line) sites in a tumor-bearing hindlimb of a mouse. (c) PALI 

showing the control tissue of a tumor-free hindlimb. The image does not show a substantial area of low pO2 

as compared to Fig.11 (d). 

2.4 Discussion 

Tissue pO2 is a key regulator of physiological function, and changes in tissue 

oxygenation play a critical role in the pathophysiology of a wide range of diseases. In 

cancer, particularly, low pO2 in tumors indicates poor prognosis and low efficacy of 

radiotherapy and chemotherapy. Imaging of pO2 can significantly improve the quality of 
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diagnosis and treatment planning for cancer patients. Nevertheless, current imaging 

modalities fail to provide a suitable clinical solution.  

In this work, we have demonstrated the in vivo application of PALI for tissue oxygen 

imaging in small animals. PALI is a novel and alternative method for in vivo oxygen 

imaging with the advantages of rapid image acquisition, involving non-ionizing laser 

radiation, and using a non-radioactive optical contrast agent. In this work, we used MB, a 

dye that has been widely used in therapeutic and diagnostic applications. The imaging 

results confirm the existence of hypoxic area caused by the solid tumor. The statistical 

distribution of pO2 was compared to direct measurements by an optical needle sensor 

system. An overall shift toward higher pO2 values in PALI compared to direct 

measurements was found. This may have resulted from the higher body temperature 

during PALI imaging (water temperature of 35 °C) vs. needle sensor measurements 

(room temperature of 22 °C), which might affect blood circulation and tissue 

oxygenation. 

To achieve these measurements a multimodal (US imaging, PAI, PALI) imaging system 

has been developed. All three imaging modes share the same US transducer, thereby 

eliminating the need for image co-registration of anatomical and functional information. 

The system employs a commercial 64-element phased array US transducer. It is 

optimally designed for clinical US imaging in applications such as echocardiography 

where limited aperture is required. 
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The limitations imposed by the limited bandwidth and aperture size compromise accurate 

reconstruction of large scale structures. The problem of implementing PAI using US 

imaging arrays has been investigated by several groups.[55-57] These studies show that 

PA images can still adequately represent tissue structure and morphology by relying on 

differences in small scale structure of different tissue types, and on the high visibility of 

interfaces causing abrupt gradients in optical absorption. 

The phantom imaging results demonstrate that the system was able to achieve pO2 

distribution of submillimeter structures. Based on the resulting in vivo PALI images, the 

maximal imaging depth of the system is estimated to be about 12 mm. The imaging depth 

is expected to be improved by increasing the laser energy density. The images also show 

lack of continuity in the field of view. The regions of valid PALI data consist of isolated 

“islands” in the field of view. This is mostly a result of low intensity of the excitation 

laser pulse resulting in low excitation efficiency. This limitation is primarily due to the 

finite penetration depth of the excitation light in tissue.  

One of the advantages of sensing oxygen via PA lifetime is its robustness to large 

variations in the concentration of the oxygen-sensitive dye and in the intensity of the 

light. However, low concentrations of the dye and inadequate fluence rate both contribute 

to a reduction in SNR, making oxygen measurement less accurate. An additional source 

of noise is attributed to the fluctuations in the pulse energy of both the pump and probe 

laser. A set of criteria has been developed and implemented to validate the oxygen 
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information. These criteria include a high PA amplitude level and a high R
2
 value for 

exponential fit used for evaluating lifetime.  

The results presented here indicate that PALI can be used for mapping tissue oxygen in 

vivo. Furthermore, the work demonstrates the technical capability of multi-modality 

imaging (US, PAI, and PALI) and its usefulness in visualizing functional imaging data. 

The technique is very attractive for a range of clinical applications in which tissue oxygen 

mapping would improve therapy decision making and treatment planning. Examples 

include cancer treatments (radiotherapy and photodynamic therapy) and treatments of 

diabetes related ulcers. A more comprehensive validation study of PALI is still required 

before its implementation in clinical applications could be established. In addition, other 

methods of light delivery such as the use of minimally-invasive, tissue-penetrating fiber 

diffusers should be explored in order to extend the applicability of PALI into an even 

broader range of clinical applications. 
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(March 2015) 

3.1 Introduction 

In the human body, oxygen is transported from the lungs into the cells via the 

bloodstream. Oxygen plays a vital role in cellular metabolism. Oxygen partial pressure 

(pO2), which results from the balance between oxygen delivery and its consumption, is a 

key component of the physiological state of tissue. Any imbalance in the oxygen levels, 

which may occur due to an altered supply or utilization of oxygen, will affect metabolic 

homeostasis and may lead to diseases[58]. Decrease in pO2, i.e. hypoxia, is strongly 

associated with diseases such as cancer[59], peripheral artery disease (PAD)[60], 

diabetes[61], and stroke[62]. The interaction between the availability of oxygen and 

cellular function, including the signaling pathway of HIF (Hypoxia-inducible factor), has 

been studied intensively[63]. In medicine, tissue oxygen is essential for diagnosis, 

therapy planning, and treatment monitoring for a range of diseases [24, 64, 65]. 

The importance of tissue oxygen characterization raises the need for reliable 

measurement methods. Images of oxygen distribution may provide information about 

tissue hypoxia and evidence of oxygen availability in the circulatory system. Tissue 

oxygen can be assessed either indirectly or directly. Indirect methods include the 
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measurement of oxygen saturation, or parameters related to cell metabolism.  Oxygen 

saturation can be obtained using techniques such as near-infrared spectroscopy[66] and 

BOLD-MRI[67].  However, tissue oxygenation can be uncorrelated with blood 

oxygenation when there is insufficient blood perfusion, such as in solid tumors[20] and 

implantations[68]. Even though numerous hypoxia-related probes used in positron 

emission tomography (PET)[27] and single-photon emission computed tomography 

(SPECT)[69] have been developed, the interpretation of the images for identification of 

hypoxic regions remains highly susceptible to time delay between the injection of a 

contrast agent and image acquisition [70]. The chemical and physical properties of 

oxygen enable a wide variety of direct methods for measuring pO2 in vivo. Polarographic 

oxygen electrodes[71] and fiber optic probes[72, 73] have been used in clinical practice. 

These probes are invasive and not capable of mapping (imaging) the oxygen content in 

tissue. Optical imaging methods including fluorescence quenching[74] and 

phosphorescence imaging[75] suffer from low penetration depth due to the strong optical 

scattering in tissue. Magnetic-Resonance-based methods (e.g. 
19

F MRI[76], electron 

paramagnetic resonance[32], and proton–electron double resonance imaging[33]) have 

long scanning times and therefore cannot generate real-time images. Moreover, other 

disadvantages including high costs and incompatibilities with implants and pacemakers 

make Magnetic-resonance-based methods rarely implemented in clinical settings. 

Evolved from phosphorescence lifetime imaging, photoacoustic lifetime imaging (PALI) 

is a novel method that directly reflects the spatial and temporal distribution of tissue 
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oxygen [12]. PALI maintains the reliable sensing mechanism of oxygen-dependent decay 

after excitation. Instead of probing the transient optical emission, which is used in a range 

of commercially available medical and biological devices[77-79], PALI quantifies the 

same lifetime from excited state to ground state by probing the transient absorption[35, 

41]. The sensing depth of lifetime imaging is thus largely increased by applying 

photoacoustic imaging. Photoacoustic imaging overcomes the diffusion limit of 

traditional optical methods by detecting ultrasound generated from light absorption[80]. 

Penetration depth of photoacoustic imaging in tissue can reach up to a few cm[39]. By 

combining lifetime oxygen sensing and photoacoustic imaging, PALI is able to reveal the 

distribution of pO2 with the resolution determined by an ultrasound transducer, typically 

less than 1 mm, and a penetration depth of about 15 mm [81-83]. Even though lifetime-

based photoacoustic methods enable direct measurement of pO2, they require perfusion of 

exogenous contrast agents into the region of interests, which may raise concerns such as 

biosafety and biocompatibility [70]. In comparison, spectroscopy-based photoacoustic 

imaging methods quantifying the oxygen saturation (SO2) rely solely on hemoglobin as 

an endogenous contrast agent [84-86]. These methods are easier to implement, however 

they are insensitive to changes in oxygen transport and consumption in tissue. Poor 

correlations between oxygen saturation and tissue hypoxia have been observed in studies 

of prostate cancer[87], breast cancer[88], and rectal cancer[89]. These observations 

strongly suggest that there is a need for imaging methods that directly map tissue oxygen.  
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We have recently demonstrated the application of PALI to the imaging of tumor hypoxia 

in a small animal model[81]. The basic principles of PALI have been discussed in greater 

detail there. PALI consists of a series of excitation–probing pulse pairs. The pump pulse 

excites an oxygen-sensitive dye, and the probe pulse generates photoacoustic signals 

proportional to the transient absorption of the dye. These photoacoustic signals are 

recorded by an ultrasound array. The data acquired following each probing pulse is used 

to reconstruct a transient photoacoustic image corresponding to a specific pump-probe 

delay. The series of photoacoustic images are processed in a pixel-wise manner to extract 

the dynamics of transient absorption at each pixel location in the field of view. Pixel 

values at different time delays are fitted to an exponential decay function, and decay rates 

at each pixel are extracted and converted to pO2 values using the Stern-Volmer equation 

[90, 91]. The pO2 values of all pixels are then presented as a pO2 distribution map. Data 

validation criteria have been defined to reject unreliable measurements. These include a 

threshold signal amplitude and a coefficient of determination of the exponential fit. 

We use an oxygen-sensitive dye, Methylene Blue (MB), in our work. MB is a water-

soluble dye that is widely used in clinical diagnostic and therapeutic applications [92, 93] 

primarily due to its low cytotoxicity and efficient clearance[8, 9]. MB has several 

advantages over other oxygen-sensitive dyes: (1) The safety and toxicity of MB in 

humans has been widely studied and is well documented, including an extensive formal 

toxicity study by the National Toxicology Program (NTP)[94]; (2) MB can be efficiently 

(quantum yield for intersystem crossing ηISC=0.52) excited, and the excitation and probe 
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wavelengths (650 nm and 810 nm) lie within the tissue optical windows; (3) the lifetime 

of MB is an intrinsic property and does not depend on its concentration (79.5 μs in 

oxygen-depleted solution[10]); (4) the lifetime is highly sensitive to pO2 (the rate of 

collisions is higher than the relaxation rate of the excited state) and (5) it has been  

demonstrated that MB can be used as a photosensitizer in photodynamic therapy (PDT) 

to treat tumors, which would enable integration of PALI tissue oxygen monitoring with 

PDT. 

3.2 Materials and Methods 

3.2.1 Multimodal Imaging System 

The imaging system allowed for three modes of operation: pulse-echo ultrasound 

imaging, photoacoustic imaging, and PALI. The main components of this system were 

two laser modules, an ultrasound system, and a computer, as shown in Fig. 13. The pump 

laser generated a wavelength of 650 nm to match the peak absorption of MB in its ground 

state to excited state transition. The pump laser system combined a pulsed Nd:YAG laser 

(Surelite I, Continuum), a third harmonics generation module and an optical parametric 

oscillator (OPO, MagicPRISM, OPOTEK). The output wavelength of the second laser 

(probe laser) system was tuned to 810 nm to match the excited state triplet– triplet peak 

absorption of MB. The probe laser (Rainbow, OPOTEK) was a commercially integrated 

frequency-doubled Nd:YAG pulsed laser  (Brilliant, Quantel) with an OPO unit. Both 

lasers operated at a 10 Hz repetition rate, with a pulse width of 5 ns and pulse energy of 

about 8 mJ. Light was combined and focused by a series of lenses and mirrors. Light 
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intensities at the illumination spot were between 10-15 mJ/cm
2
 (below the ANSI 

limit[45]).  Both lasers were externally triggered by a field-programmable gate array 

(FPGA) module (Saxo FPGA board, KNJN).  The ultrasound system (OPEN system, 

Lecoeur Electronique) was connected to a 64-element ultrasound phased-array transducer 

(P7-4, ATL) as a transmitter–receiver in pulse-echo ultrasound imaging mode and as a 

receiver-only in photoacoustic and PALI modes. In all modes, signals from all channels 

were simultaneously digitized at a 12-bit resolution at a rate of 80 MHz. 

Ultrasound images were obtained using the synthetic aperture imaging method[46, 47], 

described in[81]. The total signal acquisition time for a complete scan was <1 s. 

Ultrasound images were generated to provide the anatomical structure of the hindlimb. 

The photoacoustic signal acquired by the ultrasound array was first averaged over 50 

measurements to compensate for the fluctuations in the OPO output energy. A filtered 

back-projection algorithm was applied to reconstruct the photoacoustic images [80, 95]. 

A series of photoacoustic signals was obtained with pump-probe delays of 0.25 μs, 0.5 

μs, 1 μs, 2 μs, 4 μs, 8 μs and 100 ms. The triplet state lifetime was evaluated at each pixel 

by an exponential fit. The Stern-Volmer relationship[51] describing the lifetime as a 

function of pO2 was used to convert lifetime to pO2. Data validation criteria have been 

defined to reject unreliable measurements. These include a threshold signal amplitude 

(>10% of maximum) and a coefficient of determination (R
2
>0.4) of the exponential fit. 

Only pixels that pass both criteria were shown in the final pO2 map. 
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Normal mice (BALB/CJ, The Jackson Laboratory) were used for imaging. Before 

imaging, mice were anesthetized by ketamine (100 mg/kg) and xylazine (10 mg/kg). Hair 

on one side of the hindlimb was shaved and removed. Methylene blue (5 mM, about 5 

spots, 50μL each spot) was injected subcutaneously at the hindlimb. The mouse was 

placed in an animal holder, with a lab-made breathing apparatus mounted on the head to 

allow for free breathing. The breathing apparatus was connected to the flow-rate 

controller which mixes oxygen, nitrogen and air. The concentration of oxygen inhaled by 

the animal was achieved by tuning the flow rate ratio of either oxygen or nitrogen with 

respect to the air. The total flow rate stayed at 120 ml/min for the entire experiment. 

Imaging experiments were conducted 15 min after the dye injection to allow for 

sufficient dye distribution in the tissue by diffusion. The pO2 of the hindlimb was also 

assessed by a commercial single-point oxygen probe. The device consisted of a 

retractable needle-type oxygen sensor (OXR50-OI, Pyroscience) and optical oxygen 

meter (Firesting O2, Pyroscience). The needle was placed close to the imaging area in 

order to obtain a simultaneous recording of the tissue, but also to avoid direct laser 

exposure and damage the optical sensing tip, as shown in Fig 13 and Fig 14(d). All 

animal procedures and care were done using protocols approved by the University of 

Minnesota Institutional Animal Care and Use Committee (IACUC) in accordance with 

federally approved guidelines. 

Three PALI images were taken under the condition of breathing in 21%, 80% and then 

10% of oxygen, with ultrasound images capturing the structure and without touching the 
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mouse. For each condition, imaging started 1 min after switching conditions, so that the 

mouse was able to adjust to the new condition to ensure physiological stability during 

imaging. To avoid impairment of the animal’s health the total time of exposure to each 

gas mixture was limited to 4 minutes.  After three imaging processes, the breathing tool 

was removed, and the mouse recovered from anesthesia in the open air and on a heat pad. 

The health status of the animal was monitored after the experiment, and no side effects 

were observed. 

 

Figure 13 Schematic of in vivo multimodal imaging system and breathing modulation model. The imaging 

system is capable of generating ultrasound, photoacoustic imaging, and PALI images using the same 

hardware. Two lasers illuminate the intended target region of the animal, and the generated ultrasound 

signals are acquired by a phased-array ultrasound transducer and then amplified, digitized, and processed in 

an ultrasound system. The percentage of oxygen the mouse inhales is controlled and the tissue oxygen near 

the imaging area is measured during the imaging process. 
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3.2.2 Ischemia model 

The same species of mice was used in this model. The animal was put on the same 

imaging platform and anesthetized as described in the breathing model. A  PALI image 

was first taken under a normal condition. After the mouse under a normal physiological 

condition was imaged, acute ischemia of the hindlimb was induced by tightening a rubber 

band on the proximal side of the hindlimb, thus creating a localized ischemic condition 

on sites distal to the site of the occlusion. A second PALI image was taken under the 

ischemic condition. Immediately after the second image, the rubber band was removed, 

and a third PALI image was taken to capture the condition of reperfusion. The animal 

was under each condition (namely normal, ischemic, and post-perfusion) for less than 20 

min (including about 10 min of the imaging time). 

3.3 Results 

3.3.1 Breathing modulation 

PALI is able to reflect the change of oxygen level with respect to both oxygen-rich (80% 

O2) and oxygen-poor (10% O2) conditions to the normal oxygen level (21% O2) in the air, 

as shown in Fig. 14.  A high percentage (80%) of inhaled oxygen resulted in higher tissue 

oxygen levels. Furthermore, a low oxygen percentage (10%) resulted in hypoxic tissue. 

Both changes due to modulated inhalation are shown in Fig. 15. The PALI results were 

consistent with the oxygen probe single point measurement. 
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Figure 14 PALI tracking of pO2 during breathing modulation in the upper of the hindlimb of a normal 

mouse. Combined US/PALI images are shown (pO2 in mmHg color scale, ultrasound in 40dB gray scale). 

(a)-(c), tissue oxygen images reflecting tissue oxygen level under 21%, 80% and 10% oxygen in mixture 

nitrogen, as their imaging periods indicated (e). The values are given as the average ± standard deviation 

for all valid pixel values displayed. (d), photo of the mouse at imaging platform. The Arrow indicates the 

direction of laser illumination and the blue dashed box shows the area of imaging shown in (a)-(c). (e), 

simultaneous recording from the optical oxygen meter. Periods of gas mixture and PALI images are 

indicated. 
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Figure 15 Pixel-by-pixel-based relative changes in tissue pO2 due to modulated inhalation of low oxygen 

(10%) and high oxygen (80%) content respectively. Changes are calculated with respect to image acquired 

with normal air breathing. 

3.3.2 Ischemia model 

The imaging results of the acute ischemia model are shown in Fig 16. Even though the 

rubber band occlusion affected the extent of tissue ischemic hypoxia of the two animals 

differently (mostly due to differences in the tightness and location of the rubber band), 

the images clearly show differences in tissue oxygen between normal, ischemic, and 

reperfused states in Fig. 16. From the color scale of PALI images, the decrease in the 

tissue oxygen level under ischemia was captured. When the rubber band was removed, 

the recovery of blood flow increased the tissue oxygen level compared to the ischemic 

status. 
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Figure 16 PALI tracking of pO2 during blood flow restricting experiment in the upper part hindlimb of 

normal mice. Combined US/PALI images are shown before (column under normal), during flow restriction 

(ischemia), and immediately after releasing the restriction (reperfusion). Case I and II were experiments 

done on two mice. Statistics of the pixel values imaged are given by the average and error bars as standard 

deviation. 

3.4 Conclusions and Discussions 

We have demonstrated that PALI is able to reflect the change of oxygen levels, in a direct 

and non-invasive manner. Tissue oxygen changes were induced by two methods and 

were both captured by our imaging modality. A single point oxygen meter validated the 

imaging results. The changes of tissue oxygen obtained by PALI are highly correlated 

with the measurements obtained from the oxygen sensor. The increase of tissue oxygen 
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due to high inhaled oxygen (80%) were both captured in our PALI images (average pO2 

changed from 52 mmHg to 63 mmHg) and oxygen sensor (from 52 ± 1 mmHg to 86 ± 3 

mmHg). In additional, the drop of pO2 values as a result of low oxygen (10%) breathing 

condition is observed from our PALI images (average of 32 mmHg) and confirmed by 

the direct measurement of oxygen sensor probe (drop to 24 ± 5 mmHg). The imaging 

system was able to visualize changes occurring within the time scale of a few minutes. 

This is valuable for identifying changes in pathophysiological conditions rapidly. The 

system was also able to capture the spatial distribution of pO2 in a non-destructive 

manner compared to repeating single-point measurement. A multi-imaging modality 

(ultrasound, photoacoustic and photoacoustic lifetime) was integrated due to the nature of 

their common ultrasound acquisition module. The multimodal capacity enables structural, 

functional, and molecular imaging with a single setup. 

Restricted by performance of our optical system, the current stage of our imaging 

modality has certain limitations. The laser system output (power at desired wavelength 

<100 mW) constrains the imaging area coverage, which has a surface area of about 2 cm
2
 

and a depth less than 1 cm. The variation of laser intensity and low repetition rate (10 Hz) 

both contribute to the relatively long acquisition time necessary for PA signal averaging 

in order to get reliable readings. Specifically, averaging of 50 measurements of acquired 

photoacoustic signal is used to improve the signal to noise ratio (SNR) by 17 dB. This 

amounts for a total acquisition time of less than 3 minutes for a single PALI image. The 

resolution is determined by the ultrasound transducer, which is used for photoacoustic 
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signal detection and therefore resembles that of US imaging [36, 56]. In our system, the 

resolution is less than 0.5 mm by using a transducer with a bandwidth of 4-7 MHz. The 

pixel-to-pixel variations in pO2 as depicted in PALI images is relatively high. In some 

cases sharp changes of up to 100 mmHg are observed within a distance of less than 1 

mm. It is difficult to assert what part of these variations reflect the true oxygen 

heterogeneity in tissue and what part should be attributed to measurement error. Previous 

phantom experiments have shown that the measurement error is well below 20%[81]. 

Differences in pO2 value between the commercial oxygen probe and PALI images are 

likely attributed to the fact that the point of probe measurement is not within the imaging 

area and to the heterogeneous nature of tissue oxygen. The tools and methods we 

presented here could be applied to further explore the dynamics of tissue oxygen. It 

would allow detailed study of spatial and temporal changes in tissue oxygen in response 

to therapeutic treatments or other modulations.  Further work is needed to better quantify 

the in vivo accuracy of PALI oxygen imaging system.  

PALI is very attractive for a wide range of clinical applications in which direct tissue 

oxygen assessment would improve therapy decision making and treatment planning. 

Examples include cancer treatments (radiotherapy and PDT) and treatments of diabetes-

related ulcers. We anticipate that the ability to measure tissue oxygenation will enable 

physicians to better diagnose as well as to optimize treatment plans. A more 

comprehensive optimization of PALI is still required before its implementation into 

clinical applications could be developed. Substantial work is needed to further improve 
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the imaging performance such as accuracy and speed. One of the methods to improve 

image acquisition speed is by adapting lasers with higher repetition rate and lower energy 

fluctuation, thus largely reduce the time for averaging signals. Another possible way is to 

reduce the time consumption of averaging is to have laser pulse energy monitored during 

the course of imaging, so that the intensity fluctuations of the lasers can be compensated. 

Other methods of light delivery, such as the use of minimally invasive, tissue-penetrating 

fiber diffusers, should be explored in order to extend the applicability of PALI into an 

even broader range of clinical applications. 
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Chapter 4 Image-guided photodynamic therapy by photoacoustic lifetime 

imaging 

This chapter is adapted from the following publications 

“Noninvasive tumor oxygen imaging by photoacoustic lifetime imaging integrated with photodynamic 

therapy”, Proc. of SPIE Vol. 8931, 89310H, 2014 

Contributing Authors: Qi Shao, Merrill Biel and Shai Ashkenazi 

“Tissue oxygen monitoring by photoacoustic lifetime imaging (PALI) and its application to image-guided 

photodynamic therapy (PDT)”, Proc. of SPIE Vol. 9323, 932320, 2015 

Contributing Authors: Qi Shao, Ekaterina Morgounova, Shai Ashkenazi 

4.1 Introduction 

4.1.1 PDT and tumor oxygen 

Photodynamic therapy (PDT) is a treatment for neoplastic and abnormal tissues that uses 

a combination of photosensitizer together with light to induce necrosis and apoptosis of 

cells. Parameters such as type and concentration of photosensitizer, drug-light interval, 

light intensity and total light dose play a central role of effective and safe PDT.[96, 97] 

Another important factor for PDT is the oxygen status of the tumor.[98] Oxygen is a 

prerequisite for the photochemical reaction, and insufficient availability of oxygen 

reduces the efficiency of PDT. During the photochemical reaction, oxygen is consumed, 

and free radicals and highly toxic singlet oxygen, which cause cell death, are 

produced.[99] PDT can also cause extensive vascular damage, which leads to 
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vasoconstriction and vessel occlusion. Two mechanisms act independently or 

cooperatively, result in the development of outcome-limiting hypoxia during PDT.[100]  

The heterogeneity of oxygen partial pressure (pO2) in tumor has been well 

recognized.[23, 99, 101, 102] During PDT, the vascular shutdown process is likely 

heterogeneous, and the response within bulk tissue cannot be universally quantified by a 

single set of dosimetry conditions, because variations in vessel size, flow rate and 

distribution within a neovascularized tissue result in a heterogeneous response. The 

oxygen distribution with regards to the use of PDT for treating tumor tissue has also been 

studied. [23, 99, 102-107] 

4.1.2 Tissue Oxygen Imaging 

Most existing techniques apply indirect approach to assess oxygen contents by evaluating 

hypoxia related factors instead of direct measurement of oxygen. Non-invasive hypoxia-

related imaging solutions had been developed for magnetic resonance imaging (MRI) and 

positron emission tomography (PET). F
18

–FMISO PET is the most widely used hypoxia 

imaging modality. It relies on preferential accumulation of FMISO (fluoro-misonidazole) 

in hypoxic cells.[108] Since this process does not depend only on pO2, but also on tissue 

type, it introduces inherent difficulties in standardizing the imaging protocol and 

interpreting the results. Other PET agents for hypoxia imaging are currently investigated. 

MRI is most commonly used for blood oxygenation imaging.[109] MRI T2 relaxation 

time correlates with hemoglobin oxygenation. Assuming that hemoglobin bound oxygen 

is in equilibrium with tissue dissolved oxygen, it provides an indirect measure for tissue 
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oxygenation. Several factors such as vasomodulation and distance from perfusion 

capillaries lead to deviations from equilibrium state thus limiting the reliability of the 

measurements.  

Oxygen sensitive dyes have been developed for fluorescence oxygen imaging.[42] In the 

absence of oxygen these dyes exhibit long excited state lifetime which can be monitored 

by measuring time-dependent fluorescence. In the presence of oxygen, lifetime is shorter 

due to energy transfer to oxygen molecules. This effect is used for converting 

fluorescence lifetime information into 2D maps of oxygen level. It provides 2D surface 

imaging of tissue oxygen. The major limitation of this method is that there is no depth 

resolution so the image represents oxygen level at or near the surface. 

The gold standard for measuring tissue oxygenation is galvanic electrode.[110] It is 

hardly used in clinical settings because it is invasive, provides only single point 

measurement at a time, and requires calibration. 

4.1.3 Methylene Blue (MB) as a photosensitizer 

MB is an important vital dye, widely used in different fields of medicine. The 

photophysics and photochemistry of MB has been well studied, and it has been well 

demonstrated that MB can be used in PDT to treat tumors. [93, 111-113] In this paper, 

we mainly discuss MB both as oxygen sensitive dye in our photoacoustic lifetime 

imaging (PALI) method and PDT for the following reasons: (1) MB is widely used in 

several other clinical applications. Its biocompatibility and safety are well studied and 

documented; (2) MB has been successfully studied for its use as an oxygen sensitive 
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agent in PALI; (3) MB can be applied topically and intratumorally, preventing undesired 

skin photosensitivity following PDT treatments; (4) Efficacy of MB-PDT has been 

demonstrated in large-animal studies. MB is used as an example of serving both oxygen 

sensitive dye and photosensitizer. 

4.1.4 Tissue oxygen imaging by photoacoustic lifetime imaging (PALI) 

PALI has been demonstrated to be able to image tumor hypoxia in small animal 

model.[81] The basic principle of photoacoustic lifetime probing of oxygen is also well 

discussed.[35] 

Upon light absorption, MB is efficiently (ISC=0.52) excited to a long-lived triplet state. 

The lifetime of the triplet state is 78 μs in O2-free environment. In the presence of 

oxygen, the rate of triplet state relaxation back to ground state depends linearly on 

oxygen concentration. In fully aerated solution (pO2=160 mmHg) the lifetime is 2 μs. 

PALI utilizes the fact that the optical absorption of MB at a second wavelength (810 nm) 

changes drastically from a negligible absorption of ground state to high absorption of the 

triplet state (due to triplet-triplet absorption). The absorption at 810 nm shows a transient 

behavior following excitation, reflecting the population of molecules at triplet state. 

Photoacoustic imaging can be used to acquire a snapshot of the transient absorption in an 

extended region of an MB stained object. Such a “snapshot” shows the distribution of 

optical absorption at a specific time delay after excitation (controlled by the time delay 

between excitation pulse and photoacoustic probing pulse). PALI consists of a series of 

excitation (660 nm) – probing (810 nm) pulse pairs and recording of photoacoustic 
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generated wave by an ultrasound imaging array. The data acquired following each 

probing pulse is used to reconstruct a transient photoacoustic image corresponding to a 

specific delay. The series of photoacoustic images are processed in pixel-wise manner to 

extract the dynamics of transient absorption at each pixel location of the field of view. 

Pixel values at different time delays are fitted to an exponential decay function and the 

decay rate is extracted and converted to pO2 value. The pO2 values of all pixels are then 

presented as a pO2 distribution map. 

As mentioned above, the efficiency of triplet excitation is 52%. The rest of the absorbed 

energy is mostly converted to heat and therefore generates an undesired photoacoustic 

signal. It is undesired because it does not hold information on pO2. The photoacoustic 

signals generated by the first pulse and the second pulse are in general overlapping. In 

our PALI signal processing we have separated these signals by recording a photoacoustic 

signal generated by excitation pulse only and then subtracting it from combined data 

signals. 

Data validation criteria have been defined to reject unreliable measurements. These 

include a threshold signal amplitude (e.g. >0.25 of maximum) and coefficient of 

determination (e.g. R
2
>0.8) of the exponential fit. Only pixels that pass both criteria are 

shown in the final pO2 map. 

4.1.5 The treatment-imaging modality 

We are developing a treatment/imaging modality (PDT-PALI) that integrates PDT and a 

combined ultrasound/photoacoustic imaging system (Fig. 17). The system will provide 
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real-time feedback of three essential parameters namely: tissue oxygen, light penetration 

in tumor location, and distribution of photosensitizer. The system will be designed for 

clinical treatments of cancer of the oral cavity. Tissue oxygen imaging will be performed 

by applying Photoacoustic Lifetime Imaging (PALI). This technology relies on 

photoacoustic probing of oxygen-dependent, excitation lifetime of Methylene Blue (MB) 

photosensitizer. Lifetime information can also be used to generate image showing the 

distribution of photosensitizer in tissue. The level and penetration depth of PDT 

illumination will be deduced from photoacoustic imaging at the same wavelength. All 

images will be combined with ultrasound B-mode images for anatomical reference. 

4.2 Materials and methods 

4.2.1 Combining MB-Mediated PDT with PALI 

PALI and PDT are inter-related because both rely on spin-exchange interaction between 

an excited photosensitizer and molecular oxygen. In fact, PALI induces photosensitizer 

activation and therefore PDT action, however, the typical light dose associated with an 

acquisition of a single PALI frame is about 6 J/cm
2
 (based on 10mJ/cm

2
/pulse, 6 time 

delays, 100 averages), while the typical PDT light dose is about 120 - 600 J/cm
2
. This 

similarity of the underlying molecular mechanism allows for using MB photosensitizer 

for both PALI and PDT. 
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Figure 17 A combined PDT/PALI therapy/imaging system. A common fiber-optic bundle delivers light to 

the tissue using either non-invasive illumination or by a set of tissue-penetrating fiber diffusers. A 660 nm 

emitting laser-diode is used for PDT. Short pulse (6 ns) Nd:YAG lasers equipped with optical parametric 

oscillator are used for PALI excitation (660 nm) and photoacoustic probing (810 nm). Open development 

platform is used for ultrasound multi-channel data acquisition. 64-element US linear array is used for US, 

PAI, and PALI imaging operation. An FPGA module is used to synchronize laser firing and signal 

acquisition. A PC is used as a system controller, data processing and display. 

4.2.2 Validation and optimization 

The first steps of our proposed system focus on establishing solid indications that PALI 

measurements of pO2 are reliable. In particular, we will verify its validity range with 

respect to changes in environmental parameters such as temperature and pH. Phantom 

experiments will be conducted to determine the precision of pO2 measurement with 

respect to variations in dye concentration, depth of object, tissue pH level, and 

temperature. 
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Most of the validation and characterization assessments will be carried out on a phantom 

object. The phantom material would mimic acoustical and optical properties of tissue. 

The phantom will be immersed in a water tank to allow ultrasound coupling to the 

transducer. The temperature of the phantom will be controlled by connecting the water 

tank to an external temperature controller and water circulation system. The pH of the 

phantom will be controlled by using different pH buffered solutions for the MB solution. 

Fig. 18 shows a schematic diagram of the phantom system. 

 

Figure 18 Phantom mimicking acoustic and optical tissue properties is immersed in water and contains two 

separate compartments. pO2 in each compartment is individually controlled by bubbling different gas 

mixtures in bubbling cells (BC).Two peristaltic pumps maintain close flow of two MB solutions. In each 

close circulation temperature, pH and pO2 are recorded. Water temperature is controlled. US transducer 

(UST) and optical fiber installed in water tank. 

Phantom experiments are an effective tool for developing PALI, however, several aspects 

of the imaging method can only be optimized in the in vivo environment. In this phase, 

we will use small animal experiments to acquire information on optimal parameters and 

methodologies for applying PALI in vivo. In these experiments we focus on imaging 

parameters alone, in separation from further considerations related to PALI application to 

cancer tumors.  
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The objectives includes (1) the development a methodology for consistent and optimal 

dye injection, (2) the study of the extent of time following injection in which PALI 

provides valid data, (3) the study of effect of MB concentration on imaging depth, (4) 

correlation of PALI data and polarographic pO2 needle electrode at one point in vivo. 

4.2.3 Tissue oxygen distribution, imaging Mode: PALI-O2 

Upon light absorption, MB is efficiently ( ISC=0.52) excited to a long-lived triplet state. 

In an O2-free environment, the lifetime of the triplet state is 70 μs. In the presence of 

oxygen, the rate of the triplet state relaxation back to the ground state depends linearly on 

oxygen concentration. In fully aerated solution (pO2=160 mmHg) the lifetime is 1.8 μs. 

[10] PALI utilizes the fact that the optical absorption of MB at a second wavelength (810 

nm) changes drastically from a negligible absorption of ground state to high absorption of 

the triplet state (due to triplet-triplet absorption) [35]. The absorption at 810 nm shows a 

transient behavior following excitation, reflecting the population of molecules at triplet 

state. Photoacoustic imaging (PAI) [114, 115] can be used to acquire a snapshot of the 

transient absorption in an extended region of an MB stained object. Such a “snapshot” 

shows the distribution of optical absorption at a specific time delay after excitation 

(controlled by the time delay between excitation pulse and photoacoustic probing pulse). 

PALI consists of applying a series of pulse pairs (excitation pulse at 660 nm and probe 

pulse at 810 nm) and recording the photoacoustic generated wave by an ultrasound 

imaging array. The data, acquired following each probing pulse, are used to reconstruct a 

transient photoacoustic image corresponding to a specific delay. The series of 
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photoacoustic images are processed in a pixel-wise manner to extract the dynamics of 

transient absorption at each pixel location of the field of view. Pixel values at different 

time delays are fitted to an exponential decay function and the decay rate is extracted and 

converted to pO2 value. pO2 values of all pixels are then presented as pO2 distribution 

map. The rest of the absorbed energy is mostly converted to heat and therefore generates 

an additional photoacoustic signal. This signal does not hold information on pO2. 

Photoacoustic signals generated by the first pulse and the second pulse are overlapping, 

in general. These signals are separated by recording a photoacoustic signal generated by 

excitation pulse only and then subtracting it from combined data signals. Data validation 

criteria have been defined to reject unreliable measurements. These include a threshold 

signal amplitude (>0.25 of maximum) and a coefficient of determination (R
2
>0.8) of the 

exponential fit. Only pixels that pass both criteria are shown in the final pO2 map. 

4.2.4 Light penetration mapping, imaging Mode: PAI 

The photoacoustic signal generated by the pump laser is used to reconstruct an image 

reflecting the absorption of light in tissue volume. This signal is generated by fast 

relaxation of singlet excitation of MB dye and by light absorption in other tissue 

components (mostly by hemoglobin and myoglobin). This mode of imaging will be used 

to provide an approximate assessment of light penetration in tissue. 
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4.2.5 Photosensitizer distribution, imaging Mode: PALI-AMP 

In PALI image processing, both the exponential time and the amplitude of the 

exponential component are extracted. The amplitude is a measure of MB concentration 

because it reflects absorption of long lifetime (>1 μs) states (lifetime of all other tissue 

components is in the ns range). PALI amplitude maps are therefore useful for estimation 

of MB distribution in tissue.  

4.2.6 Anatomical structure, ultrasound B-Mode 

PALI imaging hardware is built using an OEM US imaging system which will be used to 

provide ultrasound B-mode images for aligning photoacoustic images with ultrasound-

based anatomical images. All photoacoustic images (PALI-O2, PALI-AMP, PAI) will be 

overlaid on ultrasonic gray-scale images. 

4.2.7 Testing with large animal using PALI guided IT MB-PDT 

Treatment efficacy is tightly connected to two key parameters: efficient excitation of the 

photosensitizer (MB), and abundance of oxygen to carry the excitation energy to the 

tissue. Both of these parameters can be mapped in real-time during the treatment by 

applying PALI imaging. The prime goal of is to figure out how the additional imaging 

information can be used to drive an improved effective delivery of PDT treatment. 

4.3 Conclusion and discussions 

The integrations of tissue oxygen imaging by PALI with PDT is intend to noninvasively 

optimize the effectiveness of intratumoral Methylene-Blue-mediated photodynamic 
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therapy (IT MB-PDT) by measuring, and augmenting the pO2 in the tumor environment, 

thereby improving the cancer treatment outcome and cure rate. PALI images can also 

provide a real-time assessment of light penetration to the treated site and guide individual 

optimization of PDT light dose 

Implementation of PALI in PDT can also drive its application in guiding other cancer 

treatments that are affected by hypoxia such as radiotherapy and chemotherapy. Results 

obtained in this project can also establish the basis for developing PALI for other clinical 

applications such as oxygen mapping in diabetic ulcers. 

The future work advances this technology further into clinical application by addressing 

several major aspects. The first is the shared use of optical fiber diffusers to enhance the 

uniformity and penetration of light for both PALI and PDT. Secondly, a unique 

ultrasound probe design is proposed to provide alignment of ultrasound field of view with 

the fiber diffusers and facilitate artifact-free imaging. 

The successful outcome of our work should accurately determine the most efficacious 

MB drug light parameters and treatment methodology to be used and directly translated 

to an ultimate human clinical trial of IT MB-PDT of recurrent unresectable HNSCC. 

Particularly, the optimal use of PALI information in tailoring treatment parameters to 

improve PDT treatment in each individual patient will be established. 

 

 



 

 64 

Chapter 5 Photoacoustic lifetime contrast for activatable probe 

This chapter is adapted from the following publications 

“Photoacoustic lifetime contrast between methylene blue monomers and self-quenched dimers as a model 

for dual-labeled activatable probes”, Journal of Biomedical Optics 18(5), 056004 (May 2013) 

Contributing Authors: Ekaterina Morgounova, Qi Shao, Benjamin Hackel, David Thomas, and Shai 

Ashkenazi 

“In vitro characterization of a lifetime-based activatable photoacoustic probe” Proc. of SPIE Vol. 9323, 

93232J, 2015 

Contributing Authors: Ekaterina Morgounova, Sadie Johnson, Qi Shao, Benjamin Hackel, Michael Wilson 

and Shai Ashkenazi 

5.1 Introduction 

5.1.1 Photoacoustic molecular imaging 

Photoacoustic molecular imaging is a nonionizing modality that provides high 

penetration depth and high spatial resolution information on the functional and metabolic 

status of diseases at greater depths than other optical imaging techniques.[116-118] 

Traditionally, photoacoustic imaging has been used with both endogenous contrast 

agents, such as hemoglobin and melanin, and exogenous contrast agents that exhibit 

higher optical absorption than normal tissue. Targeting molecular markers using 

exogenous smart probes can potentially reap valuable information about biological 

processes occurring at different stages of various diseases. As a result, photoacoustic 

molecular imaging could substantially aid the diagnosis of cancer by detecting subtle 

abnormalities at the molecular level well before the appearance of anatomical changes. 
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[119] This capability would also allow for personalized treatment planning and step-by-

step evaluation of treatment efficacy.[117] 

Activatable photoacoustic probes, in particular, provide a high imaging contrast by 

switching from a silent to a visible state upon cleavage by a target enzyme.[120, 121] 

Several such probes, based on a change in spectral absorption between the inactive and 

active states, have recently been developed to image protease activity in vitro[117, 118, 

122] and in small animal models[123, 124]. However, the sensitivity of these probes is 

limited by heterogeneous background signal stemming from non-uniform light delivery 

and absorption to the volume of tissue.[125] To obtain a clinically relevant photoacoustic 

probe, background signal suppression needs to be improved. 

5.1.2 Activatable Probes for Molecular Imaging 

Activatable probes are a class of contrast agents that identify selective enzyme activity by 

switching from an inactive state to an active state upon interaction with a target 

enzyme.[121] Originally developed for fluorescence imaging, the probes contained a 

fluorophore-quencher pair coupled to a peptide linker bearing an enzymatic site. [120] 

Upon cleavage of the linker, the pair is separated and fluorescence is restored. This 

approach provides high contrast because of the low fluorescence background of the 

uncleaved, inactive form. Additionally, the fluorescence signal is further amplified due to 

the activation of multiple probes by a single enzyme. [126] 

Activatable fluorescent probes have been successfully used in a wide range of small-

animal imaging studies. However, the short penetration depth of light in tissue resulting 
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from strong optical attenuation and scattering limits their translation to clinical 

applications and leads to poor spatial resolution beyond a few millimeters. [127] 

Photoacoustic imaging has emerged, in the last two decades, as an alternative optical 

modality offering significantly improved resolution (up to 0.02 mm) and penetration 

depth (up to 5 cm) in tissue imaging.[116] Its application has been demonstrated in 

clinical studies for breast cancer screening [128] and skin cancer diagnosis. [129] 

Activatable photoacoustic probes have recently been proposed and studied by several 

groups. [117, 118] They rely on a change in the absorption spectrum upon activation to 

selectively detect the activated probe signal. This method requires multi-wavelength 

illumination to resolve the spectral contribution of each chromophore by linear fitting and 

also assumes that the spectral distribution of probes and tissue absorbers is known. In 

practice, non-uniform light distribution, due to wavelength-dependent attenuation, and 

heterogeneous optical properties of tissue may hamper accurate spectral identification 

and background signal suppression. 

A new photoacoustic contrast mechanism based on switching the excited-state lifetime of 

the probe from short (<100 ns) to long (>2 μs) is proposed, as shown in Fig. 19. A pump-

probe approach that eliminates the need for spectral deconvolution by measuring lifetime 

contrast using only two illumination wavelengths, is applied for the first time to 

selectively detect the signal from activated probes.  
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Figure 19 Schematic representation of proposed MB dual-labeled activatable probe containing a specific 

enzymatic site. The intact probe has a short lifetime of a few tens of nanoseconds. Enzymatic cleavage 

separates the chromophores thereby permitting them to recover their long excited-state lifetime (tens of 

microseconds). 

5.1.3 Photoacoustic Lifetime Contrast Imaging (PLCI) 

MB is a planar cationic dye of the phenothiazine family that is commonly used, or under 

study, in several therapeutic and diagnostic applications. [113, 130] Both orally and 

intravenously administered MB is excreted by the kidneys either unchanged or reduced to 

leucomethylene blue by the enzyme methemoglobin reductase present in red blood cells. 

[131, 132] 

Following optical absorption, the ground state molecule (S0) is excited into a singlet state 

(S1), and then undergoes intersystem crossing (ISC) to a metastable triplet state (T1) with 

high quantum yield (ΦISC =0.50) [133]. The excited triplet state lifetime is typically tens 
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of microseconds in an oxygen-free environment because of the spin-forbidden nature of 

the T1 − S0 transition. Collisional quenching by oxygen, however, decreases this lifetime 

to approximately 2 μs in aerated solutions at atmospheric pressure. [35] 

Molecular association between monomers occurs spontaneously in water due to a 

combination of hydrophobic interactions, hydrogen bonding, and Van der Waals 

forces.[134, 135] The coupling between monomers results in a splitting of the singlet 

excited state into two states, of lower and upper energies, which manifests by a splitting 

of the absorption band of the monomer, as shown in Fig. 20. If a dimer is excited to the 

upper state S1, it undergoes very fast (10
−12

 s) internal conversion to the lower state S1’ 

and, because transitions from S1’ to S0 are forbidden, ISC is enhanced. If the coupling 

between monomers is strong, electron transfer is expected to occur between the pair 

which results in triplet lifetime quenching and formation of transient radical ion pairs. 

 

Figure 20 Energy diagram of MB monomer and dimer. Plain lines represent radiative transitions. Small 

downward dashed lines represent non-radiative processes. The energy of the T1∶T2 absorption is converted 

into a photoacoustic relaxation signal. The double bar indicates a discontinuity in the transition diagram: 
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the dimer triplet undergoes electron transfer (∼40 ns) which leads to the formation of oppositely charged 

radicals that relax to the ground state via charge recombination (∼10
-6

 to 10
-4

 s). S0: ground state, S1: 

singlet excited state, T1: primary triplet excited state, T2: secondary triplet excited state, S1’ and S1’’: split 

exciton states, ISC: intersystem crossing, IC: internal conversion. 

 

PLCI is a pump-probe approach that consists of applying an initial laser pulse (pump) to 

excite the dye to the T1 state and a secondary pulse (probe) to excite T1 to a T2 state 

resulting in ultrasound waves generated during the T2 → T1 photoacoustic relaxation. 

With this technique, the amplitude of the measured photoacoustic signal corresponds to 

the sum of the lifetime-dependent photoacoustic relaxation, a quantity proportional to the 

optical absorption of the T1 state, and the lifetime- independent background 

photoacoustic signal due to the excitation of the background environment by the probe 

pulse. The photoacoustic contrast by transient absorption is shown in Fig. 21.  

 

Figure 21 Normalized transient photoacoustic signal for MB monomer (τ=4 μs), dimer (τ=40 ns), and 

hemoglobin (τ =0.22 ns). 
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5.1.4 MMP-2 specific activatable probe 

The probe was designed to be specific to matrix metalloproteinase 2 (MMP-2), a well-

characterized collagenase involved in several stages of the metastatic cascade [136-138], 

and typically overexpressed in several types of tumors. [139, 140] We chose the 

hexapeptide Pro-Leu-Gly-Leu-Ala-Gly (PLGLAG) for a cleavage site because it is a 

well-established MMP-2 specific recognition sequence [141], and because it promotes 

the coupling between MB molecules by introducing an angle in thepeptide backbone due 

to the cyclic nature and conformational rigidity of its N-terminal proline. [142]  

In the native state, the probe will dimerize due to a combination of electrostatic 

interactions and a strong indirect covalent bond, and exhibit a short photoacoustic 

lifetime. In the presence of MMP-2, the two side chains will separate and the 

chromophores will recover their long excited-state lifetime that can be imaged using a 

technique called photoacoustic lifetime imaging (PALI). In addition, the lifetime of MB 

monomers is at least 3 orders of magnitude greater than that of the main tissue absorbers 

(such as hemoglobin, melanin and albumin). It is therefore possible to selectively image 

the monomer signal while also effectively suppressing the background tissue signal by 

setting a threshold on the lifetime. 

 



 

 71 

 

Figure 22 The photoacoustic probe design is composed of a MMP-2 recognition sequence PLGLAG, an 

electrostatic zipper comprising poly-arginine and poly-glutamate domains, a flexible linker and a pair of 

methylene blue chromophores. The intact probe has a short lifetime of a few nanoseconds due to static 

quenching. Upon cleavage of the recognition sequence, the peptide unzips causing the MB-bearing side 

chains to diffuse away and recover their long lifetime (several microseconds). 

5.2 Materials and methods 

5.2.1 Materials 

Methylene Blue hydrate (purum ≥ 97%), and SDS (≥ 99.0%) were acquired from Sigma-

Aldrich (St. Louis, Missouri) and sodium sulfate anhydrous (ACS) was acquired from 

Mallinckrodt Chemicals (Phillipsburg, New Jersey). All chemicals were dissolved 

without further purification in distilled water. Experiments were performed at 22 +/- 1°C, 

and the pH of the solutions was measured to be within 6.7 +/- 0.9. Changes in 

temperature and pH level, in these ranges, do not have a significant effect on MB 

dimerization. 



 

 72 

5.2.2 Photoacoustic lifetime contrast imaging experimental setup 

A PLCI experimental setup was used to probe the photoacoustic signal of plastic tubes 

filled with dye, or SDS/dye solutions as illustrated in Fig. 23. Two tunable Nd:YAG 

pulsed-laser systems (Surelite I-10, Continuum and Quantel, Brilliant both having f =10 

Hz, pulse width = 5 ns), each coupled to an OPO (Opotek MagicPrism, Califonia), 

delivered the pump and probe pulses (6 and 8 mJ, respectively). The output of both OPO 

systems was coupled to a bifurcated light guide (MWG-1000S-SD) to ensure uniform 

illumination of the plastic tubes. The tubes were immersed in a water tank and a focused 

ultrasound transducer (Panametrics, V382, 3.5 MHz for salt experiment or V311, 10 

MHz for SDS experiment) aligned with the incident laser beams detected the 

photoacoustic signals generated in the samples. Laser firing and ultrasound acquisition 

were synchronized by a field-programmable gate array (FPGA, KNJN, FX2 Saxo). 

Signals were amplified by 50 dB (Panametrics, 5072PR), recorded by a digital 

oscilloscope (Lecroy Wavejet 354), and transferred to a computer for processing. B-mode 

images were acquired by scanning the tubes, perpendicular to their long axis, using a 

motorized actuator (T-LA28A, Zaber) mounted on a translation stage. In order to 

maximize contrast, the wavelengths of both beams were independently tuned near the 

maximum of absorption for the monomer and triplet species, and within the range of 

maximal output energy for the OPOs. 
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Figure 23 PLCI experimental setup. Pulsed outputs of the excitation laser (660 nm) and photoacoustic laser 

(840 nm) were combined with a bifurcated light guide and illuminate the target. The time delay between 

the excitation and probe pulses was controlled by an electronic synchronization circuit. The solutions were 

placed in two plastic tubes and scanned horizontally. The generated acoustic waves were detected by a 

focused ultrasound transducer. Sync out: synchronization output. 

5.2.3 Peptide synthesis and conjugation 

Methylene blue-N-hydroxysuccinimide ester dye (MB-NHS) was purchased from ATTO-

TEC (Siegen, Germany), suspended in dry DMSO, and stored at -20°C. Peptides were 

purchased from UnitedPeptide (Herndon, VA), and suspended in 20 parts v/v PBS and 1 

part v/v 0.2 M sodium bicarbonate (pH 9) for a final buffer pH of 8.3. To label each 

peptide terminus with MB, a 3-6 molar excess of MB-NHS was added to each peptide 

and allowed to incubate for more than 24 hours at room temperature. The reaction was 

then purified via reverse-phase HPLC and peaks containing dual-labeled peptides (MB2-

P) were collected. Peak purity was verified via mass spectrometry (Applied Biosystems-
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Sciex 5800 MALDI-TOF/TOF, Framingham, MA). MB-Kz(e)n[Ahx]PLGLAG(r)mzK-

MB products were then lyophilized, resuspended in dH20 and stored at 4°C. 

5.2.4 MMP-2 activation photoacoustic experimental setup  

The PLCI setup used to measure the triplet excited-state lifetime of the probes is 

illustrated in Fig. 24. A 3D printed photoacoustic chamber ensures the optimal and 

repeatable alignment of a sample-filled plastic tube with a randomized bifurcated light 

guide (Moritex, MWG-1000S-SD), and a focused ultrasound transducer (Panametrics, 

V311, 10 MHz). The pump and probe light pulses were delivered by two OPO systems 

(MagicPRISM, Opotek), each pumped by a Nd:YAG laser (Surelite I-10, Continuum and 

Quantel, Brilliant, f = 10 Hz, pulse width = 5 ns). The optical energies after the lightguide 

were 10 and 5 mJ for the pump (660 nm) and probe (830 nm), respectively. Finally, laser 

firing and ultrasound acquisition, as well as the delay between the two pulses, were 

controlled by a field-programmable gate array (FPGA, KNJN, FX2 Saxo). Photoacoustic 

measurements were recorded by a digital oscilloscope (Lecroy, LC584) and processed 

with MATLAB. 
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Figure 24 Photoacoustic experimental setup for MMP-2 activated probe. (a) Photoacoustic experimental 

setup. Pump (660 nm) and probe (830 nm) pulsed laser light are combined in a bifurcated light guide to 

excite a sample-filled plastic tube immersed in a 3D printed photoacoustic chamber filled with water. The 

generated photoacoustic signal is detected by a focused ultrasound transducer (10 MHz), amplified and 

displayed on an oscilloscope. The time delay between the pump and probe pulses is controlled by an 

FPGA. (b) Photoacoustic chamber during laser firing. A peristaltic pump was used to bring the solution in 

alignment with the light guide and the ultrasound transducer. Sync out: synchronization output. 

 

5.3 Results and discussions 

5.3.1 PLCI Imaging Between MB Monomers and Dimers in SDS 

Two plastic tubes, respectively containing 200 μM MB +4 mM SDS (top) and 200 μM 

MB (bottom) solutions, were scanned by the PLCI system [Fig. 25(a)]. We estimated that 

the samples contained 5 and 110 μM monomer concentrations, respectively. 
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Figure 25 Photoacoustic lifetime contrast imaging is demonstrated by MB dimer and monomer.  (a) 

Schematic representation of the position and size of the plastic tubes. Monomer concentrations are given in 

each case. (b) Photoacoustic amplitude image at 840 nm recorded 1 μs after the excitation pulse shows the 

signal generated at the plastic wall–solution interfaces. (b) Photoacoustic amplitude image at 840 nm 

recorded 100 μs after the excitation pulse. (d) Difference between photoacoustic amplitude images at 1 and 

100 μs. There is a 21.5 dB suppression of the background signal due to the short lifetime of MB dimers. 

The numbers represent the value of the contrast parameter CPLCI at the front wall of the tubes. 

 

The samples were probed by a 10 MHz ultrasound transducer scanned perpendicularly to 

the tubes axis in a range of 8 mm and with step size 0.2 mm. The signals were averaged 

over 32 measurements to compensate for pulse-by-pulse energy variations. The scanning 

time was relatively short (40 minutes) so that a majority of dimers (90%) remained stable 
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during the experiment. At each step we calculated the photoacoustic probe signal by 

subtracting the signal generated without probe (excitation only) to the signal recorded 

with both beams (excitation + probe): PA840 (t = τ) = (PA660+840 - PA660) t = τ. The difference 

between the signal at 1 μs and the signal at 100 μs was computed to remove the 

contribution from the static background environment. The signals were processed with a 

Wiener filter followed by a low-pass filter (Buttersworth, 6
th

 order, cut off frequency at 6 

MHz) and the envelope was detected by the Hilbert transform method. PA840 (t = 1 μs), 

PA840 (t = 100 μs) images and their difference were displayed on 20 dB scale (Fig. 25 (b), (c) 

and (d)) and have a resolution of 0.32 mm. The circles correspond to the location and size 

of the plastic tubes.  

 

5.3.2 Self-quenching efficiency 

Photoacoustic probing of a 50 μM GE4R5G peptide solution was performed before and 

after 30 minutes activation by 2 ng/μL MMP-2 at 37°C. Fig. 26 (a) represents the 

transient photoacoustic signal of both forms of the probe for increasing pump-probe delay 

times (100 ns, 1 μs, and 2 μs). It was calculated by subtracting the signal generated with 

the pump (excitation only) and the signal generated with the probe (probing only) to the 

signal recorded with both beams (excitation + probing) to obtain: PAtransient = PA660+830 - 

PA660 - PA830. As ground state MB molecules do not absorb at 830 nm, the signal 

obtained with the probe only (PA830) corresponds to the photoacoustic energy generated 

by the static background - in this example, the plastic walls of the tubes. Before 
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acquisition, the signals were averaged over 64 measurements to compensate for pulse-by-

pulse energy variations. Finally, the transient signal was processed with a Wiener filter to 

reduce the noise. The front and back dye/plastic interfaces are visible at x = 2.8 mm and x 

= 4.2 mm respectively. 

 

Figure 26 Triplet PA amplitude changes with activation of probe by MMP-2 due to the lifetime contrast. (a) 

Transient photoacoustic amplitude signal of a solution of GE4R5G probe at 50 μM before and after 30 

minutes incubation with MMP-2 enzyme (2 ng/μL) at three different pump-probe delay times (100 ns, 1 μs 

and 2 μs). (b) Transient photoacoustic lifetime signal as a function of pump-probe delay time of the same 

solutions.  

The corresponding lifetime signal (Fig. 26 (b)) was obtained by plotting the maximum of 

the envelope of the signal averaged over the two dye/plastic interfaces for each pump-

probe time delay. One can see that the activated probe displays a 50-fold increase in 

transient photoacoustic amplitude following excitation whereas no increase, and therefore 

no lifetime signal, can be observed for the inactive probe. We calculated a lifetime of 

0.92 μs by fitting an exponential curve for the active probe signal with a R
2
 of 0.995. We 
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conclude that the uncleaved probe is efficiently quenched whereas the active probe 

retains the transient PA signal arising from MB excited-state triplets. 

5.4 Conclusions 

Here, we present a new contrast mechanism for photoacoustic imaging based on the 

difference in excited-state lifetime between monomer and dimer forms of a chromophore. 

A model system makes use of a surfactant (SDS) to induce MB dimerization. The PLCI 

imaging experiment reveals a contrast of more than 20 dB between two samples of equal 

MB concentration, one containing free MB solution and the other containing SDS-MB 

for maximal MB dimerization. 

Activatable smart probes have been developed as research tools for studying protein 

conformational dynamics, [143, 144] for detecting nucleic acid hybridization[120, 145], 

and for sensing enzymatic activity of disease biomarkers[124, 141, 146, 147]. Based on 

the previous measurements, we propose a new mechanism for an activatable 

photoacoustic probe. In its simplest form, the probe relies on a custom-made peptide 

linker bearing a specific enzymatic site and confining two MB molecules to a dimer 

configuration. This configuration results in an intact, quenched probe of short lifetime. 

Reaction with endogenous enzymes cleaves the linker and separates the probe into MB 

monomers. The PLCI system would be used to selectively detect the long-lifetime signal 

from activated probes (monomers) which would provide a map of both enzyme location 

and activity. The lack of other long-lifetime molecules in the body empowers the 

sensitivity of this approach. 
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It is our hope that our work on activatable probes for photoacoustic lifetime imaging will 

lay the groundwork for continuing research in the field of clinical molecular imaging 

thanks to the high resolution, high penetration depth and high sensitivity of our system. 

Ultimately, this technique could be used as an early-stage diagnosis tool, as well as for 

personalized treatment planning and continuous monitoring of the treatment efficacy. 
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