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ABSTRACT

Photoacoustic (PA) imaging is a promising imﬁ%in% modality for both preclinical research and clinical practices, Laser
wavelengths in the first near infrared window (NIR-1, 650-950 nm) have been widely used for photoacoustic imaging. As

compared with NIR-I window, scattering of photons by biological tissues is largely reduced in the second NIR (NIR-II)
window, leading to enhanced imaging fidelity. However, the lack of biocompatible NIR-II absorbing exogenous agents
prevented the use of this window for in vivo imaging. In recent years, few studies have been reported on photoacoustic
imaging in NIR-II window using exogenous contrast agents. In this work, we discuss the recent work on PA imaging
using 1064 nm wavelength, the fundamental of Nd:YAG laser, as an excitation wavelength. The PA imaging at 1064 nm
is advantageous because of the low and homogeneous signal from tissue background, enabling high contrast in PA
imaging when NIR-II absorbing contrast agents are employed.
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1. INTRODUCTION

Photoacoustic tomography (PAT) is a promising non-ionizing hybrid imaging modality combining high optical contrast
and ultrasonic resolution for both preclinical and clinical applications.!* In PAT a short laser pulse irradiates the tissue.
Due to absorption of incident energy by the tissue chromophores (such as melanin, red blood cells, water etc.), there is a
local temperature rise, which in turn produces pressure waves emitted in the form of acoustics waves. A wideband
ultrasound transducer receives the photoacoustic signal outside the tissue boundary. PA signals are collected at different
locations around the tissue boundary. Generally, circular scanning geometry in orthogonal excitation mode is preferred
for deep tissue imaging. Reconstruction techniques are used to map the initial pressure rise within the tissue from the
measured PA signals. PAI has several merits compared with pure optical and pure ultrasonic imaging modalities. Four
types of PAI systems have been reported: (i) photoacoustic tomography (PAT) or photoacoustic computed tomography
(PACT),* (ii) photoacoustic microscopy (PAM),>® (iii) photoacoustic endoscopy (PAE),” '° and (iv) photoacoustic
nanoscopy (PAN).!-15

Usually, PAT systems use near-infrared (NIR) light with the wavelengths ranging from 650 to 950 nm (first NIR
window, NIR-I) for deep tissue imaging.!®?* There are numerous photoacoustic contrast agents in the NIR-I window to
aid high contrast functional photoacoustic imaging.?>?° Recent studies on fluorescence imaging have identified a new
imaging window termed as the second NIR (NIR-II) window (1000-1700 nm).3%3! As compared with the NIR-I window,
fluorescence imaging in the NIR-II window affords reduced photon scattering in biological tissues and lower tissue
background, leading to quality imaging.’> 3* Due to these advantages, it is envisioned that PA imaging in the NIR-II
window could bring about further improved imaging performance. The advantages of using 1064 nm for PA imaging: (i)
due to the relatively lower photon energy at longer wavelength, the maximum permissible exposure (MPE) increases
with the laser wavelength and the MPE for skin is 100 mJ/cm? for 1064 nm laser, which is 25 mJ/cm? for 750 nm laser,*
(ii) commercial availability of cheaper, and more compact 1064 nm Nd: YAG laser (additionally OPO is required for
NIR-I window imaging), (iii) the output of Nd:YAG 1064 laser has good beam quality- allows uniform illumination
without using optical diffuser, low divergence — it is easy to deliver beam though free space optics, very low power
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fluctuations — measurements are reproducible. The key challenges to fulfil 1064 nm PA imaging include: (i) the blood
has relatively low absorption at 1064 nm, (ii) 1064 nm is invisible to human eyes, so IR cards / viewers may be required
for alignment, (iii) exogenous agent with strong 1064 nm-absorption is required for contrast enhancement. Few
exogenous agents that can absorb wavelength in the NIR-II window are: copper sulfide nanoparticles,® silver
nanoplates,*® gold nanorods,?” and phosphorous phthalocyanine.*® Semiconducting polymer nanoparticles (SPNs) have
been utilized for NIR-II fluorescence imaging.>®> SPNs are mainly composed of organic semiconducting polymers with
highly electron-delocalized backbones, and have formed a new class of optical agents.* The SPNs can efficiently
convert photon energy into heat, permitting photothermal cancer therapy,* and photoacoustic imaging of tumor,** lymph
node,” and biomarkers in living animals.** Particularly, SPNs often possess higher absorption and photothermal
conversion efficiencies as compared with other inorganic nanoparticles such as gold nanorods and carbon nanotubes.** In
this paper we will demonstrate SPN as an efficient contrast agent for PA imaging at 1064 nm. More details on the
synthesis and characterization of NIR-II absorbing SPN (SPN-II) based contrast agent can be found in Ref.*> SPN-II had
a broadband absorption spectrum ranging from visible to NIR II region with the maximum peak at 1253 nm. Here we
discuss about the experimental PAT system, deep-tissue imaging at 1064 nm (NIR-II), and finally we compare deep-

tissue images obtained at 1064 nm and 750 nm.
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Fig. 1. Schematic illustration of Nd:YAG/OPO PAT system: DM - dichromic mirror, P - antireflection-coated right angle prism, MPS
- motor pulley system, CSP - circular scanning plate, (L1,L2) convex lens, L3 - concave lens, GG - ground glass, DAQ - data
acquisition card, M - motor, A - ultrasound signal amplifier, UST - ultrasound transducer.

2. PHOTOACOUSTIC TOMOGRAPHY SYSTEM FOR SECOND WINDOW IMAGING

The Nd:YAG/OPO based PAT system is shown in Fig. 1. The excitation laser consists an optical parametric oscillator
(Continuum, Surelite OPO) system pumped by a 532 nm Nd:YAG laser (Continuum, Surelite Ex). The Nd:YAG laser
generates it fundamental at 1064 nm and its second harmonic at 532 nm. A dichroic mirror (DM1) was used to separate
1064 nm from 532 nm. The OPO was pumped by the 532 nm beam. The OPO generated 5 ns duration pulses at 10 Hz
repetition rate with wavelength tunable from 680 nm to 2500 nm. The 1064 nm from Nd:YAG pump laser, and 750 nm
from OPO were guided by the two convex lenses (L1 and L2) to the scanner, and then expanded using a concave lens
(L3). A ground glass (GG) is used to make the laser beam more uniform. The laser fluence on tissue surface was ~5
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mJ/cm? which is within the ANSI maximum permissible exposer (MPE). The PA signal generated by the sample was
received by a non-focused transducer (V323-SU/2.25 MHz, Olympus NDT) with a 13 mm active area and 70% nominal
bandwidth. The transducer was driven by a computer-controlled stepper motor (SM) to continuously move in a circular
motion. The PA signals were subsequently amplified, band-pass filtered by an ultrasound pulser/receiver unit (AU),
(Olympus NDT, 5072PR) and then digitized and recorded by the PC with a DAQ (data acquisition) card (25 Ms/s, GaGe,
compuscope 4227). After data collection a simple delay-and-sum reconstruction algorithm*® 47 was used to form the
cross-sectional photoacoustic images of the sample.

3. EXPERIMENTAL RESULTS

The PA spectra of SPN-II and water are shown in Figure 2. SPN-II exhibited strong PA signals in both NIR I and II
windows. The SPN-II showed nearly identical PA amplitudes at 750 nm and 1064 nm. So we used these two
wavelengths to compare deep imaging capabilities of NIR-I and NIR-II windows. Note that the PA amplitude of water at
1064 nm was lower than that at 750 nm, implying the lower background noise in the NIR-II window. Linear correlation
between the concentration of SPN-II and PA amplitudes at 750 or 1064 nm was observed, indicating the applicability for
signal quantification.
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Fig. 2. Photoacoustic spectra of SPN-II (200 pg/mL) and water. Error bars indicate standard deviations of 10 separate measurements.

To validate the advantage of SPN-II for PA imaging in the NIR II window, deep tissue imaging was conducted on a
homemade two-wavelength PA imaging system with the ability to image at both 750 and 1064 nm (Figure 1). The
solutions of SPN-II with 4 different concentrations were embedded in an agar gel phantom and was placed under chicken
breast tissues with different thicknesses. To compare NIR-I and NIR-II imaging in terms of imaging depth, PA images
were acquired at both 750 and 1064 nm with the identical laser energy density of ~5 ml/cm?. At the highest
concentration (1 mg/mL, spot c4), the PA signals were detectable in both NIR-I and NIR-II window at the tissue depth
up to 3 cm. We found that the signal-to-noise ratio (SNR) for NIR-II imaging was higher than that for NIR-I imaging at
all depths. At 3 cm-depth, the 0.5 mg/mL spot c3 is visible in NIR-II but not in NIR-I window. The enhanced SNR for
NIR-II PA imaging should be mainly attributed to the significantly decreased background signals in the NIR-II relative
to NIR-L.3® Due to the relatively lower photon energy at longer wavelength, the maximum permissible exposure (MPE)
increases with the laser wavelength and the MPE for skin is 100 mJ/cm? for 1064 nm laser, which was 25 mJ/cm? for
750 nm laser. With the laser power of 56 mJ/cm?, PA imaging at 1064 nm has been reported to reach ~11.6 c¢cm in
chicken breast tissue.?®
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4. CONCLUSIONS

A SPN-based PA contrast agent that had broadband absorption in both NIR-I and NIR-II windows was designed and
synthesized, discussed in detail in Ref.*> The SPN-II had nearly identical PA amplitudes at 750 and 1064 nm, hence
enabled direct comparison between NIR-I and NIR-II PA imaging. The SPN-II resulted PA images acquired at 1064 nm
could exhibit 1.4-times higher SNR than that at 750 nm at the tissue depth of 3 c¢cm, mainly owing to the decreased
background PA signals of biological tissue at 1064 nm. The application of SPN-II for in vivo 1064 nm PA imaging was
demonstrated in imaging of brain vasculature in living rats, discussed in detail in Ref.* The study proved that the SNR
of 1064 nm PA imaging is higher relative to that of 750 nm PA imaging, this could be further enhanced by increasing the
laser power due to the higher MPE at 1064 nm. We believe that this study provides the clear evidence to support that
1064 nm (NIR-II) is an optimal wavelength for enhancing the contrast of PA imaging compared to 750 nm (NIR-I).
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Fig. 3. Deep tissue in vitro imaging. (A) Two-dimensional PA images of the agar gel phantom containing SPN-II solutions acquired in
both NIR windows at different depths. Left: NIR-I window (750 nm), Right: NIR-II window (1064 nm). Same energy density ~5.5
mlJ/cm2 was used at 750 nm and 1064 nm. The agar gel phantom containing SPN-II dots with different concentrations (c1-c4: 0.05,
0.2, 0.5 and 1 mg/mL, respectively).
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