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Abstract: Photoacoustic (PA) spectral analysis (PASA) is a recently developed approach for 
quantifying molecular components and microscopic architectures in tissue. The PASA relies 
on signals with sufficient temporal length and narrow dynamic range for statistics based 
analysis. However, the optical and acoustic attenuation within the biological tissue make it 
difficult to acquire desirable signals from deep locations in biological tissue for PASA. This 
study proposes an interstitial PASA approach. By combining a fiber optics diffuser and a 
small aperture needle hydrophone, a fine needle PA probe facilitates PASA in deep tissue. A 
prototype probe has been fabricated and tested in quantifying the prostate cancer cell 
concentrations in vitro and lipid infiltrated hepatocyte in liver ex vivo. Experiment results 
show that the needle probe could potentially provide pathologic information of the tissues. 
© 2017 Optical Society of America 
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1. Introduction 
Photoacoustic (PA) spectral analysis (PASA) is a recently developed technology with the 
capability of quantifying the histologic information in biological tissue [1–6]. By frequency 
domain analysis of the radiofrequency PA signals, the repetitive microscopic architectures 
and the content of molecular components in the assessed tissue volume can be statistically 
quantified. In our previous studies, we have successfully quantified the microscopic 
architectures in mouse livers in situ [6] and human prostate tissues ex vivo [7]. A key 
challenge in PA technology is the attenuation of optical energy and the high frequency 
components in the PA signals in deep tissue. Interstitial measurement approaches were 
attempted [8–10]. Using flat end [10] or conical tip [8, 9] fiber optics, previous studies have 
successfully generated PA signals in biological tissues with sufficient sampling volume. 
However, the light diffusion in biological tissue leads to rapid photon fluence decay away 
from the illumination source. Delicate signal components in tissue region far from the 
illumination source are lost due to the limited dynamic range of the data acquisition system. 

Cylindrical fiber optics diffuser is commonly used for medical application, including 
photodynamic therapy, interstitial photocoagulation and interstitial hyperthermia [11]. The 
treated tip of the fiber optics diffuser, with length up to centimeters, can deliver relatively 
uniform optical energy along its longitudinal direction. A fiber optics diffuser thereby 
possesses the potential of generating low dynamic range PA signals with sufficient 
temporal/spatial length for statically analysis of the signal frequency components. The PA 
signals generated within a tissue volume by a fiber optics diffuser, when quantified by PASA, 
could thereby provide a more reliable tissue characterization than that generated at a random 
point by a flat end fiber optics. PA measurements using fiber optics diffuser have recently 
shown the capability of monitoring tissue temperature [12]. 

On the other hand, a highly sensitive and broadband ultrasound transducer close to the 
illumination location is essential for receiving the high frequency signal components. Needle 
hydrophones with high sensitivity, small aperture and thereby large receiving angle could be 
the ideal candidates. 

                                                                            Vol. 8, No. 3 | 1 Mar 2017 | BIOMEDICAL OPTICS EXPRESS 1690 



The purpose of this study is to examine the feasibility of quantifying the diffusive changes 
of molecular component and microarchitecture in biological tissue by interstitial PASA. A 
prototype needle PA probe has been examined in phantoms and tissue samples. The 
advantages and limitations of the proposed measurement approach geometry are discussed. 

2. Method and material 
In this section, the fabrication of a prototype needle PA probe is described. The performance 
of the needle PA probe has been initially tested using phantoms made of fresh blood and 
canine prostate. The capability of the needle PA probe in producing effective PA signals for 
PASA has also been demonstrated with prostate cancer cells in vitro and with mouse livers ex 
vivo. 

2.1 Measurement components and PASA 

As shown in Fig. 1(a), a prototype needle probe has been fabricated by positioning the two 
measurement elements, a fiber optics diffuser and a needle hydrophone, in parallel. To avoid 
optical illumination at the surface of the hydrophones, the hydrophone tips were positioned 2 
mm away from the illumination segment of the fiber optical diffuser. The fiber optics diffuser 
was fabricated following the procedures described in a previous study [11]. A fiber optics 
with 0.39 numerical aperture and 600 µm core was used. The coating of the 15 mm segment 
at the end of a fiber optics was removed. One end of the fiber optics was abraded into a cone 
shape and soaked in 48% hydrofluic acid for two hours. Figure 1(b) shows the etched fiber 
tip. The tiny etched surfaces allow for the exit of optical energy in the radial direction of the 
fiber optics. The other end of the fiber optics was polished for optical energy coupling. Figure 
1(c) shows the light illumination pattern of the treated fiber. Other characteristics of the fiber 
optics diffuser are specified in [11]. 

Two needle hydrophones were used in this study. A customized hydrophone with a center 
frequency of 35 MHz and a −6 dB bandwidth of 100% was first used to examine our best 
achievable performance in section 2.2. The hydrophone has a sensing surface with a diameter 
of 600 µm. Estimated by the directional sensitivity calculation methods in [13], the 
hydrophone has a −30dB sensitivity at ± 80 degree aperture. Another commercially available 
hydrophone (HNC1500, ONDA Corp., Sunnyvale, CA) with lower bandwdith (1-20MHz 
effective bandwidth) was used in the cell and tissue sample tests. The bandwidth of this 
hydrophone covers the microarchitectures at the dimensions of tens to hundreds of microns in 
the samples. The hydrophone has a nominal sensitivity of −239 dB re 1V/µPa and a −6dB 
sensitivity at 15 degrees. The acoustic signals from both hydrophones were preamplified by 
20 dB (ZFL-1000 + , Mini-Circuits, Brooklyn, NY for the customized hydrophone and AH-
1100, ONDA Corp., Sunnyvale, CA for the commercially available hydrophone). The signals 
were afterwards amplified by 40dB (5072PR, Olympus NDT, Waltham, MA) before recorded 
by an oscilloscope (TDS 540, Tektronix, Beaverton, OR). 

 

Fig. 1. A prototype needle PA probe. (a) A photograph of the probe. (b) A microscopic 
photograph of the etched surface of the fiber optics diffuser. (c) The light emission pattern of 
the fiber optics diffuser. 

The optical energy coupled into the fiber optics diffuser was monitored by an optical 
power meter for signal magnitude normalization in all experiments. The procedures of PASA 
are described in our previous studies [3, 6] and is briefly reviewed here. The power spectra of 
the PA signals within a selected frequency range are fit to linear models. The areas under the 
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power spectra within the linear fitting range and the slopes of the linear models are quantified. 
The areas under the power spectra, namely total spectral magnitudes, within the frequency 
range of linear fitting are the representation of the content of molecular components inside the 
specimen. The slopes (illustrated later in section 3.4) are the quantitative representation of the 
heterogeneities of the microscopic architectures in the observed specimen. 

2.2 Examining the detectable volume of the needle probe 

As shown in Fig. 2(a), a transparent plastic tube with outer diameter of 1.5 mm and inner 
diameter of 1mm was positioned perpendicular to the prototype needle probe. The plastic tube 
was filled with fresh blood. Both the plastic tube and prototype needle probe were submerged 
in 1% intralipid solution to mimic the optical turbidity in biological tissue. 590 nm 
illumination was used as both blood and the optical contrast agents used later in the study 
have strong optical contrast at this wavelength. 7 mJ optical energy was focused at the 
coupling end of the fiber optics. Considering an approximated 70% coupling efficiency, the 
optical energy density at the fiber optics diffuser surface was 17 mJ/cm2. The customized 
hydrophone with a large receiving angle was used in this study. 

The longitudinal and radial sensitivity was tested by positioning the plastic tube filled 
with whole blood at varied locations with respect to the fiber optics diffuser. The prototype 
needle probe was also tested with a prostate of a 1-year-old beagle ex vivo. The prostate was 
in a spherical shape and with a diameter of approximately 2.5 cm. As shown in Fig. 2(b), the 
fiber optics diffuser was positioned at the center of the prostate. The needle tip of a syringe 
was fixed approximately 1mm below the surface of the prostate. A coomassie blue (CB) 
nanoparticles (NP) solution at the concentration of 0.2 mg/ml, which is equivalent to pure CB 
dye at the concentrations of 1.4 µg/ml or 1.68 µmol/ml, was injected to simulate the tumors 
stained by systematical delivery [14]. The PA measurements were taken before and after the 
NP injection. 

 

Fig. 2. Experiment setups for understanding the detection range of the prototype probe. (a) A 
transparent plastic tube containing blood was positioned at varied longitudinal and radial 
positions with respect to the prototype probe. The background material was 1% intralipid. (b) 
The prototype needle PA probe was inserted at the center of a canine prostate ex vivo. The 
radial detection range of the needle probe was examined by injecting NP solution 1mm below 
the prostate surface. 

2.3 Quantifying cell density using needle probe 

The needle probe has been tested in assessing the density of cells in vitro. As reported in a 
previous study [15], at 266 nm, cell nucleus acid has strong optical absorption yet water has 
relatively weak optical absorption. The optical illumination at 266 nm was generated by the 
fourth harmonics of an Nd:YAG laser (SureLite OPO, Continuum, CA). DU145, a prostate 
cancer cell line, was used. According to previous study [16], prostate cancer tumor cell 
density is within the range of 0-8000 cells/mm2, equivalent to 0 to 7 × 105 cells/mm3. Cell 
densities of 8, 4, 2, 1 and 0.5 × 105 per cm3 were attempted to simulate the spectrum of the 
normal to cancerous cell densities. A vortex mixer was used to produce homogeneous PCa 
cell suspension in phosphate buffered saline. The needle based PA measurements were taken. 
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For each concentration, 10 measurements were taken. The absolute signal magnitudes were 
recorded. The power spectra of the PA signals and the total spectral magnitudes (i.e. area 
under the curve) within the frequency range of 0-10 MHz were calculated. 

2.4 Quantifying lipid content in liver 

Our previous study has shown that normal and fatty liver tissues can be differentiated by 
PASA slopes and magnitudes at 1220 nm [5, 6]. In this study, identical animal model was 
used to test the needle based PA measurement geometry. The fatty liver samples were 
generated in C57BL/6J wild type mice from Jackson laboratory. The mice were fed with 
chow diet for the first 8 weeks, followed by 60% high-fat diet (Research diet, D12492) for the 
12 weeks thereafter. The control mice were fed with chow diet for 20 weeks. The livers of the 
mice were harvested at 20 weeks. As shown in Fig. 3(a) and 3(b), compared to the compact 
cell architecture in normal livers, fatty livers contain the heterogeneously distributed clusters 
of lipid infiltrated liver cells. As show in Fig. 3(c), the prototype needle probe was inserted at 
the center of the liver samples. The liver samples were thin and thereby submerged in water 
to avoid acoustic reflection at the tissue-air interface. The 1220 nm illumination was 
generated by an OPO laser (Vibrant, OPOTEK, Carlsbad, CA). Approximate 13 mJ/cm2 
optical power was delivered at the fiber optics diffuser surface. The maximum absolute signal 
magnitudes were recorded. The PASA slopes and the total spectral magnitudes were 
calculated. 

 

Fig. 3. Interstitial PA measurements of normal and fatty livers in a mouse model ex vivo. (a) 
and (b) are histology photographs of normal and fatty livers, respectively. The photographs 
were reproduced from our previous work [6]. This is because the same batch of samples was 
measured by the need probe. (c) The needle probe was inserted into the liver samples. Both the 
prototype needle probe and the liver sample were submerged in water during the measurement 
to avoid acoustic reflection at tissue-air interface. 

3. Results 

3.1 Phantom study 

Figures 4(a)-4(c) show the PA signal envelopes acquired in the setup in Fig. 2(a) with the 
plastic tube containing whole blood located at three longitudinal positions along the fiber 
optics diffuser and 1 mm away from the fiber surface. The correlation between the tube 
positions and the PA signals were confirmed by continuously moving the tube. The signal 
intensities are relatively uniform at the three test locations, although an artifact signal 
appeared at 8 µs in Fig. 4(c), which could be a reflection signal by the wall of the water tank. 
Such observation supports our hypothesis that PA signals with low dynamic range can be 
generated along the longitudinal direction of the fiber optics diffuser. Figure 4(d)-4(f) are the 
PA signal envelopes acquired with the tube positioned at 5, 10 and 15 mm away from the 
center of the fiber optics diffuser. It can be observed that the tube can be detected at all the 
three positions, although at 15 mm [Fig. 4(f)], the PA signals from the blood are only 
approximately twice of the noise level. By converting the PA signals into frequency domain, 
the high frequency noise signals are spontaneously separated from the low frequency signal 
contours. Such advantage of PASA will be demonstrated later. 
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Fig. 4. Examining (a)-(c) the longitudinal measurement uniformity and (d)-(f) the radial 
detection range of the prototype needle probe in the experiment setup in Fig. 2(a). The 
correlation between the tube positions and the PA signals were confirmed by continuously 
moving the tube. Red dashed boxes marks the signals correlated to the transparent plastic tube 
containing whole blood. The artifact signals generated due to the illumination of the needle 
hydrophone surface are shaded in blue. The magnitudes of the artifact signals become 
significant when the blood containing tube is far from the needle probe surface. An artifact 
probably due to the reflection by the water container can be observed in (c) at 8 µs. The artifact 
does not appear in other experiment results and is thereby not expected to affect the PASA 
procedures. 

3.2 NP injection in canine prostate ex vivo 

Figure 5 shows the envelope of PA signals before and after the NP solution injection in the 
experiment setup in Fig. 2(b). The signal increases marked by the green arrows were 
observed. The overlapping signal envelope at the beginning of the signal confirmed that the 
NP injection does not introduce significant displacement between the prototype needle probe 
and the prostate. The small signal magnitude increases were due to the low concentration 
(1.68 µmol/ml) of the NP solution. 

 

Fig. 5. PA signal envelope acquired in the geometry shown in Fig. 2(b) before and after the NP 
injection. Inj = injection. 

3.3 Assessing prostate cancer cell density in vitro 

Figure 6(a) shows the representative PA signals generated by illuminating prostate cancer cell 
suspensions at varied concentrations at 266 nm. Since the cell concentrations are theoretically 
linearly correlated to the PA signal power, i.e. the square of signal magnitude, the correlation 
between the squares of the data points in Fig. 6(b) and the cell concentrations were calculated. 
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A correlation of 0.87 (p<10−10) was found. A correlation of 0.90 (p<10−10) was found between 
the total spectral magnitude and the cell concentrations in Fig. 6(d) in logarithmic scale. 

 

Fig. 6. Assessing cancer cell density with the prototype needle probe. (a) PA signals acquired 
at the varied cell concentrations. The cell densities are the numbers in the legends multiplied 
by105 per cm3. (b) Statistics of the maximum absolute magnitudes of the signal acquired from 
all samples. (c) Power spectra of the PA signals in (a). (d) The total spectral magnitudes 
derived from 10 samples at each cell concentration. 

3.4 Assessing the lipid content and distribution in mouse livers ex vivo 

As shown in Fig. 7(a) and 7(b) for normal and fatty livers, respectively, PA signals at 1220 
nm generated by fatty liver samples have larger signal magnitudes and more fluctuations. The 
maximum absolute signal magnitudes were quantified. Overlapping between the two liver 
conditions can be observed, although difference between the two data sets can still be found 
in a two tailed t-test (p = 0.002). Representative power spectra of the PA signals were shown 
in Fig. 7(d). The slopes and total magnitudes of the signal power spectra were quantified. 
Statistically significant difference (p<1 × 10−7 for both the spectral slopes and the total 
spectral magnitudes) can be observed between the slopes derived from the normal and fatty 
liver samples in a two-tailed t-test in Fig. 7(d) and 7(e). 

 

Fig. 7. Differentiating normal and fatty mouse livers ex vivo using the prototype needle probe. 
(a) and (b) are representative signals generated by normal and fatty livers, respectively. (c) 
shows the statistics of the maximum absolute signal magnitudes. (d) shows the power spectra 
of the PA signals in (a) and (b). PASA slopes are illustrated. (e) and (f) are the slopes and total 
spectral magnitudes quantified from the measurements of 12 normal and 12 fatty liver samples. 

4. Discussion 
Due to the imperfect fabrication, the optical energy distribution along the longitudinal 
dimension of the fiber optics diffuser was not perfectly uniform. However, relatively low 
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signal dynamic range along the longitudinal dimension allows for sufficient signal duration 
for statistics based PASA. Commercially available fiber optics diffusers fabricated by more 
advanced procedure could provide better illumination uniformity and delivery efficiency. 
Two hydrophones were used in this study. We initiated the investigation with the PCa cell 
and liver tissue experiments with the ONDA hydrophone. We later upgraded to a customized 
hydrophone with wider frequency range for better measurement performance. 

The directional sensitivity and field of view are determined by both the wavelength-
specific optical properties of the measured tissue volume and the characteristics of the 
hydrophones. In Figs. 4 and 5, objects as far as 15 mm away from the prototype needle probe 
were detected using 590 nm illumination. The optical absorption of intralipid monotonically 
decreases with respect to the increase of optical wavelengths. We thereby expect broader 
detection range at higher wavelengths. The detection range of the needle probe is also limited 
by the reception angle and the sensitivity of the hydrophone. A small aperture, i.e. effective 
detector surface area, provides large reception angle yet low sensitivity, and vice versa. 
Hydrophones with varied aperture size will be tested in search for a balanced performance in 
the future works. Since the needle PA hydrophone can only acquire one dimensional 
measurement, the localization capability of a single needle PA probe is limited. If the 
assessed tissue volume has uniformly diffusive disease condition comparable to the fatty liver 
condition shown in Fig. 3(b), localization is less of an issue. Using multiple probes and 
triangulation for localization might be a feasible approach, which will be investigated in the 
future works. 

The total spectral magnitudes in Fig. 6(d) showed a slightly stronger correlation with the 
cell densities over the maximum absolute signal magnitudes in Fig. 6(b). Statistics of the data 
shown in Fig. 7 shows that the quantification of molecular contents by total spectral 
magnitude provides more significant differentiation between the two types of liver conditions. 
These observations are due to the fact that the total spectral magnitudes represent the overall 
signal magnitude information whereas the signal magnitudes are quantified at individual time 
points. PASA by the needle PA probe thereby provides more reliable quantification of the 
molecular content. Another advantage of the needle based PA measurement is to quantify the 
microscopic tissue architecture using the spectral slopes, as shown in Fig. 7(e). The PASA 
slope is a representation of the relative ratio between high and low frequency components and 
is thereby independent of the absolute signal magnitudes. PASA slope is thereby found more 
robust in tissue characterization in our other studies [5, 6]. The accurate quantification of both 
the total spectral magnitude and the PASA slopes relies on the sufficient temporal signal 
extension provided by the needle PA probe. 

Low signal-to-noise ratio has been found in some of the time-domain measurements. 
However, the relatively low frequency fluctuations correlated to the microscopic architectures 
can potentially be separated from the high frequency background noise in frequency domain. 
Quantification of the tissue characteristics in frequency domain is thereby more reliable. 

The two-element prototype needle PA probe can be potentially miniaturized and 
integrated into a fine needle. Such fine needle PA probe could be an ideal tool for acquiring 
the physio-chemical spectra developed in our previous study [6]. By interstitially observing 
and quantifying the microscopic architecture and molecular components with such fine needle 
PA probe, one could achieve minimally invasive assessment of the histopathologic 
information in vivo. Besides the advantage of avoiding unnecessary tissue extractions and the 
accompanied complications [17, 18], the extensive detection range of the needle probe could 
cover a tissue volume much larger than that of a biopsy core. Such comprehensive diagnostic 
approach could resolve the limited sampling issue of the biopsy procedures and minimize the 
number of false negative cases [19–22]. 
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5. Conclusion 
Purposed at producing PA signals with sufficient temporal length and narrow dynamic range, 
this study proposes an interstitial PA measurement approach with a fiber optics diffuser and a 
needle hydrophone. The performance of a prototype needle probe has been validated with 
phantom and tissue sample studies. The “in vivo biopsy” approach facilitated by such needle 
probe, if ultimately translated to clinics, could benefit the patients by minimizing the 
necessity of the conventional tissue biopsies. 
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