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ABSTRACT 
 
This study demonstrates a method for measuring the optical absorption cross-sections (σa) of Au-Ag nanocages and Au 
nanorods using photoacoustic (PA) sensing. PA signals are directly proportional to the absorption coefficient (μa) of the 
nanostructure. For each type of nanostructure, we first obtained μa from the PA signal by benchmarking against a linear 
calibration curve (PA signal vs. μa) derived from a set of methylene blue solutions with different concentrations. We 
then calculated σa by dividing the μa by the corresponding concentration of the Au nanostructure. Additionally, we 
obtained the extinction cross-section (σe, sum of absorption and scattering cross-sections) from the extinction spectrum 
recorded using a conventional UV-vis-NIR spectrometer. From the measurements of σa and σe, we were able to easily 
derive both the absorption and scattering cross-sections for each type of gold nanostructure. This method can potentially 
provide the optical absorption and scattering properties of gold nanostructures and other types of nanomaterials. 
 
Keywords: Photoacoustic tomography, gold nanoparticles, optical absorption cross-sections, optical scattering cross-
sections. 

 
INTRODUCTION 

 
Au nanostructures have received considerable attention in biomedical applications as diagnostic contrast agents and 
therapeutic agents. Since the nanostructures have significant tunable properties in sizes, shapes, and compositions, their 
biomedical applications are broad. Specially, the localized surface plasmon resonance (LSPR) peak wavelengths of the 
nanostructures can be easily tuned to the visible and near-infrared (NIR) regimes by manipulating sizes and 
geometries.1-5 Therefore, the nanostructures have been widely applied as diagnostic contrast agents in optical imaging6-8 
and therapeutic contrast agents in photothermal therapies.9 Furthermore, the nanostructures are biocompatible, and do 
not have potential heavy metal toxicity because they are made of gold. Despite the optical properties of nanoparticles, 
the molar extinction coefficients are measurable only using a spectra-photometer and Beer’s law. So far, theoretical 
simulations have been used to estimate the absorption and scattering cross-sections of Au nanostructures.10-13 To 
maximize the advantages of the nanoparticles in biomedical applications, the absorption and scattering cross-sections 
need to be experimentally quantified. 

Photoacoustic (PA) imaging7,8 is a hybrid imaging modality that can provide strong optical absorption contrast 
and high ultrasonic resolution. PA waves are generated through thermo-elastic expansion when a short-pulsed laser 
illuminates a target which absorbs the light. By measuring the arriving PA signals over a period of time, one-
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dimensional images (A-lines) are obtained. Additional raster scanning along two transverse directions enables the 
formation of three-dimensional images of optical absorption heterogeneities in biological tissue. 
 In this study, we have experimentally evaluated the optical absorption cross-sections of Au nanocages, Au 
nanorods, and Au nanoshpheres using PA sensing. Since PA signals are proportional to optical absorption14, the 
absorption cross-sections of the three nanostructures can be quantified by comparing the PA signals of the 
nanostructures with those of methylene blue, which has a known absorption coefficient. 
 

METHODS AND MATERIALS 
 
We used four kinds of Au nanostructures: two Au nanocages, Au nanorods, and Au nanospheres. Figure 1a shows a 
TEM image of Au nanocages of 50.0 nm outer edge length, and Figure 1b shows the optical absorbances of Au nanocages and 
methylene blue dye. Two sizes of Au nanocages (50 nm and 28 nm outer length) were prepared by galvanic replacement 
of Ag nanocubes with AuCl4.5 Au nanorods (44 × 20 nm in length and width, respectively) were synthesized based on 
the method by El-sayed et al.15 We used commercially available Au nanospheres ~150 µm in diameter (Ted Pella Inc.). 
The absorption peak wavelengths were tuned to 650 nm, which is close to the absorption peak wavelength of methylene 
blue. Methylene blue dye was used as a reference since its molar extinction coefficients are well known16 and it is an 
optical absorption dominant dye. 

 
Figure 1: (a) A TEM image of Au nanocages of a 50 nm outer edge length and a 5.8 nm wall thickness. (b) UV-Vis spectra of Au 
nanocages and methylene blue.  
 

Figure 2 shows an experimental schematic of the PA imaging system. A tunable dye laser (ND6000, 
Continuum) pumped by a Q-switched Nd:YAG laser (LS-2137, LOTIS) produced 6.5-ns laser pulses at a 10-Hz pulse 
repetition rate. The ring-shaped light illumination (λ = 638 nm) was coaxially focused with the ultrasound focal zone in 
water. A single-element 5-MHz ultrasound transducer (V308, Panametrics-NDT) detected PA waves. The spatial 
resolutions were 138 µm in the axial direction and 490 µm in the transverse direction. Three TygonR tubes were 
embedded inside an optically scattering medium which protected the Au nanostructures and methylene blue dye from 
damaging and photobleaching. Au nanostructures and dye solutions were injected into the tubes. For consistent data, 
each solution was ejected through the tube after each measurement, and fresh solution was refilled into the tube for 
additional measurements.  
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Figure 2: Experimental schematic of a photoacoustic sensing system. PCL; plano-concave lens, CL; conical lens, OC; optical 
condenser, US TX; ultrasound transducer.  
 
 

RESULTS AND DISCUSSION 
 
First, we checked the linear relationship between PA amplitudes and the concentration of Au nanostructures. The PA 
signals linearly increased with linear increments of the concentrations of the Au nanostructures (R2=0.98~0.99). Due to 
the low absorption coefficients of the Au nanospheres, we could not detect any PA signal.12 Using the following 
equation, we could quantify the absorption coefficients of the Au nanostructures: 
 

AuaAuAua N ,, σμ = ,      (1) 
 
where μa, Au is the absorption coefficient (m-1), σa,Au is the absorption cross-section (m2), and NAu is the number density 
(number of particles / m3) of the Au nanostructures. Since the absorption coefficients of the Au nanostructures were 
unknown, we estimated them. First, we measured PA signals at various concentration of methylene blue. Since the 
absorption coefficients of methylene blue are well known, we estimated the relationship between PA signals and the 
absorption coefficients as follows (R2=0.99): 
 

92.5 signalsPA 99.11 −×=aμ .     (2) 
 
In this approach, we assumed that optical absorption is dominant in methylene blue. To prove this, we compared the 
known absorption cross-section16 ( 2010391.2 −× m2) of methylene blue with the estimated extinction cross-section 
( 2010397.2 −× m2) from our spectra-photometer measurement. Since the two values were almost same, our 
assumption was valid. Then, we estimated the absorption coefficients of three Au nanostructures by using Eq. (2) and 
the measured PA signals in Fig. 3. Finally, we calculated the absorption cross-sections of the three nanostructures by 
plugging the experimentally used concentrations and the estimated absorption coefficients into Eq. (1). 
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Figure 3: Plots of PA signals versus various concentrations of three Au nanostructures. PA signals for Au nanospheres were not 
detectable within our experimental conditions.  
 
Table 1 summarizes the absorption and extinction cross-sections of the Au nanostructures. The extinction cross-sections 
were obtained from spectra-photometer measurements. The absorption peaks of Au nanostructures’ spectra were tuned 
to 650 nm. It is known that Au nanocages and Au nanorods are optically absorptive materials. The ratios of optical 
absorption cross-section to extinction cross-section of Au nanocages and Au nanorods are more than 80 %. Although 
the smaller nanocages has a higher ratio of the absorption to extinction cross-sections, the absolute absorption cross-
section of the larger nanocages are wider. These results agree well with previous results11. In addition, the absorption to 
extinction cross-section ratio of the Au nanorods is close to the ratio from the larger Au nanocages. Moreover, since the 
absorption cross-section of the Au nanospheres was calculated to be only 5% of the extinction, it was difficult to detect 
PA signals experimentally.  
  
Table 1: Experimental optical extinction and absorption cross-sections of Au nanostructures. All the values were obtained at 638 nm. 
PA signals were not detected from Au nanospheres.   
 

 
 
 

CONCLUSIONS 
 
In summary, we have demonstrated a method to evaluate the absorption cross-sections of Au nanocages and Au 
nanorods using photoacoustic imaging. By comparing PA signals from Au nanostructures with those from methylene 
blue, which has a known absorption coefficient, we can estimate the absorption cross-sections of those nanoparticles 
experimentally. Based on the experimental results, we confirmed that optical absorption is dominant in Au nanocages 
(84 ~ 100% of extinction) and nanorods (84%). Therefore, we conclude that these two nanostructures can be used as 
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optical absorption contrast agents for diagnostic purposes and photothermal therapeutic agents. Potentially, this method 
can be used to measure the optical properties of other materials, and can guide the choice of optical materials for 
specific applications.  
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