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Abstract

:

Featured Application


Hyperthermia treatment of tumors surrounded by healthy tissues can be enhanced using radiative heating of embedded gold nanoparticles (GNPs) due to their plasmonic resonance absorption in the so-called optical therapeutic window (700 nm to 900 nm wavelength).




Abstract


In this paper, the plasmonic resonant absorption of gold nanorods (GNRs) and GNR solutions was studied both numerically and experimentally. The heat generation in clustered GNR solutions with various concentrations was measured by exposing them to Near Infrared (NIR) light in experiment. Correspondingly, calculations based on the discrete-dipole approximation (DDA) revealed the same relationship between the maximum absorption efficiency and the nanorod orientation for the incident radiation. Additionally, both the plasmonic wavelength and the maximum absorption efficiency of a single nanorod were found to increase linearly with increasing aspect ratio (for a fixed nanorod volume). The wavelength of the surface plasmonic resonance (SPR) was found to change when the gold nanorods were closely spaced. Specifically, both a shift and a broadening of the resonance peak were attained when the distance between the nanorods was set to about 50 nm or less. The absorbance spectra of suspended nanorods at various volume fractions also showed that the plasmonic wavelength of the nanorods solution was at 780 ± 10 nm, which was in good agreement with the computational predictions for coupled side-by-side nanorods. When heated by NIR light, the rate of increase for both the temperature of solution and the absorbed light diminished when the volume fraction of suspended nanorods reached a value of   1.24 ×   10   − 6    . This matches with expectations for a partially clustered suspension of nanorods in water. Overall, this study reveals that particle clustering should be considered to accurately gauge the heat generation of the GNR hyperthermia treatments.
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1. Introduction


The potential of nanoparticle hyperthermia therapy to treat cancerous cells has been widely investigated in the last decade [1,2,3,4,5,6]. The advantage of this approach is that particles can be conjugated to specific antibodies or targeting ligands which, in turn, penetrate leaky tumor blood vessels to selectively target cancerous cells [7,8,9]. Gold nanoparticles (GNPs) are good candidates for hyperthermia treatment because of their strong optical resonant absorption of near infrared (NIR) light in the so-called optical therapeutic window. When used in tandem, these two phenomena result in a relatively non-invasive method of selectively heating tumors while sparing healthy cells [10,11,12,13]. While there are possible strategies for hyperthermia therapy without gold nanoparticles [14,15], the design freedom afforded by bespoke particle morphology and the resultant control over optical makes GNPs worthy of further investigation and optimization for this application.



As the human skin tissues only weakly absorb light with wavelengths between 700 nm to 900 nm, NIR light optically penetrates biological tissues and reaches GNPs injected inside superficial tumors [16,17,18]. As the peak of this resonance, absorption can be tuned depending on the size and shape of GNPs [19], different types of GNPs including nanospheres, nanoshells and nanorods have been explored [6,10,20,21,22,23]. According to Jain, et al. [24], the calculated surface plasmonic resonance (SPR) absorption efficiency of gold nanorods was much higher than that of nanospheres and nanoshells. Additionally, the SPR of nanorods could be highly controllable by modifying their aspect ratio (AR defined as the ratio of the length to width of the rod, although high AR particles may be difficult to produce). Cai, et al. [25] explained that due to the complicated structure of nanoshells, manufacturing nanorods is easier than producing nanoshells. However, the effects of nanorod orientation and possible electromagnetic interaction between the closely spaced nanorods on the plasmonic absorption have not been quantitatively studied. Caswell, et al. [26], Nikoobakht, et al. [27] and Sun, et al. [28] have shown that the volume fraction of the solution can result in preferred orientation or self-assemblies of gold nanorods (GNR) but the previous studies did not analyze the effect of aggregation on the plasmonic resonance of GNR solutions. Jain and El-Sayed [29] found that the aggregation of gold nanorods caused a significant shift of the SPR wavelength of gold nanorod but this study did not present the effect of GNR aggregation on its absorption efficiency, the critical aspect of the hyperthermia.



Most existing investigations [26,27,28] examined the extinction spectra of GNRs and GNR solutions in isolation, but few reported the actual heat generation capability of these solutions to estimate a real potential for their intended application [30,31,32,33,34]. To fill this knowledge gap, the current study presents the absorption efficiency spectra and the plasmonic absorption resonance of GNR aggregations along with the corresponding effect of these aggregations on heat generation in GNR solutions of various concentrations. Clustering alone can shift the wavelength of the SPR from 700 nm to 1000 nm [35]. Since the heating ability of GNRs depends on their optical properties [36], and particle aggregation changes these properties, the heat generation potential of GNRs solutions can be significantly impacted by aggregates and self-assemblies [37,38]. Therefore, it is important to study both the optical properties of non-uniformly dispersed GNR solutions along with their resulting temperature increase. The present paper investigates this computationally and experimentally. The discrete dipole approximation (DDA) was used to calculate the optical properties of a single GNR and for GNR dimers with various gaps within the assemblies. In parallel, optical properties were measured from the transmission and reflection spectra of suspended nanorods at various volume fractions. Numerical predictions were compared with the experimental results to obtain a comprehensive understanding of the effects of nanorod orientation and possible aggregation. The temperature increase of solutions exposed to NIR light was also measured in laboratory experiments at various nanorod volume fractions to investigate the impact of the affected optical properties on the heat generation efficiency of GNR solutions.




2. Methods


2.1. Optical Experiment


This study focused on GNRs with nominal diameters of   10 ± 1   nm and axial lengths of   38 ± 3.8   nm, obtained from Sigma-Aldrich® (St. Louis, MO, USA), The AR and effective radius of these GNRs was around 3.8 and 8.9 nm. Thus, the plasmonic resonance of the GNR solution was designed to be 780 nm. Transmission electron microscopy (TEM) images of particles in the solution were obtained to verify that these particle dimensions were accurate. In addition, the size distribution of the samples was measured by using dynamic light scattering (DLS) technique [39], noting that DLS provides effective hydraulic diameters (in suspension). The optical and thermal experiments were performed for five volume fractions of GNRs and with pure water as a control. Transmittance and reflectance measurements of the samples were obtained with a Perkin Elmer® Lambda 1050 UV/Vis Spectrophotometer (Waltham, MA, USA) with an integrating sphere. The absorbance of the samples was calculated using the following equation [40]:


   A =   log   10    P   P 0    = 2 −   log   10    (  T × 100  )    



(1)




where A and T are the absorbance and measured transmittance of the samples, P is the light intensity the sample received and    P 0    is the light intensity transmitted through the samples.



The volume of each sample was   1 × 1 × 3.5     cm  3    (3.5 mL). Table 1 illustrates the concentration and volume fraction of these samples. The concentration shown in Table 1 indicates the number of GNRs per milliliter. Thus, Sample A contained pure water while Sample F had a non-diluted GNR solution as-purchased from Sigma-Aldrich® (St. Louis, MO, USA) in which, according to the specification sheet provided by the manufacturer, each milliliter solution contained at least   30   μ g   of gold. Using this specification, the concentration and volume fraction of Sample F corresponded to   5.2 ×   10   11     GNRs/mL and   1.55 ×   10   − 6     respectively. Samples B, C, D, and E were dilutions of Sample F to obtain the concentrations/volume fractions given in Table 1.




2.2. Thermal Experiment


In the thermal experiment, Samples D, E and F were used because the temperature increase in the samples with low concentrations was found to be insignificant. A Hydrosun® 750 lamp (Müllheim, Germany) was used with a Thorlabs FB780-10 bandpass filter (Newton, NJ, USA) to heat the samples. The bandpass filter was applied to further limit the radiation from the lamp to that of the optical window of biological tissues. The specific light intensity of the Hydrosun® 750 lamp (Müllheim, Germany) was previously analyzed by present authors Dombrovsky, et al. [15]. It should be noted that the Hydrosun® 750 lamp (Müllheim, Germany) was applied in this experiment because it has been applied in biomedical treatments for mild hyperthermia cancer therapy [41]. The transmission of the FB780-10 filter is shown in Figure 1. As can be seen from this figure, the transmission of NIR light at 780 nm wavelength is over 55%. The diameter of the filter was 1 inch (25.4 mm), which was larger than the width of the sample containers, 10 mm.



The intensity of the radiation was calculated using the following equations:


    q  e x t   =   ∫    λ 1     λ 2     q λ  e x t    ( λ )  d λ    I =   ∫    λ 1     λ 2     q λ  e x t    ( λ )  × T  ( λ )  d λ     λ 1  = 770   nm ,    λ 2  = 790   nm   



(2)




where    q λ  e x t     is the light intensity of the     Hydrosun  ®    750 lamp (Müllheim, Germany) at a wavelength  λ  [15],   T  ( λ )    is the transmittance of the FB780-10 filter (refer to Figure 1). The value of    λ 1    and    λ 2    was also determined by the transmittance spectrum while  I  represents the overall intensity transmitted through the filter from 770 nm to 790 nm wavelength.



Figure 2 shows the set-up of the thermal experiment. As can be seen in Figure 2a, the sample was wrapped by Superwool® (Windsor, UK) insulation and reflective tape to limit heat loss and error of the experiment. As shown in Figure 2b, the surrounding area of the sample was not exposed to the light source to prevent heating from the sides. Thermocouples were applied to continuously measure local temperature at two locations inside the sample. The experimental data were captured by dataTaker® DT800 (Scoresby, VIC, Australia). The averaged value of temperature increase, at the measured locations after a 300 s of exposure to the filtered light, is presented in Table 2.




2.3. Numerical Methods


The discrete dipole approximation (DDA), introduced by DeVoe [42], has been considered as one of the most flexible and reliable methods for calculating the optical properties of particles with arbitrary geometries. In using this approximation, the target is replaced by an array of point dipoles (polarizable points). The electromagnetic scattering problem for an incident periodic wave interacting with this array of point dipoles is then solved essentially exactly. Figure 3 demonstrates the schematic of the scattering process of a single dipole with   E →   indicating the electric field of the incident light, propagating along the   k →   direction. In the current study, a DDA code named DDSCAT 7.3 [43] was applied to calculate the absorption and scattering efficiency GNRs. Draine and Flatau [44] developed and validated the DDSCAT code based on Mie theory. This code has been adopted and validated in several previous studies of gold nanoparticles and assemblies [24,45,46,47].



The amount of absorption and scattering is usually identified by the absorption and scattering coefficients    C  a b s     and    C  s c a    . The total amount of absorption and scattering is the extinction, which is expressed in the term of the extinction cross section    C  e x t    . The dimensionless efficiency factors of these optical properties are commonly used as specified below:


    Q  a b s   =    C  a b s     π  r 2      










    Q  s c a   =    C  s c a     π  r 2      



(3)






    Q  e x t   =    C  e x t     π  r 2    =  Q  a b s   +  Q  s c a     











The analytical expressions of the Mie theory for these efficiency factors and for other characteristics of absorption and anisotropic scattering can be found in several texts; e.g., [48,49,50,51,52].



It is important to note that the scattering problem is characterized by the so-called diffraction or size parameter:


   x =   2 π r  λ    



(4)




where  r  is the radius of a particle and  λ  is the wavelength of the incident light.



In DDSCAT, the arbitrary target consists of N dipoles with lattice spacing d.




    V = N  d 3     



(5)





The size of the target is characterized by the “effective radius” to calculate the arbitrary geometry.




       r  e f f   =     3 V   4 π    3     



(6)





Since the solutions used in this study are aqueous, the refractive index of water, 1.33 + 0i, was applied as the refractive index of the ambient at all wavelengths. The real and imaginary components of the bulk dielectric constant    ε  b u l k     can be calculated using the refractive index of the bulk material:


    ε r  =  n 2  −  k 2      ε i  = 2 n k   



(7)




where n is the index of refraction and k is the index of absorption.



McPeak, et al. [53] measured the values of the complex dielectric function of gold at various wavelengths using a thin film of gold. However, when the target dimension was smaller than the mean free path length of electrons in the bulk material, the limitations to electron collisions within the particle would change the dampening constant of conduction electrons. This would result in size-dependent dielectric constants which are different from the dielectric constants of the bulk material. To account for this, Vollmer and Kreibig [54] developed a model to modify the real and imaginary components of the dielectric constant based on size via an effective relaxation frequency,    γ  e f f    . This size effect needs to be considered to match the complex dielectric function measured by McPeak, et al. [53]. This is critical for the particles used in this paper, since the effective radius    r  e f f     of the GNR was only 8.9 nm. Thus, the modified dielectric constant can be expressed as:


    ε m  =  ε  b u l k   +  ω p   1   ω 2  + i ω  γ  b u l k     −  ω p   1   ω 2  + i ω  γ  e f f       



(8)




where  ω  is the frequency of the incident electromagnetic wave. According to Ordal, et al. [55], the value of bulk plasmon frequency    ω p    is taken as 9.03 eV and the relaxation frequency of the bulk material,    γ  b u l k     can be assume to be 0.072 eV. The effective relaxation frequency,    γ  e f f    , can be expressed as:


    γ  e f f   =  γ  b u l k   +    A s   v f     l  e f f       



(9)




where the value of the Fermi velocity    v f    (equal to   1.4 ×   10  6    m/s) and    A s    represents the value of the surface scattering parameter, which was assumed to be 0.3 [56]. The effective mean free path    l  e f f    , is taken to be equal to the length of GNR (e.g., nominally 38 nm in this case).



After the real and imaginary parts of the dielectric constant are modified for the size effect, the corresponding index of refraction   n ′   and index of absorption   k ′   can be calculated by the following equations:


    n ′  =        ε r  ′ 2   +  ε i  ′ 2    2  +  ε r ′   2   2       k ′  =         ε r  ′   2  +  ε i  ′   2  2  −  ε r ′   2   2     



(10)







It is important to note that Mie theory has been originally developed for a single particle in vacuum. Fortunately, all the relations can be easily modified to take into account the spectral index of refraction of a non-absorbing host medium [50,57]. This modification was used in all the calculations of the present paper.





3. Results and Discussion


3.1. Experimental Results


Figure 4a presents a characteristic TEM image of the GNRs used in this study. As can be seen from this image, most of the particles are single nanorods of dimensions near the manufacturer specifications, although several appear to have non-horizontal orientations relative to the detector. In addition, some GNR assemblies were also present. Figure 4b shows the dispersion averaged size (as a percentage) of GNR or GNR obtained from three DLS measurements. Significant deviation in sizes was obtained from repeated DLS analysis, which also indicates that some dynamic clustering may occur for small nanoparticles [58,59]. As can be seen from the size distribution shown in Figure 4b, the majority (~22%) of the detected structures had an effective hydraulic diameter around 55 nm. According to the other experimental studies [58,59], for a gold nanoparticle with a similar size, the discrepancy between the actual and DLS measured size was around 12 nm. Therefore, we concluded that the measured GNRs size appears to be as specified from Sigma-Aldrich® (St. Louis, MO, USA).



In Figure 5, from the left to the right, the samples were labelled A, B, C, D, E, and F. For gold nanorods the plasmonic absorption is characterized by two bands, corresponding to the oscillation of the free electrons along and perpendicular to their long axis [60,61]. The transverse mode shows a resonance at about 520 nm, which is co-incident with the plasmon resonance of spherical particles of the same diameter, while the resonance of the longitudinal mode is red-shifted and strongly depends on the AR of the nanorods. The presence of these two modes can be clearly observed in the results for the absorbance at 520 nm and 780 nm measured in the optical experiment and shown in Figure 6. The yellow solid line in Figure 6 indicates the maximum of absorbance depending on wavelength, which was slightly red-shifted. This red shift of the SPR occurred has been reported to be due to aggregation of nanoparticles [29,62]. Therefore, a slight red shift in the longitudinal SPR (see Figure 6) can be attributed to GNR aggregations, which showed an increasing (albeit diminishing return) trend with the GNR volume fraction. The difference in absorbance between Sample E and Sample D was 0.19, while the increase for Sample F was 0.16. These results suggested that for medical treatment an appropriate volume fraction of GNRs should be identified and applied to generate the necessary amount of heat with a minimum total injected mass of gold. Therefore, it is important to quantify the relationship between the capability of heat generation and the volume fraction of gold nanorods solutions.



For comparison, the numerically predicted absorbance averaged for different orientations of nanorods for the solution with the same volume fraction as in the sample F was also shown in Figure 6. The discrepancy between experimental and numerical results can be explained from the fact that in the numerical calculation, a single GNR in the size of exact 10 × 38 nm was analyzed. However, the width and length of the GNRs in the solution as specified by manufacturer, could vary by up to 10% of this size, thus the aspect ratio may not be exactly 3.8 and could vary from 3.36 to 4.33. As will be shown later, such a variation can cause a change in both absorption efficiency and the wavelength of the SPR. More specifically, for GNRs with AR of 3.36 and 4.33, the wavelength of SPR will be around 767 nm and 864 nm, respectively. The difference could also be caused by the aggregations of GNRs in the samples, which are clearly present in the dispersion as shown in Figure 4b.



The current study mainly focused on the shift of LSPR of GNR and aggregations and although DDA can underestimate the broadening of the absorption spectra, the method has been proved sufficiently accurate by previous research studies [24,63,64,65], for predicting the wavelength of longitudinal surface plasmonic resonance (LSPR). The light source applied in this work had a bandpass filter that only allowed light from 770 nm to 790 nm wavelength be transmitted, thus underestimated broadening from DDA would not significantly affect result of the temperature increase.



Table 2 shows the results of absorbance and temperature increase in the solutions of the optical and thermal experiments obtained at 780 nm wavelength. The averaged values of local temperature increases were recorded after a 300 s exposure to the filtered light source. The averaged results were obtained after three measurements of each sample. The measured temperature change of Sample A (pure water) was 0.05 K. Note that the Hydrosun® 750 (Müllheim, Germany) light source contains a water filter, so the remaining spectrum has minimal energy left for pure water absorption. As a baseline, however, 0.05 K has been deducted from the measured temperature increase of Samples D, E and F in Table 2. A correlation with the absorbed intensity measured in the optical experiment can be seen in Table 2. When the volume fraction of GNRs in the samples changed from   0.93 ×   10   − 6     to   1.24 ×   10   − 6    , both the absorption and heat generation showed obvious increases. In Sample E the absorbance increased by 12% causing temperature increase 0.25 K higher than in the solution with lower concentration, whereas in Sample F the absorbance increased by 16% causing a temperature increase 0.1 K higher than in Sample E. One possible reason of the insignificant increase of temperature in Sample F was that there was more light scattered by Sample F than by Sample E. The results of the optical and thermal experiments confirm that the heat generated in the solutions depends on the light energy, which could be potentially absorbed by the GNRs. As can be seen from Table 2, in Sample E the temperature increase was around 0.4 K, which was only 0.1 K lower than in the reference solution (Sample F). The GNRs solution with a volume fraction of   1.24 ×   10   − 6     was, therefore, the most appropriate solution in this case, because it could generate a similar amount of heat as the reference solution with less material, which was beneficial in terms of cost and possible toxicity. The expected temperature for hyperthermia was not reached because of the low intensity of the lamp utilized in the experiment. An alternative light source, such as a continuous wave (CW) NIR laser with adjustable intensity, can be applied to ensure a higher temperature increase, without exceeding the therapeutic intensity limit.




3.2. Numerical Predictions


The discrete dipole approximation (DDA) was employed to calculate the optical properties of a single GNR for each particular shape and orientations and also GNR dimers. The optical properties of a single GNR highly depend on the angle ( α ) between its optical axis and the propagation direction of the light. Figure 7 presents the calculated absorption efficiency of a single GNR with various ARs at different orientations. The arrow in each figure indicates the longitudinal SPR of GNR. It is clearly shown in each figure that the wavelength LSPR did not vary with the direction of incident light. As can be seen from Figure 7c, the wavelength of the longitudinal SPR of a single GNR was around 800 nm and did not change with the angle. The wavelength of the transverse SPR was around 500 nm, which was same as the value obtained in the experiment. The solid curves in Figure 7 indicate the average absorption efficiency of GNR at different orientations. The highest absorption efficiency was achieved when the axis of GNR was perpendicular to the incident light. However, the absorption efficiency at the wavelength of longitudinal SPR was nearly 0, when the axis of GNR was parallel to the incident light. The magnitude of the transverse SPR was less than 1 so it was insignificant compared to the longitudinal SPR. Although the GNR showed high absorption efficiency at the wavelength of longitudinal SPR, the orientations of the GNRs suspended in water can cause the absorption efficiency vary from 12 to nearly 0. The spectral of GNRs shown in Figure 7a–c experience a clear red shift with the increase of aspect ratio. This red shift evidences that the SPR of a single GNR can be significantly affected by the shape of the nanoparticles.



The absorption efficiency of GNRs (AR = 2, 3 and 4) for five different orientations at each plasmonic resonance wavelength is presented in Figure 8. The predictions indicate that optical properties of GNRs highly dependent on  α , which is the angle between its optical axis and the propagation direction of the light source. Figure 8 shows the linear relationship between the absorption efficiency and     sin  2    α   of the GNRs. More specifically, the highest absorption efficiency of an independent GNR occurred when the GNR was perpendicular to the propagation direction of the incident light. However, this also indicates that the absorption efficiency could be negligible if the optical axis of the GNR is parallel to the propagation direction of the light.



As can be seen in Figure 9, the wavelength of longitudinal SPR and the extinction efficiency at this wavelength increased linearly with the aspect ratio of the GNR. Results shown in Figure 9 were obtained for the perpendicular orientation of the GNR (  α = 90 °  ), with the effective radius being fixed at 8.9 nm. The wavelength of the SPR for GNR with aspect ratio AR = 3.8 calculated from the linear equation shown in Figure 9 was 810 nm, which was the same as obtained from the DDA predictions shown in Figure 6. The plasmonic resonance of absorption efficiency also showed a linear relationship with the aspect ratio in Figure 9. It should be noted that the absorption efficiency presented by red marks in Figure 9 was obtained for each aspect ratio at correspondent SPR wavelength shown as blue marks in the same figure. The wavelength of the longitudinal SPR of   AR = 3.8   GNR solutions, as measured in the optical experiment, was equal to 780 nm. While using the DDA method, the wavelength of longitudinal SPR of a single GNR was around 810 nm. This discrepancy results from the fact that the width and length of the GNRs in the solution could vary by up to 10% of this size, resulting in an aspect ratio that could vary from 3.36 to 4.33. The difference could also be caused by the aggregations of GNRs in the solutions. Clustering alone can shift the wavelength of the SPR from 700 nm to 1100 nm depending on the configuration, as demonstrated in Figure 10 and Figure 11.



Figure 10 and Figure 11 present the shift in the wavelength of the SPR for two basic aggregation types, end-to-end and side-by-side, with various gaps between the nanorods. The distance between GNRs varied from 1 nm to 50 nm. As can be seen from both figures, the optical properties of the GNRs approach the fully dispersed case of a single GNR when the distance between two nanorods was increased up to 50 nm. As shown in Figure 10, the SPR of the end-to-end assembly experienced a red shift from 810 nm to over 1100 nm when the gap was 1 nm because this type of aggregation of GNRs effectively enlarged the value of aspect ratio of a single GNR, which was in agreement with results predicted by Jain and El-Sayed [29] and Sun, et al. [28]. Although the absorption efficiency of the end-to-end assembly with a small gap was significantly higher than a single independent GNR, the longitudinal SPR wavelength was around 1100 nm, which was not within the range of the optical tissue window. Therefore, the aspect ratio of either GNRs or GNRs aggregate should not be too large. For the side by side configuration shown in Figure 11, when the distance between GNRs was about 50 nm or less a blue shift and broadening of the resonance peak in the optical spectrum were obtained. The most significant shift was observed when the distance was smaller than 10 nm. The resulting blue shift when the gap was shorter than 50 nm can be attributed to an effective decrease of the aspect ratio when the side-by-side assembly was used.



By analyzing the experimental and numerical results shown in Figure 6, Figure 10, and Figure 11, it can be concluded that the GNRs in the samples preferentially formed numerous side-by-side assemblies because the longitudinal SPR measured in the experiment was around 770 nm wavelength. With the increase of the concentration, the GNRs also formed some end-to-end assemblies, providing a slight red shift of SPR in Figure 6.





4. Conclusions


Identifying the volume fraction and particle size of GNR solution is one of the most critical tasks when GNRs are used for hyperthermia applications. To gain insight into the most useful selection of GNR solutions, a systematic investigation of the optical properties and radiation efficiency of GNR solutions and aggregations was undertaken for different sizes and morphologies of GNRs. By comparing the results of the optical and thermal experiment, it was found that when irradiated by NIR light, the 10 × 38 nm GNR solution with a volume fraction of   1.24 ×   10   − 6     was effective because the temperature increase was similar to the temperature increase of the reference sample, with less material required. A linear relationship between the absorption efficiency and     sin  2    α   of a single gold nanorod was numerically obtained. Additionally, the plasmonic resonance wavelength and absorption efficiency of a gold nanorod both increased linearly with the aspect ratio of the nanorod. The spectra of end-to-end and side-by-side GNR assemblies were also investigated. These showed a shift and broadening of the resonance peak when the distance between the nanorods was 50 nm or less. Moreover, the SPR can shift significantly from 700 nm to over 1100 nm wavelength when the gap was smaller than 10 nm. The direction of this shift depends on the configuration. These results indicate that it may be possible to preferentially, and beneficially, control particle clustering in hyperthermia applications.
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Figure 1. Transmission of the 780 nm bandpass filter. 
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Figure 2. (a) The GNR solution sample was wrapped by insulation and reflective material and (b) Equipment set-up of the thermal experiment. 
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Figure 3. Schematic of the scattering process of a spherical particle. 
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Figure 4. (a) Transmission electron microscopy (TEM) and (b) dynamic light scattering (DLS) measurements of the GNRs, with an original concentration of   5.20 ×   10   11     GNRs/mL. 
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Figure 5. GNR solutions of various concentrations (refer to Table 1). (A) 0 GNRs/mL, (B)   1.04 ×   10   11     GNRs/mL, (C)   2.08 ×   10   11     GNRs/mL, (D)   3.12 ×   10   11     GNRs/mL, (E)   4.16 ×   10   11     GNRs/mL and (F)   5.20 ×   10   11     GNRs/mL. 
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Figure 6. Measured absorbance of GNR solutions with various concentrations (see Table 1). 
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Figure 7. Spectral dependency of absorption efficiency of a single GNR with different aspect ratios (AR), (a) AR = 2, (b) AR = 3, (c) AR = 3.8 and (d) AR = 4. 
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Figure 8. The linear relationship between the absorption efficiency and the orientation. 
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Figure 9. Linear increase of the wavelength of longitudinal surface plasmonic resonance (SPR) and of maximum absorption efficiency with aspect ratio. 
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Figure 10. Absorption efficiency of end-to-end assembly with various gaps. 
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Figure 11. Absorption efficiency of side-by-side assembly with various gaps. 
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Table 1. Description of gold nanorods (GNRs) solution samples with various volume fractions.
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	Sample
	Concentration (GNRs/mL)
	Volume Fraction





	A
	0
	0



	B
	   1.04 ×   10   11     
	   0.31 ×   10   − 6     



	C
	   2.08 ×   10   11     
	   0.62 ×   10   − 6     



	D
	   3.12 ×   10   11     
	   0.93 ×   10   − 6     



	E
	   4.16 ×   10   11     
	   1.24 ×   10   − 6     



	F
	   5.20 ×   10   11     
	   1.55 ×   10   − 6     
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Table 2. Results from optical and thermal experiments obtained at 780 nm wavelength [35].
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	Sample
	Absorbance
	Temperature Increase (K)
	Error of Temperature Measurements (K)





	D
	0.61
	0.2
	+0.015



	E
	0.80
	0.4
	−0.014



	F
	0.96
	0.5
	−0.013











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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