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Abstract

:

Utilizing the surface plasmon resonance (SPR) effect of gold nanoparticles (GNPs) enables their use as contrast agents in a variety of biomedical applications for diagnostics and treatment. These applications use both the very strong scattering and absorption properties of the GNPs due to their SPR effects. Most imaging methods use the light-scattering properties of the GNPs. However, the illumination source is in the same wavelength of the GNPs’ scattering wavelength, leading to background noise caused by light scattering from the tissue. In this paper we present a method to improve border detection of regions enriched with GNPs aiming for the real-time application of complete tumor resection by utilizing the absorption of specially targeted GNPs using photothermal imaging. Phantoms containing different concentrations of GNPs were irradiated with a continuous-wave laser and measured with a thermal imaging camera which detected the temperature field of the irradiated phantoms. By modulating the laser illumination, and use of a simple post processing, the border location was identified at an accuracy of better than 0.5 mm even when the surrounding area got heated. This work is a continuation of our previous research.






Keywords:


surface plasmon resonance; gold nanorods; photothermal imaging; laser beam modulation








1. Introduction


The ability to resect a tumor completely is a key merit in preventing the recurrence of the disease. In order to achieve more complete tumor resection, the surgeon must clearly identify the tumor margins. This identification is even more crucial when the tumor growth is adjacent to or in neurological structures, and therefore it is dangerous to remove extra tissue [1,2]. Various methods have been proposed to better visualize tumor margins. Among these methods are magnetic resonance imaging (MRI) [2], CT [3] and targeted fluorescence imaging [4]. However, MRI and CT, because of their prolonged process, suffer from limited spatial resolution due to tissue shift during surgery [5], and targeted fluorescence imaging depends on the photophysics or photochemistry of the fluorophore, the autofluorescence of live cells, photo toxicity and photo bleaching [6,7,8,9,10].



Gold nanoparticles (GNPs) have been used for the last two decades by numerous research groups as biomarkers in multiple biological applications such as drug delivery [11], imaging contrast agents [12,13] and therapeutics [14,15]. Important attributes of GNP are their photostability and biocompatibility [16]. The main interest in GNPs stems from the surface plasmon resonance (SPR) that results in high scattering and absorption cross-sections [17]. When the GNPs are illuminated by a wavelength that matches the SPR, a strong oscillating motion of the electrons in the GNPs will occur, resulting in amplification of their optical absorption and scattering [18,19]. The resonance wavelength depends on the GNP’s dimensions and the refractive index of the nanoparticle and its environment [17]. The light scattering is essential for imaging applications based on light-scattering modalities, including dark field microscopy [20,21] or coherence tomography [22,23]. The approach based on light absorption is used, for instance, for bright field microscopy and photothermal therapy [24,25,26]. In photothermal therapy, the strong absorption of the GNPs is utilized to elevate the temperature to at least 50 °C in order to achieve effective denaturation of proteins and cell death [27].



The method proposed in this paper is a photothermal imaging using modulated laser beam radiation on targeted gold nanorods (GNRs) and a thermal camera. By illuminating the GNRs with a wavelength corresponding to their SPR, the GNRs absorb optical energy which turns in to heating of the GNRs, which spread to their environment. These particles can be specifically targeted to decorate the surface of cancer cells [28,29,30]. Thus, the temperature elevation occurs inside the cancerous tissue, enabling us to distinguish between cancerous and noncancerous areas by using a thermal camera. In our previous study we showed the basics of detecting tumor borders using the absorptions of GNPs and a photothermal camera [31]. However, because a continuous-wave (CW) laser was used, the temperature was elevated continually and dissipated out of the GNPs’ area, and thus the border detection was less accurate. In this paper, to maximize the distinction of the tumor margins, a modulation of the laser was applied to minimize heat dissipation to noncancerous surrounding tissue. Moreover, by subtraction between the thermal images of the maximum and minimum temperature in each thermal cycle, improvement of the border detection spatial resolution and the signal-to-noise ratio (SNR) was achieved, even when the overall temperature was elevated. Using photothermal imaging instead of the widely-used imaging applications based on light-scattering modalities allowed us to prevent the background noise caused by light scattering from the tissue, thus improving the SNR and achieving higher contrast between the target cancerous cells and the healthy tissue.




2. Experimental Setup


The experimental setup was design to image the temperature distribution over the sample under laser irradiation by a radiometric thermal imaging camera (FLIR Systems Inc., model A325, Wilsonville, OR, USA). As shown in Figure 1, the laser illuminates the sample from above, in perpendicular to the sample surface. A near infra-red (NIR) laser at wavelength of 808 nm and power density of 1.6 W/cm2 and less was used. This NIR laser is in wavelength near the longitudinal SPR of the GNRs we used. The NIR region of the spectrum provides the maximal penetration depth of light into the biological tissue. The penetration depth of red and NIR light, in this region between 650 and 900 nm, is up to 100 mm, depending on the exact type of tissue [32]. In comparison, the penetration depth of green Nd:YAG laser (532 nm wavelength) is less than 0.5 mm [32]. The laser illumination was modulated using a function generator (AFG3022B by Tektronix, Beaverton, OR, USA) to create a square wave, where the rise time and the fall time are short compared to the on time of a period of the laser pulses, with different frequencies and duty-cycles.



The temperature change over the sample was imaged using the thermal camera which provides the temperature field of the image. The camera has a temperature sensitivity of 0.07 °C and 320 × 240 pixels. The spatial resolution of the camera is 0.5 mm for one pixel. This camera sensitive to thermal radiation at a wavelength region of 8–14 μm, and thus is completely blind to other light sources including the laser illumination.




3. Results and Discussion


3.1. Solid Phantom Preparation


Solid tissue–like phantoms were prepared for simulating the optical properties of tissues [33]. The solid phantoms were prepared in a few phases in order to create phantoms enriched by GNRs surrounded by a reference phantom without GNRs. First, the inside phantoms (30 mm diameter) were prepared by adding different concentrations of GNRs (0.025, 0.05, 0.07, 0.1 mg/mL). Following solidification, the inside phantoms were transferred into 90 mm cell culture plates, where the background reference phantom solution was poured carefully around them to create a uniform upper surface with a direct interface between the phantoms with and without GNRs. Finally, the combined phantoms were cooled under vacuum conditions to avoid bubbles.



The phantoms were prepared using 2% IntraLipid (IL) (IntraLipid 20% Emulsion, Sigma-Aldrich, Rehovot, Israel) as a scattering component, 1 × 10−3% India Ink as an absorption component [34], double distilled water (DDW) and 1% agarose powder (SeaKem LE Agarose, Ornat, Rehovot, Israel) in order to convert the solution into a gel. The solutions were heated and mixed (at a mixing temperature of 90 °C) while the agarose powder was slowly added. The phantoms were prepared in cell culture plates (30 and 90 mm) and were cooled under vacuum conditions to avoid bubble formation.




3.2. Gold Nanorod (GNR) Characterization


The gold nanorods used had a 37 nm length and a 10 nm diameter, purchased from Nanopartz Inc. (Loveland, CO, USA). In Figure 2a, one can see the TEM (Transmission Electron Microscope) (CM 100, Philips, Eindhoven, The Netherlands) image of the GNRs and the absorbance spectrum (ultraviolet-visible spectrometer, Shimadzu, UV1650 PC, Tokyo, Japan). The peak at 530 nm arises from the electron’s resonance at the small size (10 nm) of the GNRs and the peak at 770 nm arises from the long size (37 nm) resonance.




3.3. Experimental Results


In order to examine the heating profile of the phantoms, they were irradiated with a CW laser at a 808 nm wavelength and the temperature change at the beam center was recorded until reaching about 43 °C for the highest concentration of 0.1 mg/mL. The illumination was stopped at this temperature in order to prevent damage to the phantoms. Figure 3 shows the temperature elevation profiles for the irradiated phantoms enriched with GNRs as a function of time for different GNR concentrations.



As shown in Figure 3, the temperature of the sample without GNRs remained almost unchanged, while the temperatures of the samples with GNRs were elevated with the heating time. The relatively small temperature change of the reference phantom was due to the India Ink that was added to the phantoms as an absorption component to mimic the natural absorption of healthy tissue. Furthermore, it demonstrated that there is a correlation between the GNR concentration and the temperature elevation. For the highest GNR concentration (0.1 mg/mL), after 20 s, a temperature elevation of about 16 °C was observed, while for the lowest concentration (0.025 mg/mL), the temperature change after 20 s was about 6 °C. In Figure 4 the linear temperature changes as a function of the GNR concentration are shown. One can see a linear relation between the GNR concentration and the temperature elevation.



In order to improve the exact border detection, the laser illumination was modulated using a function generator (AFG3022B by Tektronix). The modulated signal was a square wave with a frequency of 0.1 Hz and different duty-cycles. Figure 5 shows the temperature change as a function of time when the illumination was on the border between the areas with and without GNRs in the phantom. The temperature was measured at equal distances from the beam center, which was located on the border, towards the two sides of the phantom, to simultaneously compare the temperature rise on both sides of the border. The exact location of the points on the sample, where the temperature was measured, is illustrated in Figure 5a by a cross on each side of the border.



In Figure 5b,c we can see the thermal images after 5 and 10 s of irradiation, where the GNRs’ phantom region and the surroundings without the GNRs are easily distinguishable. We also can see that the heated zone was increased during the illumination time and caused the movement of the border seen in the photothermal images, taken in situ, due to continuous heat generation by the laser irradiation absorbed by the GNRs and dissipated to the surrounding phantom with no GNRs. To overcome this unwanted effect, we modulated the laser beam at a frequency of 0.1 Hz in a duty-cycle of 5% in one case. The importance of the pulsed-like laser irradiation is that even if the heat from the GNR area diffused to the surroundings and smeared or moved the border line, on the thermal image, each laser pulse shows again the exact location of the border on top of the global rise of the temperature. By the use of a simple image processing algorithm, the effect of the global heating is removed as will be shown later on. Also, it is obvious that the pulsed laser radiation decreased the total power absorbed by the factor of the duty cycle.



In the experiment, the temperature change was measured on the two sides of the border, as shown on Figure 5a for two different GNR concentrations of 0.05 and 0.07 mg/mL. Two different duty-cycles were used, 5% and 20%, in order to demonstrate the differences in the heating and cooling processes, as shown in Figure 6.



In Figure 6, one can see that when the duty-cycle is longer, the temperature elevation is higher, where the temperature change due to the illumination absorption in the phantom without GNRs is negligible. Therefore, the major factor in the experiment is the very high absorption of the areas enriched with GNRs compared to the absorption of areas without GNRs.



In order to improve the border detection spatial accuracy, a record of thermal images was taken during the modulated laser irradiation cycles at the frequency of 1 Hz. In each cycle we took 10 images simultaneously with the temperature records shown in Figure 6. The subtraction between the thermal images for the maximum and minimum temperatures in two successive thermal cycles was done as follows:


    I  d i f f e r e n c e   ( x , y ) =  I  o n   ( x , y ) −  I  o f f   ( x , y )   



(1)




where     I  d i f f e r e n c e      is the difference in the image intensity and     I  o n      and     I  o f f      are the image intensities for the maximum and minimum temperatures, respectively. The exact frames that were taken are shown in Figure 7.



Figure 8a,b and Figure 8d,e show the thermal images’ maximum and minimum temperatures for two successive cycles, and the subtractions are shown in Figure 8c,f. One can see that after the subtractions, only the regions where the temperature was changed were left. These regions are exactly where the irradiation meets the GNRs, leading to better visualization of the phantom with the GNR border.



Shown in Figure 8g,h is the intensity profile of the cross-sections marked with red lines in Figure 8c,f and Figure 8a, respectively. One can see that the slopes of the two cross-sections’ intensities after subtraction are at the same pixels, and thus the overall heating of the phantoms due to the continual irradiation do not influence the accuracy of the exact border detection by using the suggested method. Moreover, by using the suggested method we canceled the heat dissipation effect on the border detection, and thus the heat diffusion coefficient does not play significant role. The same slope before the subtraction (shown in Figure 8h) extends on a larger number of pixels than after the subtraction, which means the resolution of the exact border was improved by using the proposed method. Moreover, the constant values were removed, leading to better visualization after the subtraction. The spatial resolution of the thermal camera was 0.5 mm, and therefore the proposed method can differentiate between areas with and without GNRs better than 0.5 mm even when the surrounding area is heated. By adding an extra lens, the thermal camera can achieve, at a working distance of 80 mm, a spatial resolution of 0.1 mm. The major limiting factors in the suggested method are the camera resolution and the temperature gradient in the boundary due to the GNR concentration gradient in the boundary. Because of the two-phase preparation process of the samples (Section 3.1), there is a diffusion of GNRs to the surroundings. As shown in Figure 8g,h, there is a temperature gradient in the boundary, which is in correspondence to the GNR gradient. Moreover, this gradient could mimic the state of a real tumor, where the concentration of the cancerous cells is less dense in the boundaries. However, the overall temperature elevation is canceled and the temperature gradients for different illumination cycles are identical. The doctor's need for tumor boundary detection accuracy varies for different types of tumors and their locations. In general, removing extra tissue reduces the reoccurrence of the disease [2,3]. However, exact tumor border identification is most crucial when the tumor growth is adjacent to or in neurological structures, and therefore it is dangerous to remove extra tissue. The exact resolution that the doctors can achieve nowadays during operations is in the range of a few millimeters [35]. However, special techniques have been developed in order to achieve sub-millimeter resolution [36,37]. Our method is intended to be better than these techniques. However, for post-operation methods, a resolution of a few microns and even smaller can be achieved by nano-microscopy using targeted GNPs in cancerous cells [13,38].



In real tumors the spatial distribution and the position of the exact border could be varied for different types of cancer, in contrast to the usually static GNR concentration in phantoms. Moreover, in real tissues some GNRs may be in non-cancerous tissues. Thus, the spatial transition area in real cases is less sharp in comparison to the studied phantom case. However, we can utilize our spatial separation ability to calibrate the GNR concentration threshold for different tumor types and then a thermal threshold can be set to obtain the maximal spatial diagnosis ability for the tumor’s border.





4. Conclusions


In this research we demonstrate the feasibility to identify the border of phantoms enriched with GNRs from their surroundings with an accuracy of better than 0.5 mm using modulated laser radiation and a thermal imaging camera. We demonstrated an image processing algorithm developed to isolate the GNR area from its surroundings accurately even under elevated temperatures. The lateral accuracy of the border detection can be achieved in laser power density lowered by a factor of ~5 compared to the 1.6 W/cm2 we used in this research, if the laser wavelength will be adapted to the GNRs’ resonance or alternatively to reduce the GNR concentration. Our laser wavelength is not exactly at the spectral location of the GNRs’ absorption peak, as shown in Figure 2b. These particles can be specifically targeted to decorate the surface of cancer cells. Thus, the temperature elevation occurs in the cancerous tissue, enabling us to distinguish between cancerous and non-cancerous tissues. An essential advantage of the proposed technique is the use of the absorption properties of GNPs rather than their scattering properties, leading to high contrast between targeted cancer cells and normal background tissue. We expect this in vitro technique will eventually lead to intraoperative photothermal imaging which will assist surgeons in determining tumor margins accurately during surgery, leading to complete tumor resection and improved patient outcome with a small concentration of GNPs and lower laser flounce.







Acknowledgments


The authors would like to thank Dror Fixler for his help in the phantom preparations.




Author Contributions


Moshe Sinvani and Zeev Zalevsky conceived the method; Moshe Sinvani and Yossef Danan designed and performed the experiments; Inbar Yariv prepared the samples; Yossef Danan wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Rhyner, M.N.; Smith, A.M.; Yang, L. Quantum dots and multifunctional nanoparticles: New contrast agents for tumor imaging. Nanomedicine 2006, 1, 1–9. [Google Scholar] [CrossRef]

	



Kircher, M.F.; de la Zerda, A.; Jokerst, J.V.; Zavaleta, C.L.; Kempen, P.J.; Mittra, E.; Pitter, K.; Huang, R.; Campos, C.; Habte, F.; et al. A brain tumor molecular imaging strategy using a new triple-modality MRI-photoacoustic-Raman nanoparticle. Nat. Med. 2012, 18, 829–834. [Google Scholar] [CrossRef] [PubMed]

	



Lin, X.Z.; Wu, Z.Y.; Tao, R.; Guo, Y.; Li, J.Y.; Zhang, J.; Chen, K.M. Dual energy spectral CT imaging of insulinoma-Value in preoperative diagnosis compared with conventional multi-detector CT. Eur. J. Radiol. 2012, 81, 2487–2494. [Google Scholar] [CrossRef] [PubMed]

	



Van Dam, G.M.; Themelis, G.; Crane, L.M.; Harlaar, N.J.; Pleijhuis, R.G.; Kelder, W.; Sarantopoulos, A.; de Jong, J.S.; Arts, H.J.; van der Zee, A.G.; et al. Intraoperative tumor-specific fluorescence imaging in ovarian cancer by folate receptor-α targeting: First in-human results. Nat. Med. 2011, 17, 1315–1319. [Google Scholar] [CrossRef] [PubMed]

	



Gerard, I.J.; Kersten-Oertel, M.; Petrecca, K.; Sirhan, D.; Hall, J.A.; Collins, D.L. Brain shift in neuronavigation of brain tumors: A review. Med. Image Anal. 2017, 35, 403–420. [Google Scholar] [CrossRef] [PubMed]

	



Mansfield, J.R.; Gossage, K.W.; Hoyt, C.C.; Levenson, R.M. Autofluorescence removal, multiplexing, and automated analysis methods for in vivo fluorescence imaging. J. Biomed. Opt. 2014, 10, 41207. [Google Scholar] [CrossRef] [PubMed]

	



Hoebe, R.A.; Van Oven, C.H.; Gadella, T.W.J.; Dhonukshe, P.B.; Van Noorden, C.J.F.; Manders, E.M.M. Controlled light-exposure microscopy reduces photobleaching and phototoxicity in fluorescence live-cell imaging. Nat. Biotechnol. 2007, 25, 249–253. [Google Scholar] [CrossRef] [PubMed]

	



Henderson, J.N.; Ai, H.-W.; Campbell, R.E.; Remington, S.J. Structural basis for reversible photobleaching of a green fluorescent protein homologue. Proc. Natl. Acad. Sci. USA 2007, 104, 6672–6677. [Google Scholar] [CrossRef] [PubMed]

	



Bernas, T.; Zarebski, M.; Cook, R.R.; Dobrucki, J.W.; Cook, P.R. Minimizing photobleaching during confocal microscopy of fluorescent probes bound to chromatin: Role of anoxia and photon flux. J. Microsc. 2004, 215, 281–296. [Google Scholar] [CrossRef] [PubMed]

	



Carpentier, P.; Violot, S.; Blanchoin, L.; Bourgeois, D. Structural basis for the phototoxicity of the fluorescent protein KillerRed. FEBS Lett. 2009, 583, 2839–2842. [Google Scholar] [CrossRef] [PubMed]

	



Truong, P.L.; Kim, B.W.; Sim, S.J. Rational aspect ratio and suitable antibody coverage of gold nanorod for ultra-sensitive detection of a cancer biomarker. Lab Chip 2012, 12, 1102–1109. [Google Scholar] [CrossRef] [PubMed]

	



Ilovitsh, T.; Danan, Y.; Meir, R.; Meiri, A.; Zalevsky, Z. Cellular imaging using temporally flickering nanoparticles. Sci. Rep. 2015, 5, 8244. [Google Scholar] [CrossRef] [PubMed]

	



Ilovitsh, T.; Danan, Y.; Meir, R.; Meiri, A.; Zalevsky, Z. Cellular superresolved imaging of multiple markers using temporally flickering nanoparticles. Sci. Rep. 2015, 5, 10965. [Google Scholar] [CrossRef] [PubMed]

	



Zhan, Q.; Qian, J.; Li, X.; He, S. A study of mesoporous silica-encapsulated gold nanorods as enhanced light scattering probes for cancer cell imaging. Nanotechnology 2010, 21, 055704. [Google Scholar] [CrossRef] [PubMed]

	



Ankri, R.; Meiri, A.; Lau, S.I.; Motiei, M.; Popovtzer, R.; Fixler, D. Intercoupling surface plasmon resonance and diffusion reflection measurements for real-time cancer detection. J. Biophotonics 2013, 6, 188–196. [Google Scholar] [CrossRef] [PubMed]

	



Shukla, R.; Bansal, V.; Chaudhary, M.; Basu, A.; Bhonde, R.R.; Sastry, M. Biocompatibility of gold nanoparticles and their endocytotic fate inside the cellular compartment: A microscopic overview. Langmuir 2005, 21, 10644–10654. [Google Scholar] [CrossRef] [PubMed]

	



Jain, P.K.; Lee, K.S.; El-Sayed, I.H.; El-Sayed, M.A. Calculated absorption and scattering properties of gold nanoparticles of different size, shape, and composition: Applications in biological imaging and biomedicine. J. Phys. Chem. B 2006, 110, 7238–7248. [Google Scholar] [CrossRef] [PubMed]

	



Frederix, F.; Friedt, J.-M.; Choi, K.-H.; Laureyn, W.; Campitelli, A.; Mondelaers, D.; Maes, G.; Borghs, G. Biosensing based on light absorption of nanoscaled gold and silver particles. Anal. Chem. 2003, 75, 6894–6900. [Google Scholar] [CrossRef] [PubMed]

	



Eustis, S.; el-Sayed, M.A. Why gold nanoparticles are more precious than pretty gold: Noble metal surface plasmon resonance and its enhancement of the radiative and nonradiative properties of nanocrystals of different shapes. Chem. Soc. Rev. 2006, 35, 209–217. [Google Scholar] [CrossRef] [PubMed]

	



McFarland, A.D.; Van Duyne, R.P. Single Silver Nanoparticles as Real-Time Optical Sensors with Zeptomole Sensitivity. Nano Lett. 2003, 3, 1057–1062. [Google Scholar] [CrossRef]

	



Schultz, S.; Smith, D.R.; Mock, J.J.; Schultz, D.A. Single-target molecule detection with nonbleaching multicolor optical immunolabels. Proc. Natl. Acad. Sci. USA 2000, 97, 996–1001. [Google Scholar] [CrossRef] [PubMed]

	



Adler, D.C.; Huang, S.-W.; Huber, R.; Fujimoto, J.G. Photothermal detection of gold nanoparticles using phase-sensitive optical coherence tomography. Opt. Express 2008, 16, 4376–4393. [Google Scholar] [CrossRef] [PubMed]

	



Zagaynova, E.V.; Shirmanova, M.V.; Kirillin, M.Y.; Khlebtsov, B.N.; Orlova, A.G.; Balalaeva, I.V.; Sirotkina, M.A.; Bugrova, M.L.; Agrba, P.D.; Kamensky, V.A. Contrasting properties of gold nanoparticles for optical coherence tomography: Phantom, in vivo studies and Monte Carlo simulation. Phys. Med. Biol. 2008, 53, 4995–5009. [Google Scholar] [CrossRef] [PubMed]

	



Hirsch, L.R.; Stafford, R.J.; Bankson, J.A.; Sershen, S.R.; Rivera, B.; Price, R.E.; Hazle, J.D.; Halas, N.J.; West, J.L. Nanoshell-mediated near-infrared thermal therapy of tumors under magnetic resonance guidance. Proc. Natl. Acad. Sci. USA 2003, 100, 13549–13554. [Google Scholar] [CrossRef] [PubMed]

	



El-Sayed, I.H.; Huang, X.; El-Sayed, M.A. Selective laser photo-thermal therapy of epithelial carcinoma using anti-EGFR antibody conjugated gold nanoparticles. Cancer Lett. 2006, 239, 129–135. [Google Scholar] [CrossRef]

	



O’Neal, D.P.; Hirsch, L.R.; Halas, N.J.; Payne, J.D.; West, J.L. Photo-thermal tumor ablation in mice using near infrared-absorbing nanoparticles. Cancer Lett. 2004, 209, 171–176. [Google Scholar] [CrossRef] [PubMed]

	



Terentyuk, G.S.; Maslyakova, G.N.; Suleymanova, L.V.; Khlebtsov, N.G.; Khlebtsov, B.N.; Akchurin, G.G.; Maksimova, I.L.; Tuchin, V.V. Laser-induced tissue hyperthermia mediated by gold nanoparticles: Toward cancer phototherapy. J. Biomed. Opt. 2013, 14, 021016. [Google Scholar] [CrossRef] [PubMed]

	



Qian, X.; Peng, X.-H.; Ansari, D.O.; Yin-Goen, Q.; Chen, G.Z.; Shin, D.M.; Yang, L.; Young, A.N.; Wang, M.D.; Nie, S. In vivo tumor targeting and spectroscopic detection with surface-enhanced Raman nanoparticle tags. Nat. Biotechnol. 2008, 26, 83–90. [Google Scholar] [CrossRef] [PubMed]

	



Ankri, R.; Duadi, H.; Motiei, M.; Fixler, D. In Vivo Tumor detection using diffusion reflection measurements of targeted gold nanorods—A quantitative study. J. Biophotonics 2012, 5, 263–273. [Google Scholar] [CrossRef] [PubMed]

	



Park, J.H.; Von Maltzahn, G.; Ong, L.L.; Centrone, A.; Hatton, T.A.; Ruoslahti, E.; Bhatia, S.N.; Sailor, M.J. Cooperative nanoparticles for tumor detection and photothermally triggered drug delivery. Adv. Mater. 2010, 22, 880–885. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Jakobsohn, K.; Motiei, M.; Sinvani, M.; Popovtzer, R. Towards real-time detection of tumor margins using photothermal imaging of immune-targeted gold nanoparticles. Int. J. Nanomed. 2012, 7, 4707–4713. [Google Scholar]

	



Weissleder, R. A clearer vision for in vivo imaging. Nat. Biotechnol. 2001, 19, 316–317. [Google Scholar] [CrossRef] [PubMed]

	



Dam, J.S.; Pedersen, C.B.; Dalgaard, T.; Fabricius, P.E.; Aruna, P.; Andersson-Engels, S. Fiber-optic probe for noninvasive real-time determination of tissue optical properties at multiple wavelengths. Appl. Opt. 2001, 40, 1155–1164. [Google Scholar] [CrossRef] [PubMed]

	



Cubeddu, R.; Pifferi, A.; Taroni, P.; Alessandro, T.; Valentini, G. A solid tisuse phantom for photon migration studies. Phys. Med. Biol. 1997, 42, 1971–1979. [Google Scholar] [CrossRef]

	



Neeman, Z.; Wood, B.J. Radiofrequency ablation beyond the liver. Tech. Vasc. Interv. Radiol. 2002, 5, 156–163. [Google Scholar] [CrossRef] [PubMed]

	



Colby, A.H.; Berry, S.; Moran, A.M.; Pasion, K.A.; Liu, R.; Colson, Y.L.; Ruiz-Opazo, N.; Grinstaff, M.W.; Herrera, V.L.M. Highly Specific and Sensitive Fluorescent Nanoprobes for Image-Guided Resection of Sub-Millimeter Peritoneal Tumors. ACS Nano 2017. [Google Scholar] [CrossRef] [PubMed]

	



Nichols, B.S.; McCachren, S.S.; Palmer, G.; Ramanujam, N. Portable System for Wide-field, Sub-millimeter Functional Imaging of the Morphological Landscape of Breast Tumor Margins. In Biomedical Optics 2016; OSA: Washington, DC, USA, 2016; p. TM4B.6. [Google Scholar]

	



Chen, Z.; Shan, X.; Guan, Y.; Wang, S.; Zhu, J.J.; Tao, N. Imaging Local Heating and Thermal Diffusion of Nanomaterials with Plasmonic Thermal Microscopy. ACS Nano 2015, 9, 11574–11581. [Google Scholar] [CrossRef] [PubMed]








[image: Materials 10 00203 g001 550] 





Figure 1. The experimental setup. GNR: gold nanorod. 
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Figure 2. (a) Transmission Electron Microscope (TEM) image of the GNRs with 37 nm length and 10 nm diameter and (b) normalized the absorbance spectra of the GNRs. The laser wavelength is shown by a red dashed line. 
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Figure 3. The temperature elevation as a function of illumination time using 808 nm laser for phantom with different concentrations of GNRs. 
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Figure 4. Temperature change as a function of GNRs concentration for three different illuminations times: 5, 10 and 15 s. 
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Figure 5. Thermal images of the sample: (a) without irradiation; (b,c): after 5 and 10 s of continuous-wave (CW) illumination, respectively. It can be seen that the heated zone increased during the illumination time. 
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Figure 6. Temperature change as a function of time modulated by laser illumination for two different GNR concentrations: (a) 0.05 mg/mL; and (b) 0.07 mg/mL. 
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Figure 7. Temperature change as a function of frame number for GNR concentrations of 0.05 mg/mL and 20% duty-cycle laser illumination. The specific frames that were used in the proposed method are marked with a black x. 
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Figure 8. (a,b) and (d,e) Thermal images of the maximum and minimum temperature for two successive cycles; (c,f) Subtractions between the maximum and minimum in each cycle; (g,h) Intensity profile of the cross-sections marked with red lines in (c,f) and (a), respectively. 






Figure 8. (a,b) and (d,e) Thermal images of the maximum and minimum temperature for two successive cycles; (c,f) Subtractions between the maximum and minimum in each cycle; (g,h) Intensity profile of the cross-sections marked with red lines in (c,f) and (a), respectively.



[image: Materials 10 00203 g008]






© 2017 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/).







nav.xhtml


  materials-10-00203


  
    		
      materials-10-00203
    


  




  





media/file8.jpg
Phantom Laser spot
without GNRs position swe

%
Phantom “
with GNRs

g »

uze





media/file11.png
——Duty-Cycle
5%

——Duty-Cycle
20%

—\Without

GNRs
Duty-Cycle

20%

306 306
) ™) 0.07mg/mL
¥l304 | 0.05mg/mL ¥ 304 g/ . ]
& («F)
Sho2 A 5| 302 N
2 N\l EI N[\\l
A 300 w
;5_300 é'
é"" 298 -
S[298 S #‘m =
296 1 1 : ] 296 I r 1 ]
0 20 40 60 80 0 20 40 60 80
Time (s) Time (s)






media/file6.jpg
AT(C)

o N A~ O

14
12
10

/A

=
o4
S

i T T 1

0 0.05 0.1 0.15
GNR concentration(mg/mL)

¢ 55
= 10s
A 15s





media/file1.png
600um multi-core
fiber optics

Laser
(A=808 nm)

Thermal
camera a1 inch diameter

I F.L75mmlens

Function
generator

|

Sample
with GNR

Sample
without GNR





media/file13.png
Temperature(ck)

303
302
301
300
299
298

304 -

0.05mg/mL

1

15 20 25 30 35 40 45 50

Frame# (1 fps)






media/file10.jpg
—Duty-cycle

—Duty-cycle
20%
— Without

GNRs
Duty-Cycle

06 306
3:{ 04 | 0.05mg/mL 2 50 | 007me/mlL
Zho EFS
;.’_ 00 5| 300

:

Epos e

bos a5

0 w0 @ s 0 © e
] .






media/file7.png
AT(C)

o N B O

14
12
10

/A
=
—
£
o
G
=

|

| I

0 0.05 0 5 | 0.15
GNR concentration(mg/mL)

¢ Ss
m 10s
A 15s





media/file12.jpg
304
303
302
301
300

Temperature(ck)

298

299 -

0.05mg/mL
1 don

15 20 25 30 35 40 45 50

Frame# (1 fps)






media/file9.png
Phantom Laser spot
without GNRs position

Phantom
with GNRs





media/file14.jpg
I

difference

Id'//cw'rrce

«

7
Ligerence -

Bl

10 1

Normalized

5 L " s
o 2 s

6 s 0 o2 B
Distance(Pixels)





media/file5.png
318
316

314
7 0.05mg/mL .2? 312

— O0mg/mL

— 0.025mg/mL

~ 0.07mg/mL g 310
T oimgmL F 308
2. 306
S 304

=
302

300 -

298
296






media/file15.png
1
/ difference

on

difference

1 T T
- -1 ~
& dgfeience y, g
= wvost=""" : .
@ Cc dl erence
£ 0 4 /
o - {"
o £ P
Z 0 -=- - ™ e ] il 1 1 1 1
0 2 4 10 12 14
Dlstance(Plers)
1 T T T T .‘.1-001"" Heaess
1 ...'.00-
8 >~ Sssssanan IO” ...'..“'
'E :l: ......o..t‘ h
f_U 2 0.5r sssssssnsnnse®® 1
E o
. -
o £
Z 0 1 1 1 1 1 1
0 2 4 6 8 10 12 14

Distance(Pixels)





media/file3.png
900

I T B S B R T
o o o o o o o o
adueqJosqe pazijew.opn

400

Wavellength [nm]






media/file4.jpg
25

20

15

10

5

— OmgmL
— 0.025mg/mL

Time (s)





media/file0.jpg
600pm multi-core
fiber optics

Laser
(A=808 nm)

Thermal

camera = Linch diameter
I FL7Smmlens

Function
generator

sample

Sample
with GNR e

without GNR





media/file2.jpg
“oueqiosqepozifeuion

0

0

w0

Wavellength [nm]





