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Abstract

:

Gold nanoparticles absorb light energy and convert it to thermal energy that transfers to the surrounding environment, making them potentially useful for the hyperthermic treatments well known as photothermal therapy (PTT). Further, it is well documented that noble metal nanoparticles are capable of significantly enhancing the Raman scattering of molecules attached to their surfaces, a technique which is termed surface-enhanced Raman scattering (SERS). SERS combined with PTT has the ability to locate nanoparticles at depth and trigger heat production, providing an effective methodology to both seek and destroy diseased tissues. While PTT and SERS are often used in tandem and there are several ways of individually measuring SERS and thermal output, there is currently no method available that pre-screens both properties prior to in vitro or in vivo application. In this work, we have designed a 3D printed platform capable of coupling a commercially available Raman probe to a sample cuvette for SERS and heat output to be monitored simultaneously. We have compared the performance of morphologically complex gold nanoparticles, nanostars (AuNSs) and nanoplates (AuNPLs), which are both well utilized in SERS and photothermal experiments; and measured the SERS activity originating from common Raman reporter analytes 4-mercaptobenzoic acid (MBA) and 1,4-benzenedithiol (BDT). We were able to show that the system effectively measures the thermal output and SERS activity of the particles and can evaluate the effect that multiple irradiation cycles have on the SERS signal.
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1. Introduction


The study of the plasmonic metallic nanoparticle-mediated photothermal effect (PTE) has gained enormous interest from a variety of fields due to the tunable optical response of nanoparticles and their adaptability for regulating photothermal conversion upon laser irradiation. PTE occurs when metal nanoparticles (NPs) absorb light and convert the energy for release as heat [1]. The heating effect is especially strong for metal NPs, since they have many mobile electrons delocalized from the metallic atoms [1]. Oscillating electrons transfer kinetic energy into the noble metal nanoparticle lattice through electron–phonon coupling, followed by phonon–phonon interactions with the surrounding medium [2,3]. These phonon–phonon interactions dissipate heat across a nanoparticle−matrix interface at a rate dependent on matrix type, particle size and laser power [4,5,6]. Photothermal therapy (PTT) is among the most popular applications of PTE, offering an alternative, minimally invasive, localized treatment method compared to existing treatments for the ablation of disease sites and the transdermally triggered release of drugs using NIR radiation. Gold nanoparticles (AuNPs) have been extensively studied to evaluate their therapeutic applications. The most sought-after application for AuNPs is in tumor therapies, whereby nanoparticles are delivered via intravenous injection. Injected NPs tend to accumulate in tumors due to the enhanced permeability and retention (EPR) effect [7,8]. Transdermal illumination of the NP accumulation site using NIR light results in the production of heat which ablates the tumor microenvironment, changing the physiology of the cells, ultimately resulting in their death.



Surface-enhanced Raman spectroscopy (SERS) is another widespread application of AuNPs that can be used in conjunction with PTT to track particles [9,10,11]. SERS represents an enhanced version of conventional Raman spectroscopy resulting in the amplification of Raman scattering realized from molecules in close proximity to a NP surface. The usefulness of SERS has already been demonstrated in a vast number of applications, such as trace-level chemical/biological sensing, environmental monitoring, medical diagnosis and real-time bio-imaging [9,10,11,12,13,14]. Similarly to PTE, the magnification of Raman scattering can be attributed to the oscillation of free electrons across the dielectric surfaces of AuNPs [15]. While the fundamental understanding of SERS mechanisms is well established, the effect heat generated by nanoparticles has on the resultant SERS signal has not been studied as intricately. It is known that the increase in the particle temperature due to PTE, and consequently the temperature of the surrounding medium, can directly influence the resultant SERS signal and are effects that have been attributed to several processes, including thermal annealing, modified adsorption/desorption kinetics of surface molecules and changes in the dielectric properties of the medium and the particle [16]. Tandem SERS/heat measurements are especially important to establish the feasibility of particles being used in new spectroscopic techniques, primarily surface-enhanced spatially offset Raman scattering (SESORS), which allows the spectral signature of subdermally located nanoparticles to be measured by offsetting collection and illumination optical pathways, and through prolonged laser irradiation can cause the particles to heat [17,18,19]. Currently, most work carried out using SERS focuses on in vivo measurements of AuNPs using animal models; very few, if any studies, are carrying out pre-screening of the particles with the objective of simultaneously measuring SERS and heating capabilities prior to intravenous injection.



Many different variates of AuNPs have been synthesized, and their photothermal conversion efficiency and SERS output have been studied independently. At present, the measurement of the thermal output generated by NPs is not standardized. Researchers have developed unique approaches and systems to measure heat output. Richardson et al. developed a method to measure temperature change in a water droplet containing a colloidal suspension of AuNPs after laser excitation [20]. The same group developed an indirect method to calculate heat generated by optically excited AuNPs by embedding them into an ice matrix and monitoring the melting of ice upon laser irradiation [21]. Other researchers have performed computational studies to determine the heat output [21,22]. Other studies have adopted simple methods, such as using an infrared camera [23], but infrared cameras are prone to errors because they can only measure surface temperature [24]. Only a few studies have provided detail in terms of the technical specifications of the thermal measurement system used, power of the laser light, volume of NPs used, and effect of evaporation due to heating of NPs, which are all essential for measurement standardization. Furthermore, these methods are often complex, labor-intensive and require specialized skills, and therefore are not suitable for quick screening of nanomaterial candidates for photothermal and SERS applications. Further, understanding the dynamics of the PTE and SERS processes and the time dependence of local heating on the efficiency of Raman scattering will aid in the optimization of nanoprobe geometry and experimental conditions to maximize heat generation and minimize Raman signal loss when applied to techniques such as SESORS. In recent times, it has become essential to simultaneously measure the SERS output and photothermal conversion efficiency, as both properties are complementary when applied in a therapeutic capacity.



However, the use of NPs in seek-and-destroy applications requires a standardized measurement device that is both simple and accurate. This device should be versatile for the analysis/screening of different types, shapes and sizes of NPs; and automated to avoid any discrepancies in readings. The lack of standardized measurements across the field makes it particularly difficult to replicate the work of other researchers, and more rapid standardized tests are required. Establishing a relationship between benchtop and in vivo measurements in the future is of great importance, as it will allow for the rapid pre-screening of metal NPs for light-to-heat conversion efficiency prior to carrying out applied research. Hence, we have developed a pre-screening approach that can be used to perform benchtop tests using the NPs before they are tested and tracked in tumor/animal models. Apart from measuring the heat output from the NPs, our system also allows us to simultaneously monitor the effect of PTE on SERS. We have tested our system with two different types of nanoparticles, gold nanostars (AuNS) and gold nanoplates (AuNPLs), by seeking their photothermal properties and the SERS enhancement of these nanoparticles using two structurally similar molecules, 4-mercaptobenzoic acid (MBA) and benzene-1,4-dithiol (BDT).




2. Materials and Methods


2.1. Materials


All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as received without further purification, unless otherwise stated. Potassium iodide (KI, Alfa-Aesar, Assay >99.0%) was purchased from Fisher Scientific (Hampton, NH, USA). Deionized (DI) water was used in all experiments. All glassware was cleaned with soap and water, rinsed with DI water followed by acetone and dried in the oven. Glassware that contained nanoparticles (NPs), including the quartz cuvettes, was cleaned between measurements using freshly prepared aqua regia (HCl/HNO3, 3:1 v/v) and then rinsed thoroughly with DI water.




2.2. Methods


2.2.1. Gold Nanostars’ Synthesis


Gold nanostars (AuNS) were synthesized according to a previously reported seed-mediated protocol developed by Yuan et al. [25]. First, gold seeds of approximately 13 nm were synthesized by adding 15 mL of 1% trisodium citrate to 100 mL of a boiling 1 mM tetrachloroauric (III) acid trihydrate (HAuCl4·3H2O, ≥99.9% trace metals basis) solution under vigorous stirring. After 15 min of boiling, the reaction mixture was left to cool to room temperature, and then stored at 4 °C. To synthesize the AuNS particles, 10 mL of HAuCl4·3H2O (0.25 mM), hydrochloric acid (HCl, 10 µL, 1 M) and gold seeds (10 µL, OD 1) were mixed. To this solution, silver nitrate (AgNO3, 100 µL, 5 mM) and ascorbic acid (50 µL, 100 mM) were added simultaneously. The solution immediately turned greenish-blue, indicating the formation of AuNS particles. To maintain particle stability through coulombic repulsion, 40 µL of 5% sodium citrate solution was added to the reaction mixture, post-synthesis.




2.2.2. Gold Nanoplates’ Synthesis


Gold nanoplates (AuNPLs) were synthesized according to a procedure described by Alfranca et al. [26]. Two separate solutions referred to as “Solution A” and “Solution B” were prepared. Each solution contained KI (3 µL, 0.1 M) and sodium thiosulfate (Na2S2O3, 11 mL, 0.5 mM). Solution A was first mixed with 20 mL of HAuCl4 solution (2 mM), resulting in an instantaneous color change from yellow to light brown. The solution was then allowed to rest undisturbed for 4 min before mixing with Solution B, after which the solution became dark brown. The mixture was allowed to rest for another 4 min before 7 mL of Na2S2O3 (0.5 mM) was finally added to the mixture to yield a dark brown solution, which is indicative of AuNPL formation.




2.2.3. Surface Modification of NPs for SERS Study


In our tandem photothermal and SERS experiments, we modified the surfaces of the AuNSs and AuNPLs with 2 commonly used Raman reporters: 4-mercaptobenzoic acid (MBA) and 1,4-benzenedithiol (BDT). The NPs (1 mL, OD1) were surface modified by separately incubating them with 100 µL of 10−3 M of MBA and BDT for 1 h at room temperature before carrying out SERS and photothermal measurements. The absorption spectra of the modified NP solutions were compared with control solutions containing only the bare AuNS and AuNPLs to ensure that no aggregation had occurred.




2.2.4. Characterization of AuNSs and AuNPLs


AuNSs and AuNPLs were characterized using an Agilent Technologies Cary 60 UV–Vis Spectrophotometer. Absorbance spectra were collected across a range of 190–1100 nm using a spectral resolution of 0.5 nm. Transmission electron microscopy (TEM, JEOL 1200 EX) operating at 100 kV was used to image the NPs pre-dried onto a carbon-coated Cu grid.




2.2.5. Setup for Simultaneous Photothermal Conversion and SERS Study


As shown in Scheme 1, the setup was comprised of 4 basic parts: a 3D printed spectrometer-to-cuvette coupler, a Raman probe (Wasatch Photonics, Morrisville, NC, USA) connected to a WP 785 Raman Spectrometer (Wasatch Photonics), a quartz cuvette (700 µL capacity) and a thermocouple attached to an Arduino microcontroller. The 785 nm Raman system contains a fiber optic continuous wave laser with a maximum unfocused laser power of output 300 mW (165 mW used for all experiments) and a focal length of 11 mm. The 3D printed holder was optimized so that the laser probe is focused on the center of the glass cuvette (2 mm from the bottom) used to house the nanoparticle samples. The 3D printed holder was designed using Fusion360, then printed from polylactic acid (PLA) using a Prusa I3 MK3S fused deposition printer. To make sure the thermocouple was in the same position for each measurement, a 1 mm diameter hole was drilled onto the bottom side of the cuvette. This allowed the thermocouple to be inserted and fixed into position using adhesive. The thermocouple was threaded through the hole, and the tip was positioned along the bottom edge of the cuvette level in line with the laser focal plane but offset by 2 mm to avoid direct overlap with the laser (which would cause an instantaneous temperature increase, leading to inaccuracies in nanoparticle thermal measurements). When solutions were added to the cuvette, a cap was placed on the top to mitigate the evaporation of sample during the experiments. To verify the effectiveness of the cap’s ability to limit evaporation, the cuvette was weighed before and after heating for 20 min, during which there was an insignificant change in mass (−0.005%). The thermocouple was connected to an Arduino microcontroller via a MAX6675 k-type thermocouple breakout board. Temperature changes were measured using a change in voltage between the 2 metals at the thermocouple junction. The difference in voltage was uploaded to the microcontroller board and converted to temperature readings using the MAX5565 module. Open-source software PLX-DAQ was used to automatically transfer the temperature output from the serial monitor of the Arduino microcontroller IDE to MS Excel. A black anodized box was placed behind the cuvette to absorb any laser light scattered out of the back of the cuvette. The box also ensured no spectral background from the PLA was observed during the SERS experiments.




2.2.6. Simultaneous Measurement of Heat Output and SERS Spectra


First, 100–300 µL of NP (AuNS or AuNPL) solution was placed inside the quartz cuvette and capped. The microcontroller was then connected to the computer and temperature readings were recorded. After 1 min, when the reading from the thermocouple had stabilized to ~22.75 °C (the room temperature), the laser was turned on (laser power, 165 mW/cm2) to avoid any discrepancy in the base temperature. Temperature readings were collected every second and averaged for every minute. This was performed for a period of 20 min, after which the laser was switched off. The length of laser exposure was chosen based on the temperature plateauing after exposure through a trial-and-error method. The cuvette was allowed to cool and was cleaned before the next measurements were taken. SERS spectra were collected every 5 min for up to 20 min. Each spectrum could be immediately viewed within the ENLIGHTEN Spectroscopy Software (proprietary to Wasatch spectrometers). SERS spectra were exported in .csv format and transferred to MATLAB for analysis. Peaks of interest from MBA and BDT were extracted from the spectra and baseline corrected using an asymmetric least squares algorithm to remove any underlying background.




2.2.7. Time-Dependent Stability of the NPs


It was necessary to check for changes in nanoparticle absorbance and morphology throughout our experiments using UV–Vis spectrophotometry and TEM imaging, before and after experiments to understand the effects laser illumination was having on the NP properties. It was also essential for us to ensure nanoparticle stability, as other than citrate, no nanoparticle stabilizing reagents were added to the sols post-synthesis. A 100 µL aliquot of AuNS or AuNPL solution was taken from their stocks every 24 h and the UV–vis spectra were obtained before and immediately after 20 min of laser irradiation; furthermore, 8 µL of each pre- and post-irradiation sample was deposited onto a copper grid for TEM imaging.




2.2.8. Effect of Heating on NP Morphology


This experiment involved looking at the effect the heat generated had on the NP’s morphology. AuNS or AuNPL sample was taken before the heating experiment for TEM imaging and UV–vis spectrophotometry. After subjecting 100 µL of NP sample to laser-induced heating, 8 µL of the sample was taken out for TEM analysis and the rest was scrutinized using UV–vis spectrophotometry.




2.2.9. Effect of Sample Volume on the Heat Output


First, 100 µL of AuNSs or AuNPLs was first placed into the cuvette. The laser was turned on and the heat output was recorded from the temperature probe. After 20 min of heating, the laser was switched off and the sample was collected. The cuvette was cleaned with DI water multiple times before repeating the experiment with 200 and then 300 µL of the sample. All the heating measurements were performed in triplicate. The final heat output was calculated by averaging the temperature change values at a 20 min time point, and the standard deviation (SD) of triplicate measurements was calculated in a Microsoft Excel spreadsheet using the STDEVA function. The data are expressed as the mean ± SD.




2.2.10. NP Exposure to Multiple Heat/Cool Cycles


Our next experiment looked at the effects this aggregation or agglomeration had on further heat generated by the NPs. This experiment was performed to determine if multiple exposures of NPs to laser irradiation would have any effect on the heat output. The NPs were subject to 20 min of laser light exposure, after which the laser was turned off for 15 min, allowing the sample to cool down. The sample was then re-exposed to the laser for 2 more 20 min heating and 15 min cooling cycles. The lengths of heating and cooling cycles were chosen based on the temperature plateauing after exposure through a trial-and-error method.






3. Results


3.1. Characterization of Gold Nanostars and Nanoplates


The successful synthesis of the AuNSs was confirmed visually upon observing a color change in the reaction solution from light yellow to light blue (Figure 1A, inset). As seen in Figure 1A, the UV–vis spectrum of AuNSs shows that the average λmax is 785 nm, which aligns well with our laser source. The TEM image of the AuNSs (Figure 1B) shows that the AuNS cores were approximately 50 nm in diameter. There were approximately 10–15 arms per nanoparticle, the length of which ranged between 15–20 nm. The AuNPLs shown in Figure 1D-inset were dark brown in color. The UV–vis spectra (Figure 1D) of the AuNPLs showed a broad peak at 1000 nm. Another small peak was observed at 535 nm, which corresponds to the spherical gold nanoparticle byproduct. As can be seen in the TEM image (Figure 1E), the surfactant-free synthesis of AuNPLs yielded a solution containing both triangular plates and spherical byproducts. ImageJ analysis showed that a typical solution contained between 50–75% triangular plates. From ImageJ analysis, the nanoplate particles were calculated to have lengths ranging from 50 to 135 nm, and spherical particles had a diameter of ~5–30 nm.




3.2. Effect of Volume on Heat Output


To determine the ideal volume of sample for making simultaneous heat and SERS measurements, we tested the heat output from 100, 200, and 300 µL of AuNS solution. Due to the configuration of the system, it was not possible to measure volumes less than 100 µL. Figure 1C shows the heating data collected for the three volumes of AuNS samples. The 100 µL sample heated up the most, with an average 14.33 ± 0.38 °C increase in temperature in 20 min. We also noticed a considerable drop in the heat outputs of the 200 and 300 µL samples averaging 12.67 ± 0.38 °C (11.63% drop) and 10.67 ± 0.29 °C (25.58% drop) respectively. Similarly, AuNPLs exhibited a decrease in heat output with an increase in the volume (Figure 1F): 9.75 ± 0.90 °C for the 100 µL sample, 6.58 ± 0.14 °C for the 200 µL sample and 5.45 ± 0.14 °C for the 300 µL sample, which represent decreases in heat output by 32.48% and 44.11% with each increment in volume, compared to 100 µL sample volume. Based on these findings, we opted to use 100 µL of nanoparticles in our further studies.




3.3. Stability—UV–vis Analysis


Though surfactant-free synthesis methods are largely non-cytotoxic, the absence of a strongly adhered stabilizing agent on the surfaces of the particles can compromise their stability [27]. Hence, we compared the absorption spectra and heat output collected from the AuNSs and AuNPLs for three consecutive days after synthesis to infer if any changes in the properties occur over the short term. The absorption spectra were used to determine the stability of the NPs, and the corresponding heat output was used to look at the effects of instability. Figure 2B shows the UV–vis spectra of the AuNSs on three consecutive days. The blue spectrum was taken immediately after particle synthesis, and the orange spectrum was taken after overnight storage at 4 °C. After overnight incubation, the spectra showed significant blueshift (from λmax 785 nm to 747 nm), indicating an alteration of the AuNS morphology. The same trend was observed on the third day with a slight blue shift to 738 nm. As shown in Figure 2A, compared to fresh AuNS, which heated up to 14.33 ± 0.38 °C above room temperature (abrt) in 20 min upon laser irradiation, after overnight storage, the heat output increased slightly to 14.58 ± 0.63 °C (1.74% increase) on the second day. However, on the third day, the heat output dropped significantly to 9.64 ± 0.80 °C, which represented a decrease by 32.72% compared to the fresh sample. As with the AuNSs, we wanted to look at any changes that occurred to the AuNPLs post storage. The absorption spectra of the AuNPLs are shown in Figure 2E. The blue curve is the absorption spectrum taken just after the AuNPLs were synthesized with λmax above 1000 nm, whereas the orange and grey curves represent spectra taken 24 and 48 h after synthesis respectively. Though the λmax is above 1000 nm, the spectra show that the nanoparticles are capable of absorption at the wavelength of interest (785 nm). We observed a significate drop in the intensity of absorption and flattening of the peak with time. The laser-induced heat output from these particles decreased consistently for three consecutive days after synthesis, from 9.75 ± 0.90 °C on day 1, to 7.67 ± 0.38 °C on day 2 and 5.81 ± 0.38 °C on day 3 (Figure 2D), which represents a drop in heat output by 21.37% on day 2 and 40.41% on day 3, compared to day 1.




3.4. Change in Morphology after Heating


Our next experiment was performed to look at any induced effects the heating had on the NP. For this, we compared the TEM and UV–vis data of the AuNSs before and after heating. From the TEM data (Supplementary Materials, Figure S1), we can visually infer there was no immediate observable change in the length of the arms of the NS after irradiation with the laser. However, the λmax of the AuNS particles shifted from 785 to 760 nm (Figure 2C) upon laser irradiation. We also noticed a significant decrease in optical density of the AuNSs by 0.19 units after they had been exposed to the laser light. There was a noticeable broadening of the absorbance peak (full width at half maximum (FWHM) increased from 343.99 to 434.02 ± 1.14), which may indicate aggregation of the AuNSs due to the heat from the NPs. Like the AuNSs, we wanted to see the effect of laser-induced heating on the morphology of AuNPLs. From the TEM data (Supplementary Materials, Figure S2), we can observe no significant change in the morphology of NPLs after being exposed to the laser. From the UV–vis spectra (Figure 2F), we can observe an optical density difference of 0.08 units between the spectra before and after exposure to the laser. We also noticed a slight broadening of the spectrum (FWHM increased from 143.01 to 145.53 ± 0.90), which could further indicate agglomeration of the particles after exposure to the laser [28,29].




3.5. Exposure to Multiple Heating and Cooling Cycles


Our next experiment involved exposing the NS to multiple rounds of heating and cooling (Figure 3A). Aware that there was possible aggregation of the NS occurring due to the heat generation, we wanted to check the effects that multiple laser irradiations followed by cooling may have on the heat output, so 20 min heat and 15 min cool cycles were chosen based on the temperature plateauing after laser exposure. In the case of AuNSs, we observed maximum heating of 14.50 ± 0.25 °C for the first heat–cool cycle, 12.17 ± 0.63 °C for the second heat–cool cycle and 10.67 ± 0.95 °C for the heat–cool third cycle, which represent decreases in the heat output by 15.64% (between the first and second cycles) and 26.41% (between the first and third cycles). As shown in Figure 3B, in the case of AuNPLs, we observed maximum average heating of 8.25 ± 0.66 °C in the first heating cycle, followed by decreases in the heat output to 7.00 ± 0.43 °C and 6.25 ± 0.50 °C in the next two cycles, which represent 15.15% and 24.24% decreases in the heat output, respectively. As seen in Figure 3C, the absorbance spectrum of the AuNSs showed a significant blue shift upon laser irradiation in each heating cycle. In the case of AuPLs, we observed a slight broadening of the absorption peak (FWHM increased from 143.01 to 145.01 ± 0.57) with consecutive heating and cooling cycles (Figure 3D).




3.6. SERS Enhancement


SERS enhancement of AuNSs and AuNPLs was studied using two different Raman reporters: MBA and BDT. These were chosen because of the presence of thiol groups in the structure that enable strong binding to gold NPs [30]. For MBA, we examined the molecule’s characteristic Raman peaks at around 1081 and 1591 cm−1, both of which assigned to the benzene ring breathing mode [31,32], and for BDT, peaks at 1062 and 1572 cm−1 were studied, which are also a result of ring breathing modes [33]. Figure 4A shows the SERS spectra observed for MBA adsorbed onto the AuNSs. The peaks observed at 1081 and 1591 cm−1 were truncated and the baseline corrected. Figure 4B,C shows how the SERS intensity for the two peaks changed over a period of 20 min when irradiated with a 785 nm laser. There appears to have been a slight decrease in SERS intensity for both the MBA peaks during the 20 min heating cycle, as shown in Figure 4D. Initially, counts for the 1081 cm−1 peak were just above 2201, which decreased to 2065.85 by the end of 20 min (6.14% decrease), whereas the 1591 cm−1 peak had an initial SERS intensity of 2014.08, which decreased to 1807.57 (10.25% decrease) by the end of 20 min. For the AuNPLs, we observed a different trend. The complete SERS spectrum of MBA is shown in Figure 5A. The intensity of the SERS signal generated from the MBA attached to the AuNPL surface was less than what was seen for the MBA when attached to the AuNS surface (Figure 4A). In Figure 5D, we can see no decrease in the SERS intensity for either peak (1081 and 1591 cm−1 peaks shown in Figure 5B,C respectively) over the course of 20 min of laser irradiation, but in fact, there was variable increasing and decreasing of SERS intensity.



Figure 4E shows the SERS spectrum of the BDT Raman reporter for the AuNSs. Both BDT peaks (1062 and 1572 cm−1) were baseline corrected. There appeared to be a slight increase in SERS enhancement of the BDT Raman signal by AuNSs. There was a significant and gradual increase in SERS enhancement by the AuNPLs. For the AuNSs, we can see a slight increase in the intensity of the 1572 cm−1 peak (from 1022.63 intensity to 1199.42), whereas the 1062 cm−1 peak’s increased from 1276 intensity to 1690. In the case of AuNPLs, the 1062 cm−1 peak increased in intensity from 330 to 884.69, and the peak at 1572 cm−1 increased in intensity from 308.45 to 737.09 by the end of 20 min laser exposure. These represent 167.76% and 138.97% increases in the intensity of 1062 and 1572 cm−1 peaks, respectively.





4. Discussion


This study presented a simple method for the rapid, simultaneous screening of heat output and SERS signal generated using AuNPs. We synthesized two morphologically complex NPs, AuNSs and AuNPLs, via surfactant-free methods, and characterized them using UV–vis absorption spectroscopy and TEM. We demonstrated that the measurement setup can be used in a variety of ways to prescreen the properties of the nanoparticles prior to them being applied to in vitro or in vivo studies. Using a commercial, portable spectrometer coupled to a quartz cuvette by a 3D printed device, we were able to observe the changes in the photothermal and spectroscopic outputs of our particles.



First, to determine the ideal volume of sample for further experiments, we exposed different volumes (100, 200, and 300 µL) of both NPs to laser light for 20 min. We found that the increase in the temperature was maximal for 100 µL, followed by 200 µL and 300 µL. This decrease in the heat output with the increase in volume was expected because of the increased cooling effect from the medium around the area of dissipation [34,35]. Reducing the volume further might improve the signal-to-noise ratio; however, lower volumes are not suitable for the designed setup because of the laser path and temperature probe positioning. Next, we conducted a series of experiments to determine the stability and laser-induced heat output of both AuNSs and AuNPLs. We observed that the heat output from AuNSs on day 2 was not significantly different from day 1; however, it decreased considerably on day 3. To understand the trend, we looked at the UV–vis spectra of the nanoparticles taken on three consecutive days before they were exposed to laser irradiation. The λmax of the particles blue-shifted significantly on day 2 when compared to day 1, and not so much on day 3 when compared to day 2. We noticed a significant blue shift on day 1 after laser irradiation when compared to particles that were not exposed to the laser. However, on day 2 and 3, there was no change in the λmax of the spectra collected before and after laser irradiation. This UV–vis absorbance data indicate that upon storage of AuNSs in the refrigerator overnight, their stability was affected, which could have been caused by them reverting to a more thermodynamically favorable spherical morphology, as observed by others [36,37,38]; however, TEM analysis did not confirm any quantifiable morphological changes. Based on the heat output data, we believe that this process was accelerated by laser exposure on day 1; however, on day 2 and 3, laser irradiation did not contribute much to such change in morphology. The AuNPLs, on the other hand, showed a consistent drop in the laser-induced heat output from day 1 to day 3. From the UV–vis data, it is clear that there was consistent broadening of peak from day 1 to day 2, and from day 2 to day 3. We hypothesize that the broadening of the peak was due to the aggregation of nanoparticles [39].



As multiple rounds of laser irradiation is becoming increasingly popular for PTT and extended drug release therapies, we screened both AuNSs and AuNPLs for their ability to generate heat upon multiple exposures to NIR irradiation [10,40,41,42,43]. Both the particles showed considerable drops in the maximum heat generated in each 20 min exposure. We believe that the drop in the heat output can be attributed to slight changes in the plasmonic absorption and aggregation caused by laser irradiation. To understand how surface modification can effect SERS enhancement, we conducted a series of experiments with MBA and BDT modified NPs. It is known that sharp edges of plasmonic nanoparticles contribute to SERS tremendously due to enhancement of the local electromagnetic field at the tips [44,45]. In line with this fact, the reduction in arm lengths in the case of AuNSs might have caused the slight drop in SERS signal when MBA was added, over the course of 20 min laser irradiation. This morphological change also contributed to a significant shift in the absorption λmax and a decrease in the absorption intensity at the 785 nm resonance wavelength, which is another reason for the overall decrease in SERS signal. Another contributing factor to the decrease in SERS intensity could have been photo-degradation of MBA, caused by localized heat generated by AuNSs upon laser irradiation [46]. On the other hand, we saw an increase in the intensity of SERS signal from BDT with time, despite the fact that the change in morphology of AuNSs contributed negatively to SERS intensity. We believe that this increase in the signal could have been due to increased aggregation facilitated by the dithiol structure of BDT [47,48]. In the case of AuNPLs, we have seen that the SERS signals of both MBA and BDT increased with laser exposure time; however, the increase in SERS was insignificant in the case of MBA but very significant in case of BDT. In both cases, the contributing factor for this increase in SERS signal could have been the generation of hotspots upon laser-induced aggregation [49]. Again, the increase in SERS signal was large in case of BDT because of increased aggregation facilitated by the dithiol structure of BDT [47,48]. Further, for both types of nanoparticle, the increase/decrease in SERS signal can also be attributed to both photophysical and chemical changes caused by the increase in temperature, as others have observed previously [50,51,52,53].




5. Conclusions


Based on our results, we can summarize that both AuNSs and AuNPLs have the strongest photothermal properties when used freshly after synthesis. This suggests that surface modification to stabilize the nanoparticles is necessary for long-term storage [54,55]. Both the particles can be irradiated multiple times to induce a photothermal affect, but it should be noted that the maximum heat output decreases with each exposure. Both particles were capable of being used for SERS transduction; however, researchers engaged in using the technique should be aware that changes in the intensity of the spectral signature of the analyte are likely to differ depending on the analyte and nanoparticle used during heating. This kind of information will allow researchers to effectively screen nanoparticle candidates for their photothermic and SERS properties and make informed decisions for their specific needs. However, researchers should bear in mind that the heat output and particle stability are dependent on factors such as laser power, concentration of nanoparticles, volume of the sample and the medium/matrices. Thus, the experiments must be designed to mimic in vivo conditions as much as possible.
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Scheme 1. Schematic representation of the designed setup for simultaneous photothermal conversion and SERS study. (A–D) The dimensions of the 3D printed spectrometer-to-cuvette coupler that houses a sample holding quartz cuvette and a laser/Raman probe as shown in (E,F). 
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Figure 1. Characterization of gold nanostars (AuNS) and nanoplates (AuNPLs). (A) The absorption spectrum of AuNSs showing λmax at 785 nm. Insert shows a photograph of blue colored AuNSs (B) Transmission electron microscopy (TEM) image of AuNSs shows that the nanoparticles are star-shaped, featuring a ~50 nm core and between 10–15 arms calculated to be between 15 and 20 nm in length. (D) The absorption spectrum of AuNPLs showing two peaks at 535 and 1000 nm. (E) The TEM image of AuNPLs shows that the nanoparticles were triangular-plate-shaped and range from 50 to 135 nm in size. Plot showing the changes in temperature of different volumes of AuNS (C) and AuNPL (F) solutions upon exposure to a 785 nm laser for 20 min. 
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Figure 2. Stability of gold nanostars (AuNSs) and nanoplates (AuNPLs). Plot showing the changes in temperature of 100 µL of (A) AuNS and (D) AuNPL solutions upon exposure to a 785 nm laser for 20 min taken on three consecutive days after synthesis. UV–vis spectra of (B) AuNSs and (E) AuNPLs taken on three consecutive days after synthesis. (C,F) The UV–vis spectra of AuNSs and AuNPLs taken before and after laser irradiation on three consecutive days after synthesis. 
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Figure 3. Multiple heating and cooling cycles. (A,B) The changes in temperature when AuNSs and AuNPLs were exposed to three continuous cycles of laser-induced heating and cooling to room temperature. UV–vis spectra from (C) AuNSs and (D) AuNPLs taken before laser irradiation and after each heating and cooling cycle. 
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Figure 4. SERS enhancement of AuNSs. (A) SERS spectrum of MBA on the AuNS surface. (B,C) Expanded MBA peaks at 1081 and 1591 cm−1. (D) Plot showing how the intensities of 1081 and 1591 cm−1 peaks change with laser irradiation time. (E) SERS spectrum of MBA on the AuNS surface. (F,G) Expanded BDT peaks at 1062 and 1572 cm−1. (H) Plot showing how the intensities of 1062 and 1572 cm−1 peaks changed with laser irradiation time. 
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Figure 5. SERS enhancement by AuNPLs. (A) SERS spectrum of MBA on the AuNPL surface. (B,C) Expanded MBA peaks at 1081 and 1591 cm−1. (D) Plot showing how the intensities of 1081 and 1591 cm−1 peaks change with laser irradiation time. (E) SERS spectrum of MBA on the AuNS surface. (F,G) Expanded BDT peaks at 1062 and 1572 cm−1. (H) Plot showing how the intensities of 1062 and 1572 cm−1 peaks change with laser irradiation time. 
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