

  photonics-10-00772




photonics-10-00772







Photonics 2023, 10(7), 772; doi:10.3390/photonics10070772




Communication



Copper Sulfide Small Nanoparticles as Efficient Contrast Agent for Photoacoustic Imaging



Cristina Gellini[image: Orcid], Marilena Ricci[image: Orcid] and Alessandro Feis *[image: Orcid]





Department of Chemistry “Ugo Schiff”, University of Florence, Via della Lastruccia 3, 50019 Sesto Fiorentino, Italy









*



Correspondence: alessandro.feis@unifi.it







Received: 30 May 2023 / Revised: 29 June 2023 / Accepted: 29 June 2023 / Published: 4 July 2023



Abstract

:

An experimental study on an innovative contrast agent is presented. This work demonstrates that copper sulfide in the form of small-sized nanoparticles can be exploited in photoacoustic imaging. An advantage of this material is strong light absorption in the near-infrared range, especially in the transparency windows of biological tissues. In order to yield a proper contrast, light absorption must be followed by heat release with high efficiency. Therefore, it is important to evaluate the photochemical conversion efficiency of the material. We applied a method that is strictly related to photoacoustic applications. The nanoparticles were produced according to a well-established synthesis. Subsequently, they were diluted in pure water to obtain an extinction <0.2/cm at 1064 nm. The photoacoustic signals, generated by 1064 nm laser excitation, were analyzed as a function of concentration and incident laser energy below 70 μJ /pulse. The signals were carefully compared with those of a reference aqueous solution, containing a light-absorbing ionic solute. Data analysis yielded a light-to-heat conversion efficiency 1.0 (±0.1). We discuss this result by comparison with related studies on other types of copper sulfide nanoparticles, where the conversion efficiency reportedly varied from 33% to 93%. The high value determined in the present study possibly indicates that resonant light scattering and luminescence are negligible for our material system.
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1. Introduction


The development of exogenous contrast agents is a primary task in the innovative research field of photoacoustic imaging (PAI) [1]. This technique is based on localized optical absorption of pulsed laser radiation followed by thermoelastic expansion that can be detected and spatially resolved. The contrast is given by the specific optical absorption of certain components in the visible and near-infrared spectral range, for most applications [2,3]. PAI as a diagnostic tool can gain sensitivity, selectivity, and ease of use, when a suitable contrast agent—either of the molecular type or in the form of a nanostructured solid—is employed. An ideal PAI contrast agent should display low toxicity, high efficiency—including photochemical stability—and versatility. The first requirement is common to all pharmaceutical products that are administered to patients [2]. Although PAI agents are not used as chronic drugs, the choice of researchers in this field is mainly oriented towards safe molecules [3]. The efficiency of PAI agents is a complex scientific and technological question [4,5,6]. High-performance contrast agents, in fact, should (i) absorb light strongly, i.e., display a high extinction coefficient at the excitation wavelength, and (ii) release all the absorbed energy by nonradiative pathways, leading to heat transfer to the environment surrounding the photoexcited systems. The latter step occurs on manifold time scales. It is often described as photothermal conversion efficiency (PCE) [7]. In addition, light absorption should not induce photodegradation of the contrast agent, nor the production of photoproducts that are potentially toxic for the patient. Finally, an advantageous feature—sometimes termed tunability—is the opportunity that a PAI agent can be optically excited at useful wavelengths in the widest possible range. This property can allow to employ PAI contrast agents in human tissues at excitation wavelengths that are not excessively screened by the tissues themselves: for example, within the transparency window between 750 nm and 1000 nm (first near-infrared window, or NIR-I), or that between 1000 and 1700 nm, indicated as second near-infrared window, or NIR-II [8,9,10]. NIR-I and NIR-II contrast agents efficiently combine both deep light penetration in the tissues and low attenuation by the components of body cells. We remind that light-to-heat conversion is not only essential in PAI: it also opens the way to drugs for photothermal therapy [11,12].



In addition to the physicochemical properties, suitable PAI agents must display advantageous features from the biological standpoint. This means they should be efficiently concentrated in the region of a living organism that must be imaged, and they should be rapidly excreted from the organism after imaging. Both features can be optimized in PAI contrast agents by chemical modifications, often indicated as biological targeting [13,14]. This strategy requires that the agent displays suitable chemical reactivity [15,16].



In summary, it is unlikely that a contrast agent joins all the favorable properties that we have mentioned. On the other hand, a criterion for the selection of a PAI contrast agent is PCE at a useful excitation wavelength. In the present communication, we discuss the experimentally determined PCE for a nanostructured system that strongly absorbs light at 1064 nm, due to a localized surface plasmon resonance (LSPR). Light at this wavelength is emitted by several commercial laser sources and can therefore be advantageously employed in PAI. We chose, in particular, small copper sulfide nanoparticles (NPs) in water dispersion because of both ease of chemical synthesis and the existing characterization of this material, that includes morphological and optical properties, pharmacokinetics, and theranostic applications [17].




2. Materials and Methods


2.1. Synthesis


The synthesis procedure follows the description of Ref. [17].




2.2. Materials


CuCl2 (Sigma-Aldrich, St. Louis, US, purity ≥ 99%), sodium citrate dihydrate (Sigma-Aldrich, St. Louis, US, purity ≥ 99.5%), Na2S nonahydrate (Alfa Aesar, Kandel, Germany, purity ≥ 98%), and water for HPLC (Sigma-Aldrich, St. Louis, MO, USA).




2.3. Procedure


A total of 100 μL of a 5 mM Na2S aqueous solution were added to 100 mL of an aqueous solution containing CuCl2 1 mM and sodium citrate 0.68 mM, under stirring at 400 rounds per minute at room temperature. After 5 min, the reaction mixture was heated to 90 °C and kept for 15 min at this temperature, until the color turned to dark green. Then, the reaction flask was transferred in ice-cold water. The obtained CuS NPs, after characterization through absorption spectroscopy, could be stored at 4 °C for long time. The authors of Ref. [17] report that the NPs display a spheroidal shape with 11 nm diameter.




2.4. UV-Visible Spectroscopy


Extinction spectra were measured with a Cary 60 spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) in polymethyl methacrylate cuvettes with 1 cm optical path. The control spectra of the synthesis products were corrected by subtracting water absorption during the extinction measurement. At variance, the control spectra for the photoacoustic measurements were not corrected for water absorption to include the contribution of water absorption at 1064 nm to the generated photoacoustic signal (see Section 3).




2.5. Photoacoustic Spectroscopy


Photoacoustic signals were detected with a 1 MHz Panametrics V103-RM piezoelectric transducer, clamped to a standard quartz cuvette. The signals were amplified with a Panametrics 5660 B amplifier, and averaged with a Tektronix TDS-3054B digitizing oscilloscope. The minimum number of signals was 256 for each average. The excitation source was the 1064 nm emission of a Quanta System Giant Nd:Yag laser. The pulse duration was 10 ns and the repetition rate 10 Hz. The incident laser beam was shaped by a rectangular slit with a size of 1 mm × 10 mm, without focusing on the sample. The laser energy (from 20 to 70 μJ/pulse) was measured behind the empty cuvette by a pyroelectric energy meter before and after each photoacoustic signal measurement. The CuS samples for the photoacoustic measurements were prepared diluting the synthesized dispersions with pure water to reach the desired extinction value at 1064 nm. The corresponding concentrations can be evaluated by the extinction coefficient reported in Ref. [17], under the assumption that the NP size and shape are similar to those of the products of the original synthesis. The NP molarity range was therefore from 3 × 10−10 mol dm−3 to 1.5 × 10−9 mol dm−3. CuSO4 aqueous solutions were employed as a calorimetric reference.





3. Results and Discussion


The synthesis of CuS NPs led to fairly stable dispersions that could be kept for approximately one month before aggregation and precipitation were observed. The extinction spectrum of the freshly synthesized dispersion after dilution is shown in Figure 1. The NIR band, that displays LSPR characteristics, shows a maximum at 960 nm. The shape and position of LSPR bands have been related to the excitation of charge carriers in nanostructured solids. In pioneer research, metal-based NPs were investigated. In the following years, plasmonics spread over various classes of chemical compounds including, in particular, transition-metal sulfides [18]. Generally speaking, LSPR bands consist of the sum of an overwhelming absorption contribution and of a scattering contribution, both giving origin to extinction, with the scattering contribution being especially relevant in anisotropic NPs [19].



The position of the LSPR band and that reported in Ref. [17], namely 930 nm, are comparable. This similarity implies that the NPs employed in the present study, and those previously characterized, are strictly related from the structural point of view. Importantly, the broad absorption band covers a wide part of the NIR-I and NIR-II wavelength ranges.



Strong light absorption at therapeutic wavelengths is not the only prerequisite for potential PAI agents. In fact, the energy absorbed by light must be efficiently converted to heat in case a sizeable temperature increase must be locally effected. Therefore, the evaluation of PCE attracts a steadily growing importance in the field of photoactive materials in general, and especially in PAI. Photothermal methods are the natural choice to investigate PCE in isolated model systems and also in vivo. Photoacoustic signals, in particular, can be properly measured and analyzed to obtain accurate values from aqueous solutions and dispersions of various materials with PAI properties. In the present study, we evaluated the PCE of NP dispersions at a single light excitation wavelength, namely, 1064 nm. The results are shown in Figure 2a as a plot of the photoacoustic signal vs. incident laser pulse energy. This type of presentation offers a double advantage. Linear fitting of the signals yields curves with a slope that can be considered as the averaged value of the signal amplitude. In addition, signal linearity with laser energy is an important check of the absence of undesired photoinduced processes, such as photolysis or saturation, in the employed experimental conditions. A noteworthy feature of the photoacoustic amplitude with 1064 nm excitation was the presence of the signal of water. As the employed dispersions were fairly diluted, the contribution of water stayed constant in all the samples in opposition to the NP contributions that scaled with the NP concentration. The broad absorption band of water, with a maximum at 975 nm, can be clearly observed in the spectra we report in Figure 2b for a useful comparison with the corresponding photoacoustic signals of Figure 2a.



To extend averaging, the photoacoustic measurements were repeated with samples at increasing NP concentration. It is expected, then, that the photoacoustic signals increase linearly with the absorption factor a defined as:


  a = 1 −   10   − A ( λ )    



(1)




where A(λ) is the decadic absorbance at the excitation wavelength.



The evaluation of the PCE by photoacoustic measurements requires the use of a calorimetric reference. This is a substance that immediately releases all the energy absorbed by light as heat [20]. In many cases, calorimetric references display a unitary PCE. The important aspect is that the reference PCE is high and accurately known. In the present study, copper sulfate solutions were employed. Representative reference measurements are shown in Figure 3 together with the corresponding NIR absorption spectra.



The photoacoustic signals were measured with the same setup operated in the same conditions, and the measurements were separated by a delay of few minutes due to experimental reasons. Therefore, the ratio of the signals obtained from NP dispersions and reference solutions can be related to the PCE of the nanosystems. It can be expected that this efficiency is unity if two requirements are fulfilled, i.e., radiative relaxation is negligible for NPs and photochemical side reactions are absent as well [21]. In previous studies on gold NPs with various size, we could compare the wavelength dependence of the signals with the experimental extinction spectra. We could relate the observed differences with the energy loss due to light scattering, that is especially strong in sizeable NPs, e.g., in Au spheroids with a diameter > 60 nm [22]. In these systems, the experimental graphs of the kind of Figure 2a displayed significantly reduced slopes when compared to those of the calorimetric reference.



The PCE of CuS NPs could thus be evaluated by the analysis shown in Figure 4. For this purpose, the slopes of 14 fitting lines, including those shown in Figure 2a and Figure 3a, were plotted as a function of the absorption factor a. Within the experimental error, the plots of the signals of CuS NPs and those of the CuSO4 reference solutions resulted identically linear with absorption, having slopes S, respectively.


    S   C u S   = 0.901   ±   0.094  



(2)






    S   C u S   O   4     = 0.891   ±   0.080  



(3)







Considering the ratio of these slopes and the effect of the error propagation, we can conclude that the PCE is 1.0 (±0.1) for CuS NPs. We remark that this signal analysis is normalized to the number of absorbed photons as it includes the absorption factor.



The experimental determination of this photothermal property is a valuable result. It must be reminded that the photoacoustic signal amplitude is directly linked to the relaxation pathway that follows light absorption. Therefore, PCE is expected to be unity unless radiative processes are present, namely, either photoluminescence or scattering of the excitation light. In other terms, the photoacoustic signals of the samples and those of the calorimetric reference should be superimposable in most cases. It is surprising, though, that deviations from unitary PCE are observed for many systems. Au NPs are possibly the most widely studied photothermal agents. In milestone studies, the experimental PCE was systemically lower than the theoretically predicted value [23,24,25]. Recently developed investigation methods, though, have shown that PCE can reach unity when experimental errors are accurately avoided [26]. For instance, small Au nanorods display a PCE—which the authors of Ref. [26] have designated internal heat conversion efficiency—close to 100% at 794 nm excitation wavelength. Interestingly, small-sized, citrate-capped CuS nanospheres have also shown a PCE close to unity in that research.



We propose that the present results are consistent with the previous investigations. Figure 5 presents a bar graph where the PCEs of various CuS nanosystems are contrasted. The method we present here has been previously applied to the determination of the PCE of CuS covellite nanoflakes [27]. In that case, PCE was significantly lower than unity, as it was 72% at 1064 nm excitation. We interpreted this result according to losses due to light scattering that are possibly negligible in the present case. This effect, in fact, is expected to be much larger for nanoflakes than for small-sized CuS NPs, because the size of the nanoflakes was several hundreds of nanometers. Light scattering is known to generally increase with NP size. In fact, it was reported that PCE was improved in various CuS nanosystems with reduced NP size [28,29]. On the other hand, the observed PCE values (37% [28] and 32.9% [29]) leave an open question, namely, where has the >63% complementary heat disappeared? An application of our method to the same material systems would be a useful benchmark.



In contrast, recent CuS-based materials display PCE values close to unity. In a study on dark contrast agents for optical coherence tomography, small (24 nm diameter and 4 nm height) CuS platelets displayed 93 ± 3% PCE when excited at 1064 nm [30]. The authors noticed that these contrast agents may be suitable for PAI too, as their extinction almost completely originates from light absorption. This advantage is consistent with possible applications in photothermal therapy as well.




4. Conclusions


The method presented in this communication has yielded a significant result for the investigation on the photothermal properties of innovative nanostructured materials. On the basis of a detailed analysis of the amplitude of photoacoustic signals, it is shown that small-sized copper sulfide NPs reach a PCE close to unity. This value is possibly more realistic than those previously reported in the literature about NPs made of the same material. In many studies, PCE had been obtained through the measurement of light-induced temperature changes, and its value was significantly less than unity. Interestingly, the high efficiency of small-sized copper sulfide NPs is observed by excitation with infrared light in a range where biological tissues are relatively transparent. These photothermal properties are a strong indication for possible applications of small-sized NPs as contrast agents in PAI of biological tissues and organs.
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Figure 1. Extinction spectrum of a newly synthesized CuS aqueous dispersion after (1:9) v/v dilution. The optical path was 1 cm. The absorption of water was subtracted by the instrument during the acquisition. 
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Figure 2. (a) Optoacoustic signal amplitudes (mV) of CuS dispersions plotted as a function of incident laser energy (μJ/pulse). Dashed lines represent a linear fitting function of the data. According to the legend, different colors refer to samples having the extinction values at 1064 nm shown in the extinction spectra (b). In black, the data referred to pure water are also reported. The vertical dashed line in (b) corresponds to the laser excitation wavelength. The extinction band of water with a maximum at 975 nm was not subtracted from the extinction spectra shown in this figure. 
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Figure 3. (a) Optoacoustic signal amplitudes (mV) of CuSO4 solutions plotted as a function of incident laser energy (μJ/pulse). Dashed lines represent a linear fitting function of the data. According to the legend, different colors refer to samples having the extinction values at 1064 nm shown in the extinction spectra (b). In black, the data referred to pure water are also reported. The vertical dashed line in (b) corresponds to the laser excitation wavelength. The extinction band of water with a maximum at 975 nm was not subtracted from the extinction spectra shown in this figure. 






Figure 3. (a) Optoacoustic signal amplitudes (mV) of CuSO4 solutions plotted as a function of incident laser energy (μJ/pulse). Dashed lines represent a linear fitting function of the data. According to the legend, different colors refer to samples having the extinction values at 1064 nm shown in the extinction spectra (b). In black, the data referred to pure water are also reported. The vertical dashed line in (b) corresponds to the laser excitation wavelength. The extinction band of water with a maximum at 975 nm was not subtracted from the extinction spectra shown in this figure.



[image: Photonics 10 00772 g003]







[image: Photonics 10 00772 g004 550] 





Figure 4. Slopes derived from the graphs in Figure 2 and Figure 3, and from additional optoacoustic measurements, plotted as a function of the absorption factor a at 1064 nm (see text for details). Data for CuS dispersions are displayed as red squares. Data for reference CuSO4 solutions are plotted as crosses. Data for pure water are plotted as blue circles. Dashed lines result from the linear fitting procedure of the two sets of data, red for CuS and black for CuSO4. 
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Figure 5. Comparison among the PCE values (%) measured for different systems already reported in the literature: CuS nanorods [29], AuCu9S5 hybrid spheroids [28], CuS nanoflakes [27], CuS NPs in this work (green bar), CuS nanospheres [26], and CuS nanoplatelets [30]. All the data have been obtained exciting at 1064 nm, with exception of CuS nanospheres in Ref. [26], measured exciting at 794 nm. 
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