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Abstract

:

Gold nanoparticles are widely used as local heaters under optical excitation. Hybrid molecular-plasmon nanostructures based on gold nanoparticles and water-soluble porphyrin have been developed. A colloidal solution of gold nanoparticles was obtained by laser ablation of metallic gold in water, ensuring its highest chemical purity. The hybrid nanostructures formation was performed due to the Coulomb interaction of cationic porphyrin and gold nanoparticles. The revealed functional properties of hybrid nanostructures make them promising for controllable nano-heater applications (for example, photothermal therapy). Gold nanoparticles act as heaters, whereas porphyrin serves as a fluorescent thermometer with a single optical excitation.
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1. Introduction


Gold (Au) nanoparticles (NPs) are extremely promising as heaters under optical excitation in the plasmon absorption band [1,2,3,4]. Moreover, depending on the morphology, the broad plasmon absorption band can be shifted to the red region of the spectrum, therefore various laser sources could be used for excitation [5,6]. One of the recent studies in the field of plasma nanostructures is related to the system symmetry breaking [7]. However, spherical nanoparticles are more convenient from the point of view of predicting functional features, and therefore remain indispensable model samples for the research devoted to the plasmonic nanostructures interaction with molecular systems. In particular, Au NPs can be optically pumped by lasers with a wavelength corresponding to the transparency window of biological tissues [3].



To date, Au NPs possess chemical inertness and potential long-term biocompatibility making them promising objects in medicine [5]. The ability to vary the Au NPs size, shape, functionalization, and surface charge allows us to design structures with properties required for a particular application [8,9,10]. The hybrid molecular-plasmonic nanostructures creation, based on porphyrins and Au NPs, results in particles with unique properties that individual components do not possess [11,12]. Many works are devoted to the study of porphyrins [13,14,15,16]. Its chemical and optical properties, as well as wide distribution in nature, determine possible applications in various fields, from spintronics [17] and solar cell prototypes [18] to analytical chemistry and photomedicine [16,19,20]. One of the promising areas for the usage of porphyrin structures is the ratiometric fluorescent sensors formation, in particular, molecular thermometers for noninvasive temperature detection [21]. Fluorescent molecular thermometers, due to the required tissue overheating control to prevent the possible necrosis, could be an indispensable device for determining the temperature during photothermal therapy [22].



The photothermal therapy operation principle can be considered using the example of plasmonic NPs. After injection and intratumoral accumulation, plasmonic NPs are exposed to light of a certain wavelength in the near infrared (IR) range [23], leading to the appearance of a localized surface plasmon resonance and, as a consequence, the conversion of light into heat [22]. The absorption spectrum of a gold nanoparticles colloidal solution strongly depends on their diameter. The position of the plasmon absorption maximum shifts to the long-wavelength region with an increasing nanoparticle size: with a nanoparticle diameter of 9 nm, the maximum is in the region of 517 nm, and with a diameter of 99 nm, the corresponding band has a center at 575 nm [5]. Hyperthermia causes cell death through three mechanisms: destruction of the cell membrane, denaturation of tumor DNA, and angiogenesis block [24]. The cell death during photothermal therapy is highly dependent on the affected tissues’ heating temperature. Thus, at 43 °C temperatures or below, most cells in the affected area survive, making therapy ineffective. When tissues heat up to 49 °C, the contribution of necrosis becomes too large, posing a danger to surrounding healthy cells. As a result, during photothermal therapy of oncological diseases in vivo, it is necessary to maintain the tissues temperature at the local exposure area in the 44–48 °C range, while the optimal ratio of apoptosis and necroptosis to necrosis and excess of surviving cells is observed at about 46 °C [25]. The basic method of temperature measurement in aforementioned studies is the temperature determination of the surrounding tissue and not the thermometer itself. The temperature of the heating elements—plasmonic NPs—is not controlled in any way, which results in the local tissue overheating in the vicinity of metal NPs, while the average tissue temperature remains within the normal range. Thus, in all the aforementioned works, a crucial characteristic, the heaters temperature, is missing, which might lead to incorrect interpretation of the observed data, including the temperature corresponding to a high probability of necrosis. The ability to accurately record the temperature of the heaters themselves and not only the temperature of tissues in the area of nanoparticles impact, is a fundamental task for the development of photothermal therapy. This work is devoted to the development of hybrid molecular-plasmon NPs based on porphyrins and Au NPs for use in photothermal therapy.




2. Materials and Methods


2.1. Synthesis of Gold Nanoparticles


The Au NPs synthesis was carried out by laser ablation in a liquid. Figure 1 shows the optical scheme of the experimental setup. The gold target (99.99%) was placed in a quartz cuvette with 25 mL of water using a holder mounted on a 2D motorized translator, assembled on the basis of two linear Standa translators. Deionized water was used for the synthesis, prepared using the Millipore Simplicity UV Water Purification System, resistance 18 MOhm/cm. Laser radiation was focused on the gold target surface using a lens with 10 cm focal distance. The Innolas Spitlight 2000 pulsed laser with a 1064 nm wavelength was used as the excitation source, with 1 J pulse energy, 10 Hz repetition rate and 7 ns pulse duration. During laser ablation, a motorized translator moves the target relative to the laser focal spot at a speed of 0.1 mm/s along the trajectory shown in the inset of Figure 1. Scanning the laser over the surface allows us to avoid the formation of craters and perform ablation from the entire surface of the target. As a result of irradiation (about 1–2 min), a colloidal solution of Au NPs with the characteristic pink color was formed.



The size distribution of the synthesized Au NPs and the measurement of the Zeta potential were carried out by dynamic light scattering using the particle size analyzer SZ100 (Horiba Scientific, Piscataway, NJ, USA). The SZ100 analyzer is equipped with a 532 nm 10 mW laser source. All measurements were carried out in a quartz cell at a 173° scattering angle. During the measurements, the refractive index of gold was set to 0.27, the viscosity of the solvent was set to 0.887 Pa, and the refractive index of the solution was set to 1.333.



SEM images of gold nanoparticles and EDX analysis were carried out using a Zeiss Merlin scanning electron microscope equipped with an Oxford Instruments INCAx-act energy-dispersive X-ray spectrometer.




2.2. Synthesis of Porphyrin


Cationic porphyrin 4,4′,4″,4′′′-(5,10,15,20-Porphyrintetrayl)tetrakis(1-methylpyridinium) 4-methylphenylsulfonate (TMPyP4+) in the form of p-toluenesulfonate (TMPyP-OTs) was prepared in two stages using literature procedures (see Figure 2). TPyP porphyrin was prepared by the condensation of (pyrid-2-yl)benzaldehyde with pyrrole in boiling propionic acid on air [26]. The resulting product was quaternized with methyl tosylate in dimethylformamide (DMF) [27].




2.3. Synthesis of Hybrid Nanostructures


Hybrid NPs were obtained by the sequential synthesis. To form hybrid nanostructures, a porphyrin solution was gradually added dropwise into a colloidal solution of gold nanoparticles with continuous stirring. The concentrations of gold nanoparticles and porphyrin were selected in such a way that all the porphyrin from the solution was placed on the surface of the nanoparticles and no free porphyrin remained in the solution. The formation of hybrid structures was controlled by fluorescence spectra shape and by fluorescence quenching in Stern-on-Volmer coordinates. Controlling the shape of the fluorescence spectrum is carried out as follows: in the case of free TMPyP-OTs porphyrin, one broad emission band is observed in the fluorescence spectrum, while two allowed bands are observed during the formation of hybrid nanostructures (Figure 3). The presence of two fluorescence bands is typical for porphyrins, but the porphyrin TMPyP-Ots has a feature that was noted in [28]. The fluorescence spectrum of free porphyrin TMPyP-OTs in a water solution consists of one broad band, while the fluorescence spectrum of porphyrin in hybrid nanostructure composition contains two well-resolved bands. This feature is associated with the rotation of the pyridinium substituents of free porphyrin, which leads to blurring of the fluorescence bands and merging into one broad band. When porphyrin becomes a part of the hybrid nanostructure, the rotation of the ligands stops and two fluorescence bands are being resolved.



All solutions of hybrid nanostructures were additionally checked for the absence of excess porphyrin not associated with nanoparticles by fluorescence quenching in the Stern–Volmer coordinates, which reflect the dependence of the fluorescence intensity ratio (Io/I) on the quencher concentration (in this case, quencher—gold nanoparticles). The values of Io and I represent the fluorescence intensity of the porphyrin before and after the addition of the quencher, respectively. At the same time, the lifetime of the excited state of porphyrin is measured for all samples. If the lifetime decreases with increasing quencher concentration, then quenching is called dynamic and is determined by the probability of collision between the fluorophore and quencher molecules. If the lifetime of porphyrin in the excited state does not depend on the concentration of the quencher, then such quenching is static and it can be argued that all porphyrin molecules are associated with gold nanoparticles, i.e., hybrid nanostructures are formed.




2.4. Absorption Spectroscopy


The absorption spectra of porphyrins and hybrid nanoparticles aqueous solutions were obtained in the UV-Vis range on the Lambda 1050 spectrophotometer (Perkin Elmer, Glen Waverley, VIC, Australia) equipped with an integrating sphere. The integrating sphere makes it possible to measure the Au NPs and hybrid NPs absorption spectra taking into account the light scattered from the sample. Absorption spectra were measured at 300–800 nm with 1 nm resolution and 1 s per point acquisition time.




2.5. Fluorescence Spectroscopy


The fluorescence spectra and kinetics were carried out on the Fluorolog-3 modular spectrometer (Horiba Scientific). Fluorescence spectra were measured with excitation into the Soret band of porphyrin (420 nm) in a configuration at an angle of 90° in the spectral range 550–780 nm with a 1 mln resolution. A Horiba NanoLED with a radiation wavelength of 390 nm, a pulse duration of 1 ns, and a pulse repetition rate of 80 MHz was used as a pulsed light source for measuring kinetic curves. Kinetic curves were measured by the time-correlated photon counting (TCSPC) method.



The temperature was stabilized using a A28F (Thermo Fisher Scientific, Waltham, MA, USA) water thermostat equipped with Haake SC 100 controller with an accuracy of ±0.1 °C.





3. Results


3.1. Gold Nanoparticles Properties


Colloidal solutions of gold nanoparticles in water were obtained by laser ablation in a liquid using an experimental setup, the optical diagram is shown in Figure 1. Nanoparticles were characterized both in a colloidal solution and when deposited on a substrate. The synthesized Au NPs average diameter about 25 ± 5 nm was determined by the dynamic light scattering method (Figure 4a).



The statistical data on the size distribution of nanoparticles in the colloidal solution were confirmed by the SEM image of the nanoparticles (inset in Figure 4a). Metal nanoparticles, like bulk metals, are characterized by the presence of a sufficiently large number of free electrons. According to the laws of electrodynamics, free electrons are distributed evenly over the surface of nanoparticles. Thus, while remaining generally electrically neutral, metal nanoparticles have a fairly large negative charge on the surface, which is detected as a negative zeta potential. The colloidal solution of NPs is stable up to a year, which could be highlighted by the rather high value of the Zeta potential at the level of −55 mV (Figure 4b). The high stability of a colloidal solution of gold nanoparticles obtained by laser ablation is determined, first of all, by its high chemical purity. Unlike wet chemistry methods, which are characterized by the presence of reaction byproducts, including ions that form a charged double layer at the surface of nanoparticles, the resulting solutions contain no components besides purified water and gold. The zeta potential of the resulting nanoparticles in water exceeds −50 mV, which results in effective repulsion of nanoparticles from each other due to Coulomb interaction. Figure 4c shows the results of EDX analysis of gold nanoparticles deposited on a silicon substrate. It is obvious that there are no additional bands other than Au and Si in this spectrum.



The absorption spectrum of Au NPs in water is shown in Figure 4d. The band at 525 nm corresponds to the Au NPs surface plasmon absorption. The relatively small half-width of the band confirms the rather narrow size distribution of particles, and the position of the band agrees with the literature data and correlates with the nanoparticles diameter [5].




3.2. Hybrid Molecular-Plasmon Nanostructures Formation


In order to create hybrid molecular-plasmon nanostructures, a TMPyP-OTs porphyrin was mixed with Au NPs in water. The water solubility of porphyrin is ensured by its ligand environment. In the case of porphyrin TMPyP-Ots the solubility is provided by amino groups, which positive charge is compensated by the SO3− anion, leading to the electrical neutrality of the molecules in solution. During the formation of the hybrid structure, the SO3− anion is split off and the porphyrin in cationic form is electrostatically attached to the surface of the gold nanoparticle.



The formation of hybrid nanostructures based on gold nanoparticles and porphyrin was controlled by the shape of the fluorescence spectra. Figure 5a shows the fluorescence spectra of an aqueous solution of TMPyP-Ots porphyrin without gold nanoparticles and in the presence of gold nanoparticles. It can be seen that in the concentration range of gold nanoparticles from 4.5 × 10−10 M to 14.6 × 10−10 M, porphyrin with a concentration of 4.6 × 10−8 M hybrid nanostructures are formed. It should be noted that gold nanoparticles reduce the probability of porphyrin radiative transition, as evidenced by the linear dependence of the porphyrin relative emission intensity on the concentration of gold nanoparticles (Figure 5b, red line). On the other hand, the lifetime of the excited state of porphyrin does not depend on the concentration of gold nanoparticles, which indicates static quenching of fluorescence, confirming the formation of hybrid nanostructures.




3.3. Properties of Hybrid Molecular-Plasmon Nanostructures Gold Nanoparticles/Porphyrin


The absorption spectra of porphyrin and different concentration of the Au NPs mixture showed the expected increase in the plasmon absorption band accompanied by the rise of the gold concentration (Figure 6a). In addition, the absorption spectra show a Soret band in the 420 nm region and four Q bands in the region of 520, 560, 585 and 650 nm, which are typical for nonmetallated porphyrins. The corresponding transitions upon optical excitation are shown in the energy level diagram (Figure 6b).




3.4. Functional Properties of Hybrid Nanostructures Associated with Optical Heating and Fluorescence Thermometry


Heating of molecular-plasmonic hybrid NPs led to a decrease in the radiation intensity with an increasing temperature and a change in the ratio of radiation maxima (Figure 7a). During this experiment, heating was carried out using a thermostat, which stabilized the cuvette temperature for 15 min and maintained it with an accuracy of 0.1 °C at each measured temperature point. The dependence of the fluorescence intensity ratio (FIR) on temperature at a constant porphyrin concentration decreases exponentially (Figure 7b). The statistical deviation does not exceed 1%. This exponential curve is a calibration graph, which can be used to measure the temperature of Au NPs by the ratiometric method.



The relative sensitivity   S R   and temperature resolution   Δ T   of fluorescence thermometers in the hybrid NPs was calculated according to equations [29]:


   S R  =    1 Q    ∂ Q   ∂ T     ,  



(1)






  Δ T =  1   S R      δ Q  Q  ,  



(2)




where  Q —temperature parameter (in our case—FIR),  T —temperature,     δ Q  Q   —relative uncertainty. The fluorescence thermometers’ relative sensitivity approximately 0.6% and the temperature resolution approximately 0.5 °C for   T   =   40   °C were obtained for developed hybrid NPs.



To demonstrate the operation of porphyrin as a fluorescent thermometer in the molecular plasmon structures composition, the temperature dependence of Au NPs on the laser power was studied. At first, the system fluorescence spectra under different laser power excitation with the subsequent dependence of the peak intensity ratio on the laser power were obtained. Then, based on the calibration curve (Figure 7b), the correlation between the laser excitation power, the relative intensity of the porphyrin emission, and the temperature of the hybrid NPs was determined (Figure 8a), the resulting curve has an exponential character.



According to Figure 8b, in order to increase the efficiency of photothermal therapy and reduce the contribution of necrosis to the process of cell death, it is necessary and sufficient to maintain the laser power in the 10–15 mW range. As a result, the photothermal therapy method could be implemented to a new level.





4. Discussion


Hybrid molecular-plasmon NPs were synthesized based on a colloidal solution of Au NPs and water-soluble porphyrin TMPyP-OTs. Au NPs were synthesized by laser ablation of a metal target in water. The obtained colloidal solution of Au NPs is highly stable due to the rather high value of the Zeta potential in the −55 mV region. The NPs diameter is about 25 ± 5 nm, whereas the colloidal solution plasmon absorption band maxima is 525 nm. The obtained characteristics of the synthesized gold nanoparticles are typical for spherical gold plasmonic nanostructures [30]. It should be noted that the synthesized colloidal solutions of gold nanoparticles in water demonstrate high chemical purity, evidenced by no by-products in the reactor except for deionized water and metallic gold. The absence of reaction by-products inherent in wet chemistry methods eliminates the need to clean the surface of nanoparticles. The gold nanoparticles obtained in this work are ready for the formation of hybrid nanostructures without any additional operations.



In the considered system, there are no significant changes in the absorption of porphyrin, in particular, the shift of the Soret band. It can be concluded that the bond between the Au NPs and porphyrins is not very strong, which is explained by the absence of linker ligands. Thus, hybrid nanostructures are formed due to the Coulomb interaction. In this case, the cationic porphyrin is electrostatically retained on the gold surface.



During the formation of the hybrid nanostructure, the porphyrin was attached to the surface of the Au NPs. It was shown that the shape of the porphyrin fluorescence spectrum changes during the hybrid NPs formation compared to the porphyrin solution without Au NPs. This difference was taken as a criterion for the absence of an excess of porphyrin in solution, while a part of the porphyrin is not associated with Au NPs.



The fluorescence spectrum of the nanoparticle/porphyrin hybrid structure differs from the fluorescence spectrum of a solution with a porphyrin excess (Figure 5a). The spectrum shape of the system with an excess of the molecular component corresponds to the fluorescence of free porphyrin. The low resolution of the porphyrin bands could be explained in terms of two approaches. According to the first approach, pyridinium substituents actively rotate upon excitation in an aqueous solution, leading to vibrations in the plane of the common π-electron system of the molecule. These fluctuations result in a decrease in the fluorescence spectrum resolution [28]. The second approach states that porphyrin in an aqueous solution is prone to hydrogen bond formation between the proton of water and the nitrogen of the pyridinium group, leading to energy dissipation due to nonradiative relaxation, which also affects the shape of the fluorescence spectrum. The attachment of a porphyrin molecule to Au NPs takes place due to pyridinium groups, therefore, preventing their rotation and, as a result, fluorescence bands are resolved. In addition, the bond of positively charged nitrogen to a metal surface is stronger than hydrogen bonds. Thus, both approaches can explain the increase in the resolution of fluorescence bands upon binding of free porphyrin to the surface of Au NPs, i.e., the process of hybrid NPs formation. This is also confirmed by the statistical mechanism of quenching of porphyrin TMPyP-Ots fluorescence by gold nanoparticles in hybrid nanostructures. The main confirmation of static quenching is the independence of the TMPyP-Ots porphyrin excited state lifetime from the concentration of gold nanoparticles acting as a quencher. This is only possible in the case of a bound state between the fluorophore and the quencher.



Thus, after the formation of hybrid molecular-plasmon NPs, two well-resolved bands are observed in the fluorescence spectrum of porphyrin, which correspond to the radiative relaxation of the porphyrin from one electronically excited level to two ground levels (Figure 6b). The energy gap between these vibrational sublevels is small; therefore, as the temperature changes, the probability of radiative transitions of the two observed bands changes due to the thermal population of the upper sublevel. This effect is used to create ratiometric fluorescent thermometers based on porphyrins.



The obtained hybrid NPs can be used as photothermal agents for oncological diseases’ photothermal therapy. In this case, the porphyrin will act not only as a stabilizing shell, but also as a non-invasive fluorescent thermometer. Such a hybrid system will allow the therapy itself to be carried out by heating plasmonic NPs and, in parallel, to control the heating temperature in order to prevent necrosis. The temperature dependences of a molecular-plasmon system based on porphyrin fluorescence were obtained. The good solubility of the porphyrin in water is an advantage for the in vivo application.



The temperature dependence of the porphyrin fluorescence bands on the composition of hybrid NPs has been investigated. Based on the obtained data, a calibration curve for the dependence of the fluorescence bands integral intensity ratio on temperature was plotted. The fluorescence thermometers relative sensitivity was found to be about 0.6% and 0.5 °C temperature resolution for   T = 40   °C of hybrid NPs. For fluorescent ratiometric thermometers based on organic phosphors such values of sensitivity and temperature resolution are on the same level as promising organic fluorescent thermometers [31,32].



Using a calibration curve, the possibility of simultaneous heating Au NPs and measuring the temperature with porphyrin under laser excitation was shown. According to the obtained data, the developed hybrid NPs could be considered as a promising material for photothermal therapy.



In presented work, for the first time, the possibility of precision measurement of the temperature of the nanoheaters themselves, and not of the medium they heat was proposed and experimentally confirmed. Thus, the molecular-plasmon system based on Au NPs and porphyrins is the most promising tool for use in various fields, for example, photothermal therapy, as a parallel thermal agent and molecular fluorescent thermometer. The advantage of the proposed system is a low error in the result determination, a wide range of operation, as well as good solubility and high stability in water.
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Figure 1. Optical scheme of experimental setup for Au NPs synthesis. 
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Figure 2. Scheme of TMPyP-OTs porphyrin synthesis. 
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Figure 3. Influence of the porphyrin excess in the water solution of Au NPs and TMPyP-OTs porphyrin on emission spectra, where the red line in a porphyrin excess, the blue line when all porphyrin in the composition of hybrid NPs. 
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Figure 4. Au NPs size distribution (a) in the insert SEM image, Zeta potential (b), EDX spectrum (c) and absorption spectrum of Au NPs in aqueous solution (d). 
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Figure 5. Effect of the concentration of gold nanoparticles on the fluorescence spectra of TMPyP-OTs porphyrin (a), relative intensity (red line) and lifetime (blue line) of TMPyP-Ots porphyrin fluorescence in Stern–Volmer coordinates (b). 
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Figure 6. Absorption spectra (a) and energy diagram (b) of molecular-plasmon systems based on porphyrin and Au NPs with various concentration. Inset Q shows a magnified view of the porphyrin bands. 
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Figure 7. The temperature dependence of hybrid NPs emission spectra under 532 nm excitation (a); calibration curve (b). 
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Figure 8. The calibration curve (a) and dependence of hybrid NPs in water solution on excitation laser power (b). 
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