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Abstract

:

A MIMI (metal–insulator-metal–insulator) nanoparticle was conceived and synthesized. It consists of a core of gold nanoparticles of different shapes, covered by a silica shell in turn covered by a layer of gold and finally by another silica shell. This hybrid nano-matryoshka, completely dispersed in water, was characterized by UV–Vis and TEM spectroscopy, comparing the architecture and photophysical properties of each synthetic step. Through a numerical simulation, it was possible to study in depth the absorption and extinction cross sections, determining the role of the various layers. This is an example of architecture used in the construction of metamaterials, the first in the form of a water-dispersed nanoparticles.
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1. Introduction


Nanofabrication technologies [1,2,3] have attracted researchers to explore the field of plasmonic modes [4,5,6,7], such as localized surface plasmons (LSPs) [8,9] and coupled plasmonic systems [10,11,12], which strongly increase an interacting electromagnetic field [13,14]. These features are generally shown by suitably coupling a metal with a dielectric, while, more recently, metal–insulator–metal–insulator structures (MIMI) have provided encouraging results. MIMI is a new architecture in which an insulator is enclosed by two metal claddings, highlighting potential attractive features [15,16,17,18,19] which depend on the thickness and composition of the surfaces that compose it [20,21,22]. On the MIMI structures are based metamaterials, that constitute the last frontier in the search for new materials, possessing properties not found in nature [23,24,25].



A further step forward is represented by three-dimensional MIMI systems composed of nanoparticle films that can achieve major advances compared to multilayered planar devices; their electronic and optical properties are encouraging for numerous applications such as third-generation solar cells, light-emitting diodes, field-effect transistors [26,27,28,29]. Ultimately, the performance of these devices is based on the modulation of the energy levels and optical properties of the nanoparticles by regulating their shape, size, surface and chemical composition [30,31,32,33,34].



With respect to the available MIMI devices, which consist of a solid array [18,35], the aim of this work was to obtain a MIMI nanoparticle in colloidal dispersion. Among the many advantages of having a potential metamaterial in colloidal dispersion, there is their in vivo use for the detection of particular analytes present in biological fluids, while the current detection systems based on metamaterials require the collection of these fluids [36]. Recent advances in nanofabrication have encouraged the development of new plasmonic biosensors that can go beyond the limits of conventional plasmonic sensors [37,38,39]. A. V. Kabashin et al. demonstrated an improvement in biosensing technology using a plasmonic metamaterial based on a porous nanorods layer [40]. Furthermore, the possibility of having nanosized metamaterials allows the functionalization of these nanoplatforms, favoring extreme versatility.



To obtain solvent-dispersible nanoparticle MIMI, a synthetic protocol based on a seed-mediated growth approach [41,42,43,44,45] is presented, to obtain a nano-matryoshka array by the alternation of gold and silica layers.



A numerical simulation based on a Finite Element Method (FEM) analysis was conducted on each member of the rod–core MIMI family (samples a, b, c, d) to evaluate the absorption and extinction cross section of a single nano-object, displaying a good agreement with the experimental results.




2. Materials and Methods


All chemicals were purchased from Sigma Aldrich (highest purity grade available) and used as received.



2.1. Chemicals


CTAB (hexadecyltrimethylammonium bromide, ≥96%), 5-bromosalicylic acid (5-BrSA, technical grade, 90%), tetrachloroauric acid trihydrate (HAuCl4•H2O, ≥99.9%), AgNO3, (≥99.0%), L-ascorbic acid (AA, ≥99%), sodium citrate (99%), sodium borohydride (NaBH4, 99%) were used as received. Milli-Q water (resistivity 18.2 MΩ•cm at 25 °C) was used in all experiments. All glassware was washed with aqua regia, rinsed with water, sonicated three times for 3 min in Milli-Q water, and dried before use. TEOS (tetraethyl orthosilicate, 99.9%), NaOH (98%), APTES (3-Aminopropyl triethoxysilane), NH4OH (34%) and MeOH were used for the SiO2 overcoating.




2.2. Instruments


The extinction spectra were acquired with a Perkin Elmer Lambda 900 spectrophotometer. The size and morphology of the gold nanoparticles were investigated by a Jeol JEM-1400 Plus 120 kV transmission electron microscope (TEM). The samples for TEM were prepared by depositing a drop of a diluted colloidal dispersion on 300-mesh copper grids. After evaporation of the solvent in air at room temperature, the particles were observed at an operating voltage of 80 kV. The core dimension and the thickness of the shell were measured graphically on the TEM images, using the ImageJ program. For each sample, 100 nanoparticles were considered, and for this data population, the standard deviation was obtained.




2.3. Synthetic Procedure


The synthetic strategy involved the preparation of CTAB-coated gold nanorods [46,47] (AuNR), which were subsequently coated with a silica shell (AuNR@SiO2). By suitably functionalizing the silica surface [48,49], the gold nanorods (AuNR@SiO2) were decorated with gold seeds, indicated below as AuNS@NaCit, (AuNR@SiO2@seed), which then gave rise to a homogeneous gold shell (AuNR@SiO2@Au). Finally, these nanorods were covered with an additional silica shell (AuNR@SiO2@Au@SiO2), providing the MIMI structure.



To study both the versatility of the synthetic protocol and the effect on the plasmonic properties of the nano-matryoshka, the starting nanoparticles which formed the core of the nano-matryoshka, were produced in a mix of shapes, AuNP@CTAB, and constituted the starting nanoparticles for a similar family of MIMI systems which led to the final production of a nano-matryoshka with a mixed-shape core, AuNP@SiO2@Au@SiO2. Each member of this family was isolated, characterized and compared with the members of the analogous family having a rod-shaped core, as previously illustrated.



Chart 1 reports the synthetic steps followed in the preparation of the two MIMI systems, i.e., AuNR@SiO2@Au@SiO2 and AuNP@SiO2@Au@SiO2.




2.4. AuNR


Preparation of the seed solution. We added 25 μL of a 5.0x-2 M metal salt tetrachloroauric acid, HAuCl4, water solution to 4.7 mL of a 0.1 M CTAB water solution. At this point, 300 μL of a freshly prepared 1.0x-2 M sodium borohydride, NaBH4, aqueous solution was injected under vigorous stirring. The metal reduction was complete (from Au(III) to Au(0)). The color of the solution became brown. The seed solution was left undisturbed for 30 min, before use, to ensure that the excess sodium borohydride was consumed [46,50,51].



Preparation of the growth solution. We injected 45 mg of 5-BrSA into 50 mL of a 0.05x-2 M CTAB aqueous solution. Only after complete solubilization was ascertained, 480 μL of a 1.0x-2 M AgNO3 water solution was added. The sample remained under slow stirring for 15 min at a temperature of 25 °C, and then 500 μL of a 5.0x-2 M HAuCl4 aqueous solution was added to the mixture, starting the pre-reduction step. At the selected pre-reduction time, 130 μL of a 0.1 M AA aqueous solution was added under vigorous stirring, followed by 80 μL of the seed colloidal dispersion. After a few seconds, the stirring was turned off, and after 4 h, the sample was centrifuged (9000 rpm, 20 min, 30 °C). A clear aqueous colloidal dispersion was obtained.



In this step (growth), elongated micelles of CTAB formed that acted as templating agents for the successive AuNR growth. Here, no nucleation process took place. The compound 5-BrSa, introduced as an aromatic additive to a CTAB water solution, intercalated within the CTAB bilayer, improving the stiffness and symmetry of the growing particles. Silver nitrate was added to promote the anisotropic rod-like shape [46,52].




2.5. AuNP@CTAB


The synthetic protocol was the same reported for AuNR@CTAB, with the exception of CTAB and AgNO3 concentrations in the growth solution, which were reduced by 10 times [52].




2.6. AuNP@SiO2, AuNR@SiO2


According to the protocol reported in a previous paper [48], an aqueous solution of CTAB was added to 2 mL of an aqueous dispersion of gold nanoparticles (0.3x-3 M), reaching the final concentration of 1.0x-3 M. After a few seconds, a 0.1 M NaOH aqueous solution was added under vigorous stirring, reaching a pH value of 8.5, followed by three additions (under gentle stirring, at room temperature) of 12 μL each of TEOS 20% v/v in methanol, at 1 h intervals from each other. After 14 h, the mixture was centrifuged in MilliQ water twice at 6000 rpm for 10 min, and the sample was dispersed in 4 mL of EtOH. At this point, 0.5 mL of distilled water and 0.5 mL of NH4OH were added to the nanoparticle dispersion, followed, 30 min later, by 3.75 µL of TEOS and 3.75 µL of APTES. After 12 h, 3 cycles of centrifuge were carried out, and a pellet was obtained. A part of this pellet was dissolved in water, obtaining a clear colloidal dispersion.




2.7. AuNS@NaCit


Sodium citrate (3 mg) was added to 40 mL of distilled water under stirring and at a controlled temperature (30 °C). Then, a HAuCl4 water solution (0.020 mL, 0.05 M) was added and, after a few minutes, 1.6 mL of a freshly prepared 1.0 x-2 M NaBH4 water solution was injected under vigorous stirring. Instantaneously, the solution became, red confirming the formation of small gold nanospheres, AuNS@NaCit [52] (Figure S1 in ESI, TEM images and UV–Vis spectra).




2.8. AuNP@SiO2@seed, AuNR@SiO2@seed


An aqueous dispersion of AuNS@NaCit (4 mL, 1.0x-4 M) was added to the pellet of silica shell/gold core nanoparticles (AuNP@SiO2, AuNR@SiO2) under sonication. After a few minutes, a cloud of nanoparticles precipitated at the bottom of the vial, leaving the solution colorless. The supernatant was removed, and the precipitate was dispersed in distilled water, obtaining a clear colloidal dispersion.




2.9. K-Gold Solution


A water solution of K2CO3 (14 mg in 50 mL) was prepared and added to 750 mL of HAuCl4 (25 mM). The mixture was aged in the dark, overnight [53].




2.10. AuNP@SiO2@Au, AuNR@SiO2@Au


We added 200 µL of AuNP@SiO2@seed or AuNR@SiO2@seed nanoparticles samples to 3 mL of the K-Gold solution. Then, 40 µL of 37 wt% formaldehyde in water was added, and the mixture was rapidly shaken until the solution became grey-purple. After 30 min, the solution was purified by one cycle of centrifugation at 9000 rpm for 15 min, and a clear water solution was obtained.




2.11. AuNP@SiO2@Au@SiO2, AuNR@SiO2@Au@SiO2


We added 30 µL of APTES 20% v/v in methanol, drop by drop. to the AuNP@SiO2@Au or AuNR@SiO2@Au nanoparticles colloidal dispersions, in alkaline conditions, under mild stirring for 3 h. Then, a centrifugation at 9000 rpm for 15 min was performed, obtaining a clear water solution.



The concentrations of the nanoparticles were calculated according to Scarabelli et al. [47], considering that all Au3+ was reduced to Au0.




2.12. Theoretical Calculations


Simulations regarding the optical characteristics of the nanorods-derived nano-matryoshka were conducted using the commercially available finite element analysis software COMSOL Multiphysics (COMSOL, Inc., Burlington, MA, USA) version 5.4, module ‘Electromagnetic Waves, Frequency Domain’ (EWFD) [54,55,56,57,58]. With this module, it is possible to study electromagnetic wave propagation, resonance effects at the nanoscale, electromagnetic field distributions through a scattered field formulation. The finite element method operates by discretizing the modeling domains into smaller, simpler domains, named elements. The solution is computed by assembling and solving a set of equations over all the elements of the model. The 3D simulation domain contained the nanoparticle immersed in the surrounding medium, which was in turn surrounded by a Perfectly Matched Layer (PML) to mimic an open and nonreflecting infinite domain. The amplitude of the plane wave    |   E 0   |    was calculated for the incoming illumination intensity    I 0    according to    I 0  = n c  ε 0     |   E 0   |   2  / 2  , where  n  is the refractive index of the surrounding medium,  c  is the speed of light, and    ε 0    is the vacuum permittivity. Maxwell’s equations, intended for the scattering of electromagnetic radiation with nanoparticles, were solved in the model [59]. In particular, the wavelength-dependent optical characteristics, including the absorption cross section and the scattering cross section, were calculated. Parametric Sweep was introduced from 400 nm to 1000 nm, with a step size of 5 nm. The simulation computed the local electromagnetic field on each mesh point, accompanied by an incident plane wave propagating in the z-direction by the electric field polarized along the x-axis and y-axis to opportunely excite the transversal and longitudinal resonance of the gold nanorods. The nanoparticle was modeled in all its constituent parts, starting from (i) AuNR@CTAB, (ii) AuNR@SiO2, (iii) AuNR@SiO2@Au and (iv) AuNR@SiO2@Au@SiO2. An “extra-fine” mesh, consisting of a free triangular and tetrahedral geometry with about 25,000–80,000 elements (from the AuNR@CTAB to the AuNR@SiO2@Au@SiO2 structure) was considered. For the outer boundary of the spherical domain, the scattering boundary condition was used to make the boundary transparent for the scattered wave. All the parameters used in the numerical modelling are listed in Table S1. The absorption cross section and the scattering cross section were derived by the calculation of the rate of the electromagnetic energy that was absorbed (   W  abs    ) and scattered (   W  sca    ) by the nanoparticle with respect to the incident irradiance, defined as the energy flux of the incident wave (   P  inc    ):    σ  abs   =  W  abs   /  P  inc     and    σ  sca   =  W  sca   /  P  inc    , respectively. The total absorbed energy was derived by integrating the energy loss   (  Q  loss    ) over the volume of the particle (   W  a b s   =   ∭    V P     Q  l o s s   d V  ), while the scattered energy was derived by integrating the Poynting vector (   P  sca    ) over an imaginary sphere around the particle (   W  s c a   =  ∯ S   P  s c a     · n   d S  ). The extinction cross section (   σ  e x t    ) represents the amount of energy removed from the incident field due to absorption and scattering (   σ  e x t   =  σ  a b s   +  σ  s c a    ).





3. Results and Discussion


All the samples were morphologically characterized by TEM and, from a spectroscopic point of view, by collecting the extinction spectra of the aqueous colloidal dispersion. For samples with a core consisting of gold nanorods, the theoretical spectra were calculated. Following Chart 1, we first discuss all nanoparticles having a gold rod-shaped core. Figure 1a reports the TEM images of AuNR@CTAB, showing the gold nanorods coated with CTAB (57 × 18 nm), while Figure 2 (blue line) displays the experimental extinction spectrum of its water dispersion.



A longitudinal band at 732 nm and a transversal one at 515 nm were observed. According to the FWHM of the longitudinal band and TEM image, the sample was homogeneous in shape and size. By modeling CTAB-covered gold nanorods of 57 × 18 nm (Figure 3a), the calculated spectrum fit satisfactorily with the experimental one. In Figure 1b, the TEM image of the AuNR@SiO2 sample is reported: a thick silica shell of 60 nm formed around the gold core. When the gold nanorods were covered by the silica shell, their longitudinal band red-shifted to 770 nm (Figure 2, red line). The simulated absorption and extinction cross sections for AuNRs in the same conditions as the experimental measurements (Figure 3a,b) showed a good agreement with the experimental results. In particular, with the addition of the silica shell, the two plasmonic peaks red-shifted, appearing at 520 nm and 775 nm, respectively, due to a change in the refractive index of the surrounding medium (from water to silica) around the gold nanorods. The metal–dielectric interface in the case of nanoparticles covered with CTAB consisted of water (nd20 = 1.33, water refractive index) embedding CTAB. In the case of nanoparticles covered with the silica shell, the dielectric had a higher refractive index (nd20 = 1.45, silica refractive index) [60,61,62]. The TEM image of AuNR@SiO2@seed (Figure 1c) shows the whole silica surface functionalized with the small gold seeds. After the seed solution addition, the transversal band increased, due to the contribution of the seeds (Figure 2, green line), while the position of the transversal and longitudinal bands remained unvaried with respect to that observed for the previous sample. In the AuNR@SiO2@Au sample, the gold seeds gave way to a gold shell with a thickness of about 55 × 28 nm, giving rise to MIMI nanoparticles with overall dimensions of about 280 × 200 nm (Figure 1d). The spectral behavior (Figure 2, violet line), confirmed by calculations (Figure 3c) dramatically changed with respect to the previous samples: scattering appeared to be predominant over absorption, and a broadened band in the range from 730 nm to 1200 nm was recorded. The transversal band appeared barely visible.



Finally, the previous MIMI nanoparticle was covered by a 3 nm thick silica shell, giving rise to the MIMI nano-matryoshka AuNR@SiO2@Au@SiO2, reported in the TEM image of Figure 1e. The outermost shell of silica of a few nm did not make any contribution to the optical response of the nanoparticle, as shown by the spectrum in Figure 2 (orange dotted line) and confirmed by calculation (Figure 3d). EDX measurements were conducted on AuNR@SiO2@Au@SiO2 (Figure S3 in ESI)



The comparison between the experimental and the calculated extinction spectra allowed evaluating the contribution of scattering and absorption (see Figure S2 in ESI). In the case of AuNR and AuNR@SiO2, it was evident that the scattering contribution was negligible compared to the absorption one, while in the case of AuNR@SiO2@Au and AuNR@SiO2@Au@SiO2, the scattering contribution was preponderant over that of absorption. This was attributable to the larger size of the last two samples compared to the first two.



As described in the previous paragraph, the same synthetic procedure applied to rod-shaped nanoparticles (i.e., AuNR@CTAB) was applied to a mix of gold nanoparticles with different shapes (i.e., AuNP@CTAB), in order to test its applicability and to study the influence of the starting material on the final product (i.e., AuNP@SiO2@Au@SiO2). Figure 4 shows the TEM image of the family system reported in Path 2 of Chart 1. Comparing these images with those shown in Figure 1, the most relevant difference obviously concerns the shape of the starting AuNPs, while the other samples evidence the same architecture of the family system of Path 1 (see Chart 1), confirming the versatility of the proposed synthetic protocol.



Making a comparison between AuNR and the AuNP family, it is clear that the plasmonic properties of the nano-matryoshka changed according to the metal core. The plasmonic peaks moved to different wavelengths as the shape of the nanoparticle changed. In fact, in both proposed cases, AuNR and AuNP (Figure 2 and Figure 5, experimental spectra), the plasmonic bands changed as the matryoshka took shape. As shown in Figure 5, AuNP showed only one plasmonic band. The peaks of AuNP@SiO2@Au and AuNP@SiO2@Au@SiO2, violet line and dotted orange line, respectively, were quite similar because the contribution of the thin silica shell in AuNP@SiO2@Au@SiO2 was negligible. On the other hand, the two peaks of AuNR, red shifted as the matryoshka took shape (Figure 2). The broadening of the longitudinal band was impressive in the last two steps, AuNR@SiO2@Au and AuNR@SiO2@Au@SiO2 (violet line and orange dotted line in Figure 2), due to the large dimensions of the nano-matryoshka. Also in this case, there was an overlap between the two bands, because the contribution of the thin silica shell was negligible.




4. Conclusions


This paper presents the first example of a nanomaterial with MIMI architecture dispersed in an aqueous environment. The nanomaterial was designed and synthesized according to a seed-mediated growth approach which, starting from CTAB-coated gold nanorods, gave shape, step by step, to a hybrid hierarchical structure consisting of the alternation of gold and silica shells, recalling the structure of a matryoshka. The same protocol was applied to any shape of the nanoparticles, and the final plasmonic properties of the nano-matryoshka depended on the shape of the metal core.



All the intermediates were characterized, both from a morphological point of view, by TEM, and optically, by UV–Vis spectroscopy. When the matryoshka took shape, the spectrum of both samples changed drastically: the longitudinal band of the nanorods widened substantially until reaching wavelengths in the NIR range, the band of the AuNP@CTAB-derived nanosystems continued to fall into the visible range, but a shoulder around 700 nm was impressive. The computational results, based on an FEM analysis, confirmed the experimental ones, highlighting that the final plasmonic properties of the nano-matryoshka depended on the shape of the metal core and on the refractive index of the surrounding media and could be suitably tuned to the NIR spectrum region. Furthermore, the comparison between the experimental and the calculated spectra allowed estimating the mutual contribution of scattering and absorption to the optical properties of the nanosystems. The computational effort represents a practical tool for the development of matryoshka with specific plasmonic features.



These findings could have application in various fields; in particular, the construction of metamaterials in aqueous solution is an exceptional goal, considering the possibility to properly functionalize the nanoparticle surface, obtaining a biocompatible nano-matryoshka that, by exploiting the sensitivity of a metamaterial, could be used for in vivo biopsies.
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Chart 1. The growth of the gold nanoparticles capped with CTAB was conducted in an aqueous environment using a seed-mediated method. The first step was the preparation of the seed solution, and the second was the preparation of the growth solution. 
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Figure 1. TEM images: AuNR@CTAB (a); AuNR@SiO2 (b); AuNR@SiO2@seed (c); AuNR@SiO2@Au (d); AuNR@SiO2@Au@SiO2 (e). 
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Figure 2. Experimental spectra: extinction spectra of the aqueous colloidal dispersions: AuNR (a, blue line); AuNR@SiO2 (b, red line); AuNR@SiO2@seed (c, green line); AuNR@SiO2@Au (d, violet line) overlapping with AuNR@SiO2@Au@SiO2 (e, orange dotted line). 
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Figure 3. Shown is the 3D meshing of the model geometry of the constitutive elements of the nano-matryoshka and simulated absorbance cross sections of (a) AuNR, (b) AuNR@SiO2 and scattering cross sections of (c) AuNR@SiO2@Au and (d) AuNR@SiO2@Au@SiO2. 
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Figure 4. TEM images: AuNP@CTAB (50–70 nm) (a’); AuNP@SiO2 (250 nm) (b’); AuNP@SiO2@seed (c’); AuNP@SiO2@Au (350 nm) (d’); AuNP@SiO2@Au@SiO2 (e’). 
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Figure 5. Experimental spectra: extinction spectra of the aqueous colloidal dispersions: AuNP@CTAB (a’, blue line); AuNP@SiO2 (b’, red line); AuNP@SiO2@seed (c’, green line); AuNP@SiO2@Au (d’, violet line) overlapping with AuNP@SiO2@Au@SiO2 (e’, orange dotted line). 
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