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Abstract

:

Featured Application


The investigated composed particles are of interest for future applications for nanoparticle-based surface-enhanced Raman scattering (SERS) analytics and as components in plasmonic sensing, such as biomolecules.




Abstract


The presence of the polycationic macromolecule poly(diallyldimethylammonium chloride) (poly-DADMAC) has a strong effect on the shape and size of colloidal gold nanoparticles formed by the reduction of tetrachloroauric acid with ascorbic acid in aqueous solution. It slows down nanoparticle growth and supports the formation of nonspherical, partially highly fractal and hierarchical nanoparticle shapes. Four structural levels have been recognized from the near-spherical gold nanoparticles in the lower nanometer range over compact aggregates in the midnanometer range and flower and star-like particles in the submicron range up to larger filamentous aggregates. High-contrast scanning electron microscope (SEM) images show that single gold nanoparticles and clusters of them are connected by bundles of macromolecules in large aggregates. The investigation showed that a large spectrum of different nanoparticle shapes and sizes can be accessed by tuning the poly-DADMAC concentrations and their ratio to other reactants. The nanoassemblies with a very high specific surface area might be of interest for SERS and heterogeneous catalysis.
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1. Introduction


The investigation of gold nanoparticles is motivated by their electronic properties [1,2]. They are used for bioanalytical applications such as pregnancy tests and immunoassays for virus proteins [3,4,5,6]. The electromagnetic resonance of these so-called “plasmonic” particles is strongly influenced by their shape, size and morphology. Instead of the typical absorption maximum around 530 nm, longer wavelength absorption peaks arise in the case of nonspherical gold nanoparticles such as nanorods [7,8]. By increasing the aspect ratio, the resonance can be tuned into the near-infrared region [9].



A bathochromic shift of absorption is also observed in the case of particle–particle interactions. The effect of these interactions is exploited in a variety of analytical applications. [10,11]. The color change due to aggregation of the negatively charged gold nanoparticles can be used for the sensitive detection of low concentrations of polycationic molecules. An aggregation of negatively charged gold nanoparticles can be used for the sensitive detection of low concentrations of polycationic molecules. Such negatively charged gold nanoparticles are obtained, normally, from wet chemical synthesis by the reduction of tetrachloroauric acid with an excess of citric or ascorbic acid, for example. The measurement of low concentrations of poly(diallyldimethylammonium) polycations in river water is another example for this analytical application [12,13]. Besides this analytical aspect, the interaction of forming metal nanoparticles with ionic surfactants and macromolecules is of interest for modulating the formation of nanoparticles and achieving different nanoparticle shapes. In addition, the interaction between the gold nanoparticles and oppositely charged macromolecules offers a strategy for altering the morphology of the gold nanoparticles and initiating nanoparticle assembling [14]. The nanoparticle assembling in general [15,16,17] and the interaction of metal nanoparticles with organic and biomacromolecules are of interest for the development of new nanomaterials and new complex architectures [18,19] and for special applications in nanobiotechnology, biodiagnostics [20] and theranostics [21,22]. Besides the factors that determine the crystallographic structures and shape of the gold nanoparticles (polynuclear spheres, nanocubes, triangular or hexagonal nanoprisms and nanorods, for example), electrostatic interactions between the particles play a crucial role in the formation of structures and assemblies of different shapes and sizes [23,24,25,26,27,28]. These interactions account for the colloidal stability and the formation of nonspherical nanoparticles [29] such as star-like nanoaggregates [30]; networks formed by in situ interaction of the particles during the growth process [31]; and formation of ellipsoidal, dumbbell and astragal-like shapes of polymer-containing nanoparticles [32]. The synthesis of nanoparticle structures in the presence of macromolecules also depends on these electrostatic interactions. These electrostatic interactions can occur between nascent gold nanoparticles and the macromolecules during the formation and growth processes [33,34,35]. The binding between particles and macromolecules is supported by attractive Coulomb forces between negatively charged metal nanoparticles and positively charged macromolecules.



A regular connection between smaller and larger metal nanoparticles has been achieved by a protein-assisted assembly using bovine serum albumin (BSA) [36]. In this case, a homogeneous population of raspberry-like nanoclusters with a large core and a shell of satellite particles was prepared, whereby the electronic coupling between particles could be concluded from the detection of a bathochromic shift in the optical absorption spectrum. The bathochromic shift of plasmonic resonance is typical for clustered gold nanoparticles, as found, for example, in former studies in the presence of polyvinylalcohol [37] and BSA [38]. Besides the adhesive effect of protein molecules, an electrostatic interaction between gold nanoparticles and molecules can take place during the formation and growth process in a wet chemical nanoparticle synthesis with synthetic macromolecules. The silver triangle formation by the addition of poly(sodium 4-styrenesulfonate) (PSS) [39] might be facilitated by electrostatic support of particle self-polarization by the polyanions [40]. A strong effect on the formation and assembly behavior of metal nanoparticles should also be expected in the presence of positively charged polyionic molecules. Besides the formation of regular assembly structures, it is of interest to investigate how larger aggregates between macromolecules and nanoparticles are formed and which structures can arise. Therefore, the formation of gold nanoparticles and nanoparticle assemblies in the presence of the polycationic macromolecule poly-DADMAC is investigated here.




2. Materials and Methods


Ascorbic acid (Alfa Aesar; 99+%), poly(diallyldimethylammonium chloride) solution (ALDRICH, molecular weight ≤ 100 kDA, 35 wt.% in water, PCode: 100103420), poly(sodium 4-styrenesulfonate) (ALDRICH, 1000 kDa, PCode: 1002572468) and tetrachloroauric acid trihydrate, HAuCl4 (ROTH, p.a.), were used as received without further purification. All solutions were set up with water from a reverse osmosis plant.



The particles were synthesized in agitated microreaction tubes by mixing appropriate amounts of 0.1 wt.% and 0.01 wt.% aqueous poly-DADMAC solutions, 1 mM HAuCl4 and water to a final reaction volume of 1 mL and initiating the reaction by adding 2 mM ascorbic acid. Concentrations given with the samples are always final concentrations in the reaction dispersion. The synthesis experiments were carried out at room temperature (20 °C). For the formation of assembly particles, firstly, the polymer solution was diluted with water. The mixing ratio was chosen to achieve a final volume of 1 mL in each experiment. Secondly, the reducing agent (ascorbic acid) was added and mixed by vigorous vortexing for about 20 s. In the last step, the metal precursor (HAuCl4) was added in a concentration of 1 mM. The total ion concentration was in the submillimolar or micromolar range in the final reaction mixture, typically. No additional salt was added. The ionic strength was given by the ionic reactants PDADMAC and [HAuCl4], which was in the range up to 400 ppm (PDADMAC) and 0.2 mM ([HAuCl4]). Additional chloride ions were generated by the reaction of tetrachloroaurate. Therefore, it was expected that the poly-DADMAC would be highly ionized under the applied experimental conditions.



The sedimentation of particles was comparatively slow. In a standard UV/VIS spectrometric cuvette (1 cm), beginning sedimentation was proved after about 5 h (Supplementary Figure S1). The particles were stable and could be redispersed by support of ultrasound.



Dynamic Light Scattering (DLS) measurements were conducted with a Zetasizer Nano-ZS (Malvern Panalytical). For the DLS measurements (25 °C, aqueous solution, absorbance: 0.3, viscosity: 0.8872 cP, equilibration time: 120 s, measurement angle: 173°, backscattering mode, three single measurements per sample, 70 size classes between 1 and 2500 nm), 60 µL of the as-obtained samples were transferred to a single-use cuvette and the cuvette capped off. The DLS measurements were performed 4 days after particle preparation and a redispersion (3 min shaking with ultrasound). In the DLS measurements, PDIs in the range between about 0.1 and 0.5 were found. Details are given in the supplementary table. SEM images were obtained in a Hitachi S-4800 FESEM (secondary electron signal, acceleration voltage: 25 kV) and optical spectra were measured in a SPECORD 200 (Analytik Jena). For the SEM measurements, the as-obtained samples were drop-casted onto silicon chips, dried in air and washed with deionized water.



From the point of view of characterization of nanoparticle assemblies, a combination of spectrophotometry, DLS measurements and contrast-enhanced SEM imaging (measurement by secondary electron detector) was chosen. These three methods address very different aspects of the formation of particle aggregates. Spectrophotometry supplies information about the electronic states, the so-called particle plasmonic resonances and their change due to electronic coupling in the case of particle contact. DLS measurements supply information about particle mobility (Brownian motion), which is related to the mass and shape of particles and the properties of the embedding medium (solution, swelling). Finally, the contrast-enhanced SEM measurements allow the combining of signals from optimal imaging of materials with a high yield of secondary electrons and low transparency (metals) with signals from optimal imaging of materials with a low yield of secondary electrons and high electron beam transparency.




3. Results and Discussion


The well-known reduction of tetrachloroauric acid with ascorbic acid in aqueous solution at room temperature leads to gold nanoparticles between about 10 and 20 nm [41,42]. The presence of the polycationic macromolecule poly-DADMAC leads to particles of different characters and aggregations. Typically, polynuclear compact elementary particles of about 10 nm diameter are observed, but the in situ assembly behavior is dependent on the poly-DADMAC concentration. Upon the reduction of 50 nmol HAuCl4 with 100 nmol ascorbic acid in 1 mL aqueous solution (Figure 1), the aggregation tendency of the elementary particles is already visible at a poly-DADMAC concentration of 8 ppm, leading to compact aggregate particles of about 75 nm. These particles sometimes aggregate further to form larger compact particle clusters (Figure 1h). Typically, a mixture of small particles (between about 6 and 30 nm), medium-sized particles of about 80 nm and aggregates in the submicron range is formed (Figure 1g). In contrast, characteristic dendritic-shaped clusters of small gold nanoparticles are found at a poly-DADMAC concentration of 60 ppm. They are formed with a typical size of about 0.23 µm and a comparatively high yield as confirmed by DLS measurements (Figure 1a) and by the SEM images (Figure 1b). A reduction of the particle size is observed and shorter dendritic branches are formed if the poly-DADMAC concentration is slightly lowered (Figure 1c,d). A further reduction of the polycation concentration results in aggregate particles with a size of about 80 nm, which are obviously composed of elementary particles of about 10 nm in diameter (DLS spectrum and SEM image in Figure 1e,f). The DLS spectra show an increase in the mean particle size with the increase in poly-DADMAC concentration up to 400 ppm (Figure 2). It has to be reconsidered that the DLS measurements supply only a rough estimation for the size of larger nonspherical aggregates consisting of particle clusters and macromolecular filaments. Zeta potentials in the positive range (about +30 to +50 mV) have been observed in all cases of particle preparation in the presence of PDADMAC, as expected (Figure 2).



Evidence of the differences in the aggregate shapes of the particles can be seen in the changes observed in the plasmon resonance spectra. The typical absorption peak of compact gold nanoparticles between 510 and 600 nm arises after the synthesis at lower poly-DADMAC concentrations. The peak wavelength is only moderately redshifted (to about 560 nm) in comparison with the well-known resonance of small spherical gold nanoparticles at about 530 nm if poly-DADMAC is added at a low concentration (8 ppm). The increase in poly-DADMAC concentration causes a bathochromic shift of the peak maximum and a strong increase in the absorption in the near-infrared (NIR) range. The optical spectra show the appearance of a broad band above 800 nm with increasing poly-DADMAC content. It is assumed that this increase is due to the electronic interaction of metallic nanoparticles coming in contact with each other by the aggregation process caused by the macromolecules (Figure 3). The strong increase in NIR absorption can be attributed to the formation of the dendritic structure of the formed particles. It corresponds to the long-wavelength absorption of nonspherical gold nanoparticles—nanorods, platelets or complex crystal structures—with higher aspect ratios [43,44,45].



Most DLS measurements indicate the formation of particles with an apparent diameter greater than two microns and indicate the formation of particles and clusters in the midnanometer and submicron range as well. The formation of larger aggregates was confirmed by SEM images (Figure 4) and by light microscopy. Typically, the aggregates show a filamentous morphology and consist of many single particles. The sizes of these filamentous aggregates are mainly between about two and six microns. The preferential appearance of clusters in this size range and the rough estimation of size ranges in solution by DLS measurements indicate that the clusters are already present in the solution and not formed during the drying process in the preparation of chips for SEM imaging. Contrast-enhanced SEM imaging of native deposited colloids on polished silicon chip surfaces—without any additional deposition of conductive material for SEM sample preparation—shows that larger aggregates of metal nanoparticles are formed in which the connections between metal particles are due to small molecular filaments. These connecting filaments become visible in image processing under strong contrast enhancement (Figure 5). The length of these filaments is in the order of magnitude of one or a few microns. Their diameter can be estimated to be below 20 nm. The structure of the filaments and the low contrast in SEM imaging indicate the presence of macromolecules. In the absence of other reactants, the assumption is that the filaments are mainly formed by poly-DADMAC. The incorporation of gold nanoparticles inside the aggregates is plausible because they are negatively charged after their formation by the reduction of tetrachloroauric acid by ascorbic acid. Thus, the large aggregates are probably formed due to electrostatic binding between the negatively charged metal nanoparticles and the positively polycationic macromolecules. On the one hand, the poly-DADMAC molecules glue the nanoparticles to each other; on the other hand, the metal particles act as knots in the macromolecular network. There is likely a competition taking place between solvent and nanoparticle interactions with the ammonium groups. This effect, the mobility of polymer chains and repulsive forces between free ammonium groups lead to the formation of the observed noncompact aggregates in the lower micrometer range, as observed in the SEM images.



The present nanoparticle structures suggest the formation of a hierarchical organization of gold nanoparticles in the aggregates. Therefore, four levels of structural complexity could be identified (Figure 6): The single compact gold nanoparticles represent the first level. These gold nanoparticles can be small compact nanocrystals or even nearly spherical polynuclear gold nanoparticles which are formed by a nucleation/assembling mechanism, as discovered by Polte et al. [46]. The typical size of these particles is in the order of magnitude of 10 nm. The second level is marked by aggregates of these particles found in the form of compact particle clusters (see, e.g., Figure 1f) with typical diameters in the range between about 20 and 100 nm. The third level of particle assembling supplies aggregates with diameters in the submicron range. It can be found either in the form of composed dendritic particles with a granular surface (Figure 1b) or in the form of aggregates of smaller particle clusters as shown in Figure 1h. These particles have the character of superclusters because they consist of smaller particles and particle clusters. Finally, the fourth level of assembling is related to aggregates of the superclusters. Their size is typically above one micron. High-contrast SEM images support the assumption that these filamentous particles are formed by networks integrating macromolecular filaments and filament-bonded metal nanoparticles.



The effect of poly-DADMAC is not limited to causing particle attachment. In addition, the application of these polycationic molecules influences the particle nucleation and growth. The addition of a final concentration of 100 ppm poly-DADMAC leads to a significant reduction in the formation rate of small spherical or compact nanoparticles with the characteristic resonance at about 550 nm (Figure 7a) and to a significant enhancement of absorption in the NIR range (Figure 7b). In experiments with a reduced concentration of ascorbic acid of 60 µM and 70 µM HAuCl4, this long-wavelength absorption is related to the formation of nonspherical gold nanoparticles with higher aspect ratios (Figure 8a–d). In addition, it is remarkable that the increase of 550 nm absorption in the presence of poly-DADMAC occurs approximately linearly, which indicates a slow and nearly constant formation rate of small gold nanoparticles (1-min intervals in Figure 7c). In contrast, the absorption at 800 nm shows an increasing growth rate for the first measurement cycles (Figure 7c). This indicates an accelerated process. This can be interpreted as a comparatively low rate of nucleation for gold nanocrystals that are able to grow and as an acceleration of gold deposition on growing nanocrystals due to the increase in crystal surface area. Indeed, the formation of some flat, regular nanoprisms with side lengths above one micrometer has been observed in the related sample (Figure 8a). A further enhancement of poly-DADMAC concentration promotes the formation of fractal gold nanocrystals (Figure 8b–d). Highly fractal nanoparticles with a high specific surface area (Figure 1h) are formed by a combination of dendritic crystal growth and attachment of small gold nanoparticles on the crystal surface. The formation of highly structured particles with a typical size in the submicron range can be also generated by the common addition of small amounts of a polyanionic macromolecule PSS to the poly-DADMAC-containing solution (Figure 8e).



It is assumed that the effect of the poly-DADMAC is mainly related to the electrostatic effect of macromolecules adsorbing onto the surface of growing nanoparticles. An excess of positive charge on particles during the growth process can lower the growth rates, on the one side. On the other side, it causes a self-polarization effect in the case of nonspherical particles. This could be the reason for the preferential edge- and corner-oriented growth of flat gold nanoprisms induced by an attractive Coulomb interaction between the positively polarized particle corners and the negatively charged tetrachloroaurate. The formation of nonspherical, star-like and special-shaped crystalline gold nanoparticles [31,32,33] depends on the empirically optimized composition of reaction solutions and is known to be related to symmetry breaking during nanoparticle formation [47].




4. Conclusions


The investigations confirm the fact that the addition of the polycationic water-soluble polymer poly-DADMAC causes significant changes in the growth and aggregation behavior of gold nanoparticles. The charged polymer is responsible for the modulation of nucleation and growth rate of gold nanoparticles, as well as for their interaction and incorporation in larger clusters and assemblies. As a result, different types of nanoparticle aggregates with sizes between about 20 nm and several microns are formed. SEM images suggest at least three different aggregation levels of nanoparticles can be distinguished, which can be described as hierarchically organized aggregate structures.



The shapes and sizes of nanoparticle structures can be controlled by the concentration ratios of the metal precursor, the reducing agent and the macromolecular additives. Thus, nanoparticle assemblies with a dendritic structure and high specific surface area can be generated. These particles are of interest for catalytic and analytical applications such as plasmonic sensing and surface-enhanced Raman scattering (SERS). The cyclic photospectrometric measurements do not reflect a sedimentation of aggregates after 15 min. Particles sedimented after several hours can be redispersed by support of ultrasound.
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Figure 1. Dynamic Light Scattering (DLS) spectra and scanning electron microscope (SEM) images of gold nanoparticles formed in the presence of poly-DADMAC at 50 µM HAuCl4 and 100 µM ascorbic acid in aqueous solution: (a,b) 8 ppm poly-DADMAC, (c,d) 15 ppm poly-DADMAC, (e,f) 30 ppm poly-DADMAC and (g,h) 60 ppm poly-DADMAC. 
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Figure 2. Dependence of the main particle fraction in the DLS spectra on reactant concentrations: (a) dependence on HAuCl4 concentration; (b) dependence on poly-DADMAC concentration. 
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Figure 3. Bathochromic shift of absorption maximum and increase in near-infrared absorption with increasing poly-DADMAC concentration during the formation of gold nanoparticles by the reduction of 50 µM HAuCl4 with 100 µM ascorbic acid. 
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Figure 4. Formation of larger filamentous gold nanoparticle aggregates by the reduction of HAuCl4 (50 µM) with ascorbic acid (100 µM) in the presence of poly-DADMAC (5 ppm): (a) SEM image showing several aggregates, (b) SEM imaging showing one filamentous aggregate at enhanced magnification. 
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Figure 5. SEM images (overlay of contrast-enhanced images) of the aggregation of gold nanoparticles formed by the reduction of HAuCl4 (20 µM) with ascorbic acid (60 µM) in the presence of poly-DADMAC (100 ppm): (a) larger cluster of metal nanoparticles; (b) macromolecular filaments. 
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Figure 6. Evolution of particle formation and assembly: (a) illustration of structural hierarchy in the formation and assembly of gold nanoparticles during their formation by the reduction of HAuCl4 with ascorbic acid; (b) example of temporal evolution reflecting the formation of single particles in the beginning (first measurement cycles) and later increasing long-wavelength absorption indicating the formation of particle clusters. 
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Figure 7. Effect of poly-DADMAC on the evolution of the characteristic electromagnetic resonance of forming gold nanoparticles (70 µM HAuCl4, 60 µM ascorbic acid). (a) Evolution of the spectra over time, (b) evolution of the normalized spectra over time (normalized to 400 nm) and (c) fast initial growth of the absorbance at 550 nm and increasing growth rate of NIR absorbance. 
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Figure 8. Typical nonspherical gold nanoparticles forming in the presence of poly-DADMAC: (a,b) 70 µM HAuCl4, 60 µM ascorbic acid, 100 ppm poly-DADMAC; (c) 70 µM HAuCl4, 60 µM ascorbic acid, 250 ppm poly-DADMAC; (d) 70 µM HAuCl4, 60 µM ascorbic acid, 400 ppm poly-DADMAC; (e) 50 µM HAuCl4, 100 µM ascorbic acid, 60 ppm poly-DADMAC, 10 ppm PSS. 
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