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Biomimetic synthesis of chiral erbium-doped silver/peptide/silica core-shell nanoparticles (ESPN)† Alexandre Mantion,*a Philipp Graf,b Ileana Florea,c Andrea Haase,d Andreas F. Th€unemann,a Admir Masic,e Ovidiu Ersen,c Pierre Rabu,c Wolfgang Meier,b Andreas Luchd and Andreas Taubert*ef Received 25th July 2011, Accepted 5th September 2011 DOI: 10.1039/c1nr10930h Peptide-modified silver nanoparticles have been coated with an erbium-doped silica layer using a method inspired by silica biomineralization. Electron microscopy and small-angle X-ray scattering confirm the presence of an Ag/peptide core and silica shell. The erbium is present as small Er2O3 particles in and on the silica shell. Raman, IR, UV-Vis, and circular dichroism spectroscopies show that the peptide is still present after shell formation and the nanoparticles conserve a chiral plasmon resonance. Magnetic measurements find a paramagnetic behavior. In vitro tests using a macrophage cell line model show that the resulting multicomponent nanoparticles have a low toxicity for macrophages, even on partial dissolution of the silica shell.



Introduction Silver nanoparticles are important building blocks for the creation of new materials with tailored properties for optical,1 sensing,2 and medical applications;3–5 many synthesis protocols therefore exist.6–8 Current efforts focus on tuning of particle properties including particle-particle, particle-surface, or particle-biology interactions; preservation or induction of chirality; coupling of optical to biological signals, etc.9–11 Short peptides can efficiently control the shape, size, and organization of silver nanoparticles12–16 and chiral induction from the peptide to the metallic structure is possible.17,18 At the same time, peptides considerably improve the colloidal and chemical stability12,19 leading to multifunctional and responsive nanoparticles. Silver nanoparticles are, however, quite reactive and must be protected from etching, leaching, oxidation, and coagulation. This is typically done via coating with thiols or an inert inorganic coating like silica.20 Silica has many advantages as the chemical behaviour (and the resulting structures), surface modification,
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and properties (colloidal,21 optical,22–24 etc.) can be accurately controlled. To date, however, the synthesis of a well-defined, dense but thin (a few nm) silica layer on individual nanoparticles has been difficult. Instead, ill-defined and aggregated structures form and only few protocols enable a controlled silica deposition.20,25–34 We have recently developed a peptide-based, biomimetic process for coating silver nanoparticles with a uniform silica layer of 1 to 4 nm.35 Among others, this coating is interesting because it can act as a host for ions and molecules leading to an even more pronounced (multi)functionality of the hybrid nanoparticles. Among others, dyes or metals (e.g lanthanides) can be incorporated into the silica layer, leading to a wealth of possible applications in, e.g., diagnostics or imaging.36–40 Erbium has attracted attention for its near-infrared luminescence. The characteristic emission at 1.53 mm is relevant for telecommunication, as it is located in a region where the absorption of glass optical fibers is minimal.41 Unfortunately, erbium ions are poorly sensitive and have a low fluorescence efficiency. Therefore, ytterbium,42,43 silicon,44,45 and silver nanoparticles46,47 have been used as sensitizers, alone or in combination. Hybrid materials based on glass, erbium, and silver nanoparticles have also been studied.43,48–50 This work has been complemented by theoretical efforts to understand the physics of the energy transfer between silver nanoparticles and erbium,51–53 similar to other lanthanides.54 Finally, complexation with organic ligands and incorporation into xerogels55,56 or biological materials57–59 has also been explored. In spite of the many useful applications, there are no reports on biomimetic, peptide-based lanthanide/silica/silver hybrids. The current manuscript is thus the first report on complex, multifunctional erbium-doped silver/peptide/silica nanoparticles (ESPN) obtained by a soft biomimetic process. The hybrid This journal is ª The Royal Society of Chemistry 2011
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particles have interesting properties such as chiral induction in the metal core, well-defined and biocompatible shell, chiral information encoded in the nanoparticle, and characteristic optical and magnetic properties.



Experimental section



High resolution scanning electron microscopy SEM images were acquired on a Hitachi S–4800 with field emission gun operated at 5 kV without sample sputtering. Substrates were glass cover slips coated with platinum (4 nm) in a BalTec MED 020. For EDX, concentrated suspensions were deposited on aluminium or carbon supports and large aggregates were analysed.
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General Chemicals were obtained from Bachem (Bubendorf, Switzerland), Fluka (Buchs, Switzerland), or ABCR (Karlsruhe, Germany) and used as received. Amino-acids are L-amino acids.



Transmission electron microscopy



Peptide 1 (Scheme 1) and silver nanoparticles were prepared as published12 and directly used after preparation. Particles were purified by repeated centrifugation/redispersion in water cycles to remove free, unbound peptide. The particles are around 20  4 nm in diameter and almost exclusively coated by the covalently attached peptide 1 as shown by XPS.12



TEM images were taken on an FEI Morgani 268D operated at 80 kV. Samples were deposited on carbon-coated copper grids and directly imaged after drying in air. Some samples were diluted prior to imaging for better imaging conditions. High resolution TEM was done on a JEOL 2100F (FEG) TEM/STEM operated at 200 kV with a spherical aberration (Cs) probe corrector and a Gatan TRIDIEM post-column imaging filter. Images were acquired on a 2048  2048 pixel, cooled CCD detector. STEM-ADF images were acquired using an annular detector and a camera length of 8 cm, which corresponds to an inner semi-angle of about 40 mrad.



Silicification



Small-angle X-ray scattering



To a 1 mg/mL peptide-coated silver nanoparticle dispersion (20 mL, pH 3, ice-cooled) 200 mL of ice-cooled tetraethoxysilane (TEOS) was added under strong stirring in a Teflon flask. After 2 days at 25  C under vigorous stirring, the sample was isolated and purified by repeated centrifugation/dispersion in water. The particles were redispersed in 20 mL of water and 200 mL of 3-aminopropyltriethoxysilane was added. After 24 h, the particles were isolated and purified by repeated centrifugation/dispersion in water. Synthesis of the erbium-doped samples was as above, but 200 or 140 mL of ice-cooled TEOS and 3 or 30 mg of erbium (III) triisopropoxide, respectively, were added.



SAXS measurements were done on a SAXSess camera (Anton Paar, Austria) attached to a laboratory X-ray generator (PW3830, PANanalytical) with a fine focus glass X-ray tube (40 kV, 50 mA, CuKa, l ¼ 0.1542 nm). Samples were filled in a reusable vacuum-tight 1 mm quartz capillary to attain the same scattering volume and background contribution. The scattering vector is defined in terms of the scattering angle q, and the wavelength of the radiation is q ¼ 4p/l sin(q). SAXS data were recorded as 700  1.2 s repetitions in a q-range of 0.04 nm1 to 5.0 nm1 with a CCD detection system (Anton Paar). The twodimensional intensity data were converted to one-dimensional data and deconvoluted using SAXSQuant (Anton Paar). Data were fitted with Igor Pro 6.0.4 (Wavemetrics) and the SANS Data Analysis Package60 (NIST) using a model where the shell thickness is constant and the core radius polydisperse61 assuming a Schultz distribution62,63 of the radii. Pair distribution functions were determined assuming a spherical symmetry using GIFT.64 DECON65 was used to determine the radial electron density distribution r(r). IPG-TNNLS66 (Internal Point Gradient-Total Non-Negative Least Square) analysis was performed as implemented in the Irena Package67 v2.38 using Igor Pro 6.21 (Wavemetrics). Data were fitted for a nanoparticle population with sizes from 3 nm to 100 nm and a logarithmic binning. The NNLS approach parameter was set to 0.5 and the maximum number of iterations was set to 300, which was sufficient for convergence.



Silver nanoparticles



Synchrotron X-ray diffraction



Scheme 1 Peptide 1 used for surface modification of the silver nanoparticles. The neutral form of the peptide is shown. The peptide sequence is CKK. The two sub-sequences are connected through a disulfide bridge (–S–S–). All amino acids are L-amino acids.
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Samples were measured in 1 mm Mark tubes at the mSpot  for the beamline68 at BESSY-II, using a wavelength of 1.5406 A  for the pure nanoparticles. Silicon was ESPN and 1.0000 A used as external standard and the 2D data were converted using Fit2D.69 Powder patterns were calculated using Fullprof 4.60.70 Nanoscale, 2011, 3, 5168–5179 | 5169
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Thermogravimetric analysis TGA was done on a Mettler Toledo TGA/SDTA 851e from 25 to 800  C at 10  C min1 in N2. Infrared spectroscopy
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IR spectra were obtained from the neat samples on a Shimadzu FTIR 8300 with a Golden Gate ATR unit from 300 to 4500 cm1 (resolution of 1 cm1, 128 scans). UV-Vis spectroscopy Samples were measured in 1 cm quartz cuvettes on a Perkin Elmer Lambda 25. Data were deconvoluted using Fytik as published previously.12 Surface-enhanced Raman spectroscopy (SERS) Silver nanoparticles were investigated as dispersion in water with a confocal Raman microscope (CRM300, WITec, Germany) with a piezo-scanner (P–500, Physik Instrumente, Germany), a 60x objective (numerical aperture: 1), and a 532 nm Nd:YAG laser. Spectra were acquired with an air-cooled CCD detector (DU401-BV, Andor, UK) with 600 lines/mm (UHTS 300, WITec, Germany). ScanCtrlSpectroscopyPlus (v2.04, WITec) was used for data acquisition and processing. Power was adjusted for good signal-to-noise ratio and to avoid sample destruction. Typically, below 1 mW full beam power at the sample was applied. 100 spectra of 1 s were acquired for good signal/noise ratio. CD spectroscopy CD spectra were recorded on a Chirascan CD spectrophotometer (Applied Physics, UK). Samples were dispersed in aqueous HCl at pH 3 and experiments were done in 1 cm quartz cells. Absorbance was set to 1 a.u. at 420 nm, scan rate was 5 s/nm, and resolution 1 nm. Four spectra between 200 and 600 nm were averaged and smoothed. Reference data (neat peptide-coated silver particles) are published,35 and only differ in the number of repetitions (5 instead 4) and the spectral range (200 to 550 nm). Estimation of the peptide secondary structure on the nanoparticle surface was done with CDNN71 software v2.1. Magnetic measurements Magnetic properties were determined with an MPMS-XL Quantum Design SQUID magnetometer in the 5 to +5 T and 1.8 to 300 K ranges. Milligrams of powder samples were put in a gel cap for measurements. Magnetic susceptibility was recorded by applying a 500 to 10000 Oe static magnetic field. All data were corrected for diamagnetic contributions of the samples and gel cap holder. Cultivation with THP-1 macrophages THP-1 cells were obtained from the Deutsche Sammlung f€ ur Mikroorganismen und Zellkulturen GmbH (DSMZ) stock collection. Cells were grown at 37  C with 5% CO2 in RPMI medium supplemented with 10% fetal calf serum, 2 mM L5170 | Nanoscale, 2011, 3, 5168–5179



glutamine, 10 mM HEPES, 1 mM pyruvate, 100 U mL1 penicillin, and 0.1 mg mL1 streptomycine. Differentiation into macrophage-like cells was done by adding 100 ng mL1 phorbol12-myristate-13 acetate.72,73 Cell viability after nanoparticle treatment was determined using the WST-1 assay (Roche Applied Biosystem) according to the manufacturers instruction with modifications to make the assay applicable for nanoparticle treated cells. Briefly, cells were seeded in a 96 well plate with a density of 1104 cells per well, differentiated for 24 h, and incubated with nanoparticles (4 replicates/concentration). After 24 or 48 h, WST-1 reagent was added to the cells and incubated for 3 h. The resulting solution was then centrifuged to remove the physically interfering nanoparticles and spectrophotometric evaluation was performed. The relative viability (% viability in respect to untreated control cells) was calculated and expressed as a mean value and standard error of the mean from at least 3 independent experiments. Membrane integrity was determined by the LDH assay (Promega, Mannheim, Germany). Cells were grown as indicated for the WST test, and incubated with nanoparticles for 24 or 48 h. Supernatants were analyzed with LDH assay according to the manufacturer protocol. Results were expressed as the relative LDH release (% of release in respect of Triton-X-100-lysed cells). The relative LDH release is a mean value and standard error of the mean of at least 3 independent experiments.



Results Nanoparticle synthesis and structure The peptide-modified silver nanoparticles have been described previously.12 They can be dispersed in acidic aqueous solution as individual particles. At higher pH, they aggregate due to lysine deprotonation. They can be silicified with tetraethoxyorthosilicate (TEOS) yielding well-defined Ag/peptide@SiO2 core-shell particles.35 The current report focuses on the doping of the silica layer with erbium(III) to prepare optically and magnetically active materials. Such particles could find application in readout systems with magnetic and optical detection, for example in anti-counterfeiting, or in diagnostics. To process the particles, their colloidal stability must be improved. Besides our standard silicification process,35 we have therefore also evaluated the modification of the outermost silica layer with aminopropyltriethoxysilane (APTES) for further particle stabilization. Besides colloidal stabilization, APTES also enables additional functionalization of the particle surface. Fig. 1 shows representative TEM images of the erbium-doped silver-peptide-silica nanoparticles (ESPN). ESPN grown in the presence of 0.3 mol% of erbium (further on denoted as 0.3 mol% Er, see experimental part for details) are spherical objects with a diameter between 25 and 28 nm. After 48 h the particle diameter increases by ca. 1–2 nm and the particles aggregate, similar to previously reported particles.35 Moreover, additional silica precipitation independent of the initial ESPN formation occurs after 48 h. However, upon redispersion and coating with APTES, the particles are well-dispersed, do not aggregate, and their size does not increase further. Interestingly, samples grown with 0.3 mol% of Er show a rather poor contrast between the silver core and the silica This journal is ª The Royal Society of Chemistry 2011
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number of these particles is relatively large and that they are located both in and on the silica shell. It is however difficult to determine how many of the smaller particles are present on a silver nanoparticle. Again, upon coating with APTES, the size of the composite particles does not change. For better characterization of the smaller nanoparticles in and on the silica shell, high resolution TEM (HRTEM) was employed, Fig. 2. Clearly, there is a (poly)crystalline core (silver,  (111) reflection) lattice spacing in the HRTEM images of 2.22 A, coated with an 1–2 nm amorphous layer (silica). HRTEM also shows that the smaller nanoparticles within the silica shell are not amorphous, but crystalline, and have a diameter of up to 10 nm.  cannot be simply interpreted; it is The lattice spacing of 3.21 A however close to the A-phase erbium oxide (100) or B-phase erbium oxide (111) reflection.74 However, as no other lattice fringes could be observed, a final assignment is not possible from HRTEM. High angle annular dark field scanning TEM (HAADFSTEM) confirms that the small particles observed in the silica shell are not silica. HAADF-STEM is sensitive to electron density (the atomic number Z) and contrast scales approximately with Z2. Thus, the brighter a particle appears in HAADF-STEM, the higher the average Z. HAADF-STEM clearly shows a high contrast indicative of a high average Z of the small particles. This confirms HRTEM, which suggests a crystalline structure (and therefore something else than silica) for these small objects. HAADF-STEM further shows that the number of small particles in the silica layer is higher than anticipated from bright field TEM (Fig. 1). It does also confirm TEM in that both



Fig. 1 TEM of different nanoparticles. Left column: ESPN grown with 0.3 mol% Er, right column: ESPN grown with 3 mol% Er. (a,d) after 24 h, (b, e) after 48 h and (c, f) after 72 h and APTES coating. Scale bar is 50 nm. Inset: Zero loss energy filtered TEM image of a nanoparticle showing the silica shell which is normally barely visible. Scale bar is 10 nm. Black arrows point to Erbium-based nanoparticles; white arrows point to the growing silica layer. For TEM images of starting nanoparticles and nanoparticles without Er in the shell, see Figure S1.†



coating. This is somewhat surprising, because previous experiments35 have shown that the electron density contrast between the silver core and the silica shell (without Er) is quite strong. Although this is a qualitative argument, the current TEM data thus suggest that Er is incorporated into the silica shell, which sufficiently increases the electron density to reduce the contrast between the silver core and the Er-doped silica shell. The particles grown with 3 mol% of Er (further on denoted as 3 mol% Er) are different. After 24 h the round particles with diameters between 25 and 30 nm have a 2–3 nm thin shell of a less electron-dense phase, presumably amorphous silica. Additionally, dark particles with a diameter of 4–5 nm can be observed in and on the silica shell. Bright field TEM therefore suggests that they are of different chemical composition than the silica, because they phase separate and have a higher contrast. Like the particles grown with 0.3 mol% of erbium, the silica layer on the nanoparticles grown with 3 mol% increases to 4– 5 nm after 48 h and the smaller, presumably Er-rich, nanoparticles remain present. Moreover, TEM indicates that the This journal is ª The Royal Society of Chemistry 2011



Fig. 2 HRTEM and HAADF-STEM images of ESPN (3 mol% Er). (a) HRTEM image of a silver/silica boundary. Arrows (1) indicate the silica layer; arrow (2) denotes an erbium containing nanoparticle. (b) HRTEM image of an erbium-containing nanoparticle (arrow). (c) Low and (d) high magnification HAADF-STEM images. Arrows indicate erbiumcontaining nanoparticles on and in the silica layer, respectively. Scale bars are 10 (a, b, d) and 50 nm (c).
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HAADF-STEM and HRTEM find smaller particles directly on the silver particle surface and on the outside of the silica shell. These findings are further supported by high-resolution scanning electron microscopy (HR-SEM, Figure S2†), which finds small particles on the surface of the silver particles in the case of the samples grown with 3 mol% of Er and no features in the sample grown with 0.3 mol%. Moreover, energy dispersive X-ray spectroscopy (EDXS, Figure S4†) clearly indicates the presence of Er in the sample with 3 mol%. The sample grown with only 0.3 mol% does not exhibit a significant Er signal, presumably due to poor signal to noise ratio or too low excitation efficiency of the Er transitions (EDX, Figure S5†). In summary, at low erbium concentration, TEM, HRTEM, and STEM suggest that erbium may be simply included in the silica layer as a dopant. At higher concentration, crystalline nanoparticles form, either directly on the silver nanoparticle support (that is, in the silica layer) or on the silica layer. Fig. 3 shows synchrotron X-ray diffraction (sXRD) data of the ESPN and a reference sample.12 The crystalline silver nanoparticle core is preserved in all particles, as indicated by the broad silver (111) and (200) reflections (JPCPS 04-0783). In the erbium-doped particles, additional reflections are visible. Fig. 4 shows a tentative indexing for the supplementary phases, which can be attributed to B-phase74 (ICSD 160230) and C-phase75 (ICSD 27774) erbium oxide.76 Due to the low signal intensity, phase quantification and unambiguous assignment is at this stage not possible. In spite of this, sXRD supports TEM, SEM, and EDXS in that there is clear evidence for an additional component in the hybrid particles. sXRD, however, also shows that the same Er species that, presumably, forms the small particles observed in the sample grown with 3 mol% of Er is also present in the samples grown with 0.3 mol%. This is thus the first evidence that the same products (although possibly in quite different concentrations) are obtained in both cases. As microscopy is a very local technique, and thus a comprehensive and correct sample description based on this single technique is difficult, we performed complementary small-angle X-ray scattering (SAXS) measurements. Fig. 5 shows SAXS data of both erbium-doped samples. They show very similar scattering



Fig. 3 sXRD patterns of (a) ESPN prepared with 0.3 mol% of Er and (b) ESPN prepared with 3 mol% of Er. Arrows point to new reflections; numbers are scattering angles in 2q. Inset: sXRD pattern of peptidecoated silver nanoparticles grown without Er and without silica layer.12
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Fig. 4 sXRD diffractogram of ESPN prepared in the presence of 0.3 mol% Er (a) and 3 mol% Er (b) with indexing for Er2O3 B-phase (ICSD 160230) and Er2O3 C-phase (ICSD 27774, in italics). For more details, see Figure S3,† Table S1,† and experimental section.



curves, with a clear first minimum at ca. q ¼ 0.3 nm1, and a weaker one at around q ¼ 0.6 nm1. The curve shows a reasonable Porod behavior, that is, I(q) scales with q4 for q > 1 nm1. This indicates a sharp interface of the nanoparticles with their surroundings. The minima indicate a moderate polydispersity, which is rather surprising for a core-shell system. Data were fitted from 0.1 to 2 nm1, as the curves do not exhibit distortions due to attractive forces between the particles or the presence of aggregates. In both cases, curve fitting using a polydisperse core and a monodisperse shell leads to virtually identical results, that is, an average silver core radius of 12.5  0.2 nm, a polydispersity of 20%, and a shell of 1.2  0.2 nm. This result is slightly larger than the initial silver particles12 which have a radius of 9.3  3.6 nm, see Figure S1.† On the other hand, a radius of 12.5 nm corresponds fairly well with TEM and SEM, see above. There are two possible causes for this deviation. (1) The fitting process only partly describes the particle structure and



Fig. 5 Fitted SAXS curves of ESPN prepared in the presence of (a) 0.3 mol% Er and (b) 3 mol% Er. Data are shifted vertically for clarity. The Porod region is indicated with a vertical straight line. Experimental data and fit at lower q values overlap and can not be distinguished. For a comparison with other SAXS models, see Fig. S7.†



This journal is ª The Royal Society of Chemistry 2011



Downloaded by Bundesanstalt fuer Materialforschung und -pruefung on 21 March 2012 Published on 27 October 2011 on http://pubs.rsc.org | doi:10.1039/C1NR10930H



View Online



another approach may be better77 or (2) the Er affects not only the properties of the final nanoparticles but also changes the formation process of the hybrids. At the moment, however, we assign this difference to batch-to-batch variations in the particle synthesis. Because regular core-shell models (that is: two distinct layers, with homogeneous electron densities) may not be able to fully account for the rather complex structure of the ESPN, we have performed a total non-negative least square (TNNLS) analysis of the experimental data. In brief (see experimental part for details), a nanoparticle population with different characteristics like size, size distribution, etc. is generated in the computer. The corresponding scattering curve is calculated and matched with experimental data. Then, the nanoparticle population is modified dynamically to fit the experimental data. For complex systems this has the advantage to limit the amount of fitting parameters and to not generate non-processable models. Fig. 6 shows the different fits with the corresponding residuals, and the volumeaveraged size distributions generated from the experimental scattering curves of our samples. In both cases the overall particle diameter is around 27 nm with a polydispersity of ca. 25%. This is in good agreement with



the previous SAXS data of the undoped nanoparticles, where an overall size of around 28 nm was determined, Figure S5.†35 Interestingly, the TNNLS analysis clearly indicates two (0.3 mol % Er) or three (3 mol% Er) different particle populations. The size distribution appears to depend on the initial erbium alkoxide concentration. As the initial silver nanoparticles are essentially monodisperse and monomodal, we assign the smaller sizes to the erbium-based nanoparticles found in HRTEM and STEM. Fig. 7 shows the evolution of the experimental pair distribution function P(r) and the deconvolution in a radial electron density function r(r) calculated from the SAXS data. The advantage of this approach is that no specific knowledge of the sample structure is required. Simulated and experimental P(r) are in good agreement for both samples. P(r) is typical of a core-shell structure, thereby again supporting electron microscopy. The radial electron densities r(r) of both systems (0.3 and 3 mol% Er) are virtually identical and exhibit three regions: first, a plateau until 2 nm, then an increase until ca. 8 nm, and finally a decrease to zero at around 14 nm. The overall r(r) curve is rather atypical for core-shell systems, but can be explained by the special particle structure: the core electron density is due to silver. The increasing electron density at the silver particle surface clearly indicates the presence of an erbium species close to the silver surface. Indeed, the r(r) curve does not indicate an Er layer or Er particles, but the increase in electron density at ca. 6–8 nm may be caused by the presence of a significant amount of Er (doped into the silica) relatively close to the silver particle surface. As the silicification reaction proceeds, the reaction mixture is depleted of Er and the average Z decreases towards the outer surface of the particles.



Fig. 6 Fitted SAXS curves of ESPN prepared in the presence of (a) 0.3 mol% Er and (b) 3 mol% Er using a TNNLS model (both insets: residuals in absolute difference). c) Particle size distributions obtained from the TNNLS analysis (dotted: 0.3 mol% Er, straight: 3 mol% Er). For a comparison with other SAXS models, see Figure S7.† For data on the earlier core/shell particles,35 see Figure S8.†



Fig. 7 Experimental P(r) determined from the scattering curve via GIFT (solid line) and by DECON fitting (dashed line) for ESPN prepared in the presence of 0.3 mol% (thin line) and 3 mol% (thick line) of erbium. Curves were vertically shifted for clarity. (b) Electronic pair distribution function r(r) calculated from the experimental P(r) function. Both r(r) are identical irrespective to the starting concentration of erbium precursor.



This journal is ª The Royal Society of Chemistry 2011



Nanoscale, 2011, 3, 5168–5179 | 5173



View Online



Downloaded by Bundesanstalt fuer Materialforschung und -pruefung on 21 March 2012 Published on 27 October 2011 on http://pubs.rsc.org | doi:10.1039/C1NR10930H



As a result, SAXS confirms TEM in the sense that the electron density of the samples grown with 0.3 mol% of Er is relatively high in the silica films even without any particulate Er-rich component. This may account for the poor contrast and the apparent absence of the erbium/silica layer in the TEM bright field images of these samples, Fig. 1. Finally the decrease towards 0 at ca. 14 nm is due to the fact that the outer particle shell is reached. The 14 nm correspond fairly well to the particle radius obtained from SAXS and electron microscopy. Optical properties Metal nanoparticle shape, size, and dielectric environment can be characterized using UV-Vis spectroscopy. Fig. 8 shows the UVVis spectra of the nanoparticles after 48 h of reaction and subsequent coating with APTES, for 0, 0.3, and 3 mol% of Er. For comparison, the spectrum of the neat peptide-coated silver nanoparticles12 is also shown. Peptide-coated nanoparticles exhibit maxima at 352, 376, 414, 442, and 497 nm, which are due to scattering and plasmon resonance of single nanoparticles.78,79 The band at 497 nm indicates that some particles are distorted.78 The bands at 600 nm are barely visible,79 indicating that the particles are well dispersed in the medium.12 Upon silicification and erbium addition, the absorption maximum shifts from 415 nm (only with silica shell, no erbium) to 426 (0.3 mol% Er) and 437 nm (3 mol% Er). These findings are a direct consequence of the Mie theory, but also a strong indication that erbium is included in the structure, even though EDX was not able to detect it unambiguously in the case of 0.3 mol% of Er (Figures S4 and S5). We currently speculate that erbium included in the silica layer changes the medium dielectric constant,80 resulting in a pronounced red-shift upon Er doping. At 3 mol% of erbium, an additional shoulder at 547 nm appears. This shoulder cannot be attributed to silver nanoparticle, silica, or ‘‘doped silica’’ but matches fairly closely with some Er2O3 absorption bands.81 This supports SEM, TEM, EDX, XRD, and SAXS. Altogether, the data show that we have created a hybrid material based on silver, a small peptide, and



Fig. 8 UV/Vis spectra of nanoparticles. (a) Pure silver nanoparticles (no silica shell),12 (b) nanoparticles coated with only silica (no Er), (c) 0.3 mol% of Er, (d) 3 mol% of Er. For a discussion of the spectral properties versus reaction time, see Figure S9.†
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silica, similar to our previous report,35 but with the added interesting component of an Er-rich silica shell or Er-rich nanoparticles, possibly Er2O3 or a related phase, depending on the initial Er concentration. It must be noted at this point that the deconvolution into individual bands, similar to the one done for the earlier, undoped particles,12,35 fails if Er is present. We can therefore at the moment not comment on further details of the UV/Vis spectra. Fig. 9 shows representative Raman spectra of the nanoparticles. The peptide-coated nanoparticles (no silica or erbium) show a complex spectrum composed of a variety of bands arising from carbonyl, amide, and aliphatic vibrations. The same bands can be observed after silicification, indicating that the peptide is intact (in terms of conformation) even after inclusion into the silica layer.35 In contrast, Raman spectra of the samples grown with erbium show that the overall spectrum is conserved, but the peptide conformation is modified. A new band at 1733 cm1 and the disappearance of the band at 925 cm1 indicate that the peptide secondary structure has changed, possibly due to complexation with erbium ions or an interaction with the newly formed inorganic phase observed in XRD and HRTEM.



Fig. 9 Raman spectra of nanoparticles. (a) Pure peptide-coated nanoparticle (no silica), (b) 0 mol% Er (pure silica shell), (c) 0.3 mol% Er, and (d) 3 mol% Er. Insets are expanded views of the low frequency region with the spectral signals of the inorganics. The hump at 1656 cm1 is caused by the carboxylate at the peptide C terminus.35 For a detailed view on the low frequency region, see supporting information, Figure S10.†
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Fig. 10 CD spectra of nanoparticles. (a) 0 mol% Er (silica shell only), (b) 0.3 mol% Er, (c) 3 mol% Er and (d) neat nanoparticles (without silica shell). All spectra were recorded at the same conditions; absorbance was set to 1 at 420 nm and the CD spectra thus have a different intensity in the range shown here.



As the Er–O band is, for example, in close vicinity to the silica g(Si–O) band at 460 cm1,82 the erbium oxide phase cannot be assigned unambiguously. Diagnostic bands at lower wavenumbers ( 
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