10. Nanoparticles


10.1. Introduction

Nanoparticles are very small particles with a size in the range from 1 to 100 nanometers. The research of nanoparticles is currently the area of​ an increasing scientific interest. The main motivation for this research is a wide applicability of nanoparticles in biomedicine, bioanalytical chemistry, molecular biology, optics, electronics, chemical synthesis (catalysis) and others.1–3


10.2. Metallic nanoparticles

An interesting behavior exhibits colloidal aqueous solutions of gold nanoparticles. Although the macroscopic gold particles appear as yellow powder, dispersions of gold nanospheres have an intensive red color. More generally, we may say that the properties of nanoparticles differ from properties of bulk materials. Conventional materials have properties, which are dependent on their chemical composition. Nanoparticles in this way provide opportunities to obtain materials with otherwise inaccessible properties.

Interaction of electromagnetic radiation with metals leads to the oscillations of electrons. This oscillation is described by so called surface plasmons. If the nanoparticles interact with electromagnetic radiation, then we talk about localized surface plasmons. The radiation of certain frequency may resonate with the natural frequency of electrons in a metal nanoparticle; resonance of localized surface plasmons (LSPR). This resonance can be observed in the absorption spectra and the spectra of the scattered light as the maximum of absorbance or intensity. With gold and silver nanoparticles, the resonance occurs in the visible and near infrared region (VIS/NIR). The resonance frequency depends on the material, shape and size of nanoparticle, nanoparticle grouping and the refractive index of the environment. For example, new resonance peak corresponding to the longitudinal vibration of electrons appears in the spectra of gold nanorods. The position of this peak can be changed depending on the ratio between the length and nanorod diameter (Figure 1).2










Figure 1. 
The dispersion of differently shaped gold nanoparticles1

High extinction coefficient of gold nanoparticles is beneficial for bioassay development and is used, for example, in chromatographic detection strips.4 Gold nanomaterials may also enhance Raman scattering, which facilitates detection and spectral characterization of small molecules. If the monitored molecule is located near the metal nanoparticles, Raman scattering may be significantly amplified, which is the consequence of enhanced electric field near the surface of metal nanoparticle. This principle can be used for the detection of pesticide at the surface of the fruit peel as well as for the detection of many other substances.5


10.3. Quantum dots

Quantum dots (QDs) represent another example of unusual behavior of nanoparticles. QDs are very small semiconductor nanocrystals (~ 1–10 nm), which exhibit very intense photoluminescence converting short wavelength excitation light to a red shifted emission. As a result of quantum effects, the wavelength (color) of the emitted radiation depends not only on the material of QDs, but also on their size. These inorganic nanoparticles are in biology and (bio)analytical chemistry used similarly as an organic fluorophores, which are known for a long time. Some optical and chemical properties of QDs are exceptional, however, allowing the design of new analytical methods for the detection of ions, bacteria, viruses, nucleotide sequences, proteins and other analytes.6–7 QDs may become particularly useful in fluorescence microscopy and biological imaging (Figure 2).












Figure 2. 
The comparison of absorption and emission spectra. The spectra of aqueous solutions of CdTe stabilized with sulfanylethane acid 
(1,2 - QD with a diameter of 2.8 nm, 
3,4 - QD having a diameter of 3.2 nm) 
and the spectrum of rhodamine 6G in ethanol (5,6). 
Curves 1, 3 and 5 show absorption spectra, 2, 4 and 6, emission spectra.6

QDs can be used for the fluorescent labeling of biomolecules in a similar way as an organic fluorophores.8–12 Simultaneous determination of multiple analytes is facilitated by QDs emitting at different wavelengths. An order of magnitude more analytes may be simultaneously detected utilizing QDs encoded microparticles possessing unique fluorescence barcodes. Other application area of QDs is a fluorescent labeling of microscopic samples; various microscopic structures may be visualized by QDs emitting at different wavelengths. The possibility to excite QDs in a wide range of wavelengths is suitable for assays with Förster resonance energy transfer. QDs emitting in NIR were used for specific labeling of tissues of living organisms; NIR radiation has the ability to pass through animal tissues and allows for noninvasive insight into the bodies of animals. QD fluorescence intensity in aqueous solution may be modified by the presence of metal ions, which has been used for their determination.
10.4. Photon up-conversion nanoparticles

The last type of nanomaterial herein mentioned exhibits the so called photon up-conversion. Anti-Stokes luminescence, especially photon up-conversion attracts a growing interest. It is expected that the new generation of nanoparticles exhibiting photon up-conversion (UCNP) will lead to the development of methods for biological imaging, targeted drug delivery and detection methods in bioanalytical chemistry. UCNPs also represent a new generation of luminescence labels for microscopy. The recent results suggest an excellent applicability for single molecule detection.13–16

Photon up-conversion is a type of anti-Stokes luminescence, which is a conversion of long wavelength electromagnetic radiation into a radiation with a shorter wavelength. Photon up-conversion reveals crystalline materials doped with the ions of d and f elements (lanthanoids).14 These materials are able to absorb infrared radiation and emit visible light. Currently, the most studied and used UCNP consist of NaYF4 nanocrystals, which are doped with Yb3+ and Er3+ (NaYF4: Yb3 +/Er3+).14,17 The mechanism of photon up-conversion in NaYF4: Yb3 +/Er3+ may be described by the diagram in the Figure 3A. 














Figure 3:
Photon up-conversion in nanocrystals of NaYF4: Yb3+/Er3+.17
Yb3+ in the UCNP absorbs one photon of 980 nm laser and is excited into the state 2F5/2. Subsequently, the energy is transferred to the state 4I11/2 of Er3+ ion, which is in the vicinity of the excited Yb3+, and gradually excites Er3+ to the state 4F7/2. Accumulated energy may be emitted with a wavelength of approximately 525 nm, 550 nm (green) and 660 nm (red) after nonradiative relaxation in one of three states with slightly lower energy. Peaks that correspond to these transitions are found in emission spectrum (Figure 3B). Similarly, photon up-conversion in nanocrystals of NaYF4: Yb3+/Tm3+ leads to the emission at 450 nm, 475 nm (blue) and 800 nm (infrared).

In a comparison with other anti-Stokes processes, e.g. with two-photon luminescence, UCNP can be excited by infrared radiation with a million times lower intensity. This eliminates the need for expensive femtosecond lasers. Also other advantages are characteristic for UCNPs. (A) large anti-Stokes shift (B) the ability to set emission maxima of UCNP by varying chemical composition. Other benefits of UCNPs include negligible autofluorescence of biological samples, low scattering of long wavelength excitation light, low photochemical damage to biomolecules, which otherwise occurs by treatment with short wavelength radiation, the deeper penetration of the excitation light into biological material, high photostability, and the absence of blinking.14

The properties of these new nanomaterials in biology can be especially useful for biomolecule detection and biological imaging.14 Thanks to the specific luminescence properties of UCNP, it is possible to bypass the need for sophisticated imaging techniques, such X-rays or nuclear magnetic resonance imaging (Figure 4). Imaging is also possible to combine with the targeted transport of drugs into the affected tissues. In this case, it is possible to monitor the whole process of transfer of the drug from the bloodstream to the target site such as a tumor tissue. UCNPs provide excellent properties when combined with microscopy. In comparison with two-photon microscopy, microscopy utilizing photon up-conversion is less instrumentally demanding. It is not necessary to use a narrowly focused beam of femtosecond laser. Therefore, there is no limitation to a confocal scanning arrangement. As an excitation source suffices continuous wave semiconductor lasers, whose intensity is constant in time. UCNPs are therefore suitable also for epifluorescence and total internal reflection microscopy.13












Figure 4.
Biological imaging using photon up-conversion; accumulation of photon up-converting nanoparticles in liver tissue of mice.17
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