Contemporary Microscopy – A review of current trends in microscopy.
Overview
Still by far the most common microscope instrument today is the optical microscope, as invented over 400 years ago, consisting of an objective lens – placed closest to the object or sample of interest and an eyepiece – placed furthest or in the far-field of the sample, both lenses are usually mounted at each end of a tube or column. Nowadays an electronic image acquisition system such as a ccd to record images may be included. Optical microscopy of this type remains popular because of the simple way in which an image is formed, from readily mounted samples and without the need for a controlled environment such as a high vacuum. Samples and the focussing may be quickly manipulated until a best image is achieved in real time.

An appropriate choice of refractive lenses, used to make up the objective lens and eye piece of an optical microscope, provide a magnified image of an illuminated sample. The control of the aberrations in the design of these lenses allows for clear images to be formed for many imaging scenarios, which at best are limited only by the phenomenon of diffraction. Such images are thus referred to as diffraction limited and it is the design goal of any full-field microscope to achieve this level of performance. Primarily, image contrast in such microscopes arises from the linear absorption of light as it passes through the sample, or by the reflection of light from the sample’s surface. In either case the interaction is easily understood and from which, details of the sample can be easily inferred, particularly its structure. Generally, images achieved in this way are referred to as bright field images and the fact that the microscope has a full-field of view often means that they are referred to as Type I microscopes.
As fundamental a discovery as the optical microscope was, it does have its limitations. As with any piece of technology, these limitations become apparent as the performance requirements are pushed. Inevitably, after its invention, the optical microscope was required to look at ever smaller samples to reveal their properties. For fundamental physical reasons, an optical microscope is limited to a magnification of ~1000x because of the finite wavelength of the light with which it works. Diffraction effects will manifest themselves in the far field or image plane, when object structures approach the size of the wavelength. In reality, thus a Type I optical microscope will be limited to resolving features at a size of 200 nm. While many samples of biological interest, for example, can be resolved at this level, including many micro-organisms, this resolution limit only corresponds to the size of some of the largest viral particles, with smaller examples being at the much smaller scale of a few tens of nanometres. These types of microscope are also limited in the range of samples for which they can give good contrast images. Good contrast is only achieved above the resolution limit, with samples that significantly attenuate the light passing through them or have strong changes in refractive properties, which in turn alter the transmitted light levels. Hydrated biological samples, such as cells, generally have too low a contrast for clear images to be formed in bright field microscopes as they are mostly transparent. In addition to these restrictions, images from bright field microscopes also have reduced contrast due to light arising from out of focus points in the sample.
Many techniques have been developed to help overcome some of the restrictions of optical microscopy. Biological samples can be stained to enhance their contrast in a bright field microscope, however, this inevitably means that the sample has to be treated in some way - ‘fixing’ - and would thus no longer be an exact representation of a living organism. Dark field techniques have been perfected, whereby the direct illumination in a bright field microscope is blocked, so that only scattered light is detected. This makes the dark field microscope particularly sensitive to scattering objects and hence to features in transparent structures. This technique can be used as an alternative to staining samples, however, it suffers from an overall reduced image intensity. It does not offer an enhancement to the resolution to the optical microscope but it can be offered as a simple configuration option to the bright field microscope.
The concept of staining biological samples can be extended by the labelling of particular biological entities, such as proteins, with fluorescent dye molecules. Illumination of such samples by UV light produces fluorescence in localised regions of the sample and at a longer wavelength, which can then be visualised in an optical microscope. Significant advances have been made in the life sciences with the development of Green Fluorescent Protein (GFP) (a genetically modified form a naturally fluorescent protein found in certain fish) which can be expressed during chosen biological processes, thus providing a very sensitive monitoring of the biological processes being studied.

A more sophisticated approach to imaging transparent structures is the use of phase contrast microscopy. The phase change acquired by light travelling through sample regions of varied optical density can be used to produce a contrast image by the incorporation of polarisation components in the optical system. This then provides good contrast imaging for thin transparent samples such as biological samples but again cannot improve the fundamental resolution of the microscope.

Enhancing Resolutions

At about the same time as phase contrast microscopy was pioneered; advances were being made in the area of electron microscopy. It was realised in 1927, by de Broglie, that not only should electrons exhibit wave like properties but they should also have wavelengths hundreds of thousands of times smaller than that of visible light. If manipulated in an appropriate way, electrons could thus produce magnifications of millions of times. The required manipulation led to the development of electron focussing lenses based upon electromagnetic principles. Modern electron microscopes take advantage of this and provide images at the atomic scale but to do so, require highly evacuated columns through which the electrons can travel.
The interaction of electrons with matter is significantly different to that of visible light due to the charged nature of the electron. Differing imaging modes are thus possible with electron microscopes, either relying on the scattering of the electrons from transmitted beams or from the production and collection of secondary electrons liberated from suitably prepared sample surfaces. Images formed with an electron microscope thus require differing interpretations, depending upon the imaging mode used and this is a less straight forward process than with the optical microscopy case. The resolutions afforded by the electron microscope greatly forwarded many areas of science, such as the understanding of materials, however, the restrictions placed upon the samples which can be examined, limits the scope for which such a microscope can be used. Generally, samples need to be thinly sectioned and suitable to be placed in the ultra-high vacuum column of the electron microscope. This prevents the direct electron imaging of hydrated biological samples, for example. Additionally, highest contrast images are formed from electron dense materials such as metals. The electronic developments around the time of the 1960s and the ability to digitally control the position of the electron beam made possible scanning electron microscopy. Although not achieving the absolute resolutions achievable with transmission electron microscopes (TEM), scanning electron microscopes (SEM) greatly enhanced the utility of electron microscope systems.
The discovery of X-rays (1895) predates the discovery of electrons by one year. The imaging properties of X-rays were rapidly realised as the radiation was found to be penetrating. Thus, as with visible light imaging, the image contrast process could be readily interpreted as an attenuation effect, dependent upon the density, or more accurately in the X-ray case, the electron density of the material being studied. This led to the development of the familiar X-ray images or radiograms that became so important in the field of medicine. These were capble of highlighting conditions ranging from bone fractures to the locating of shrapnel in the casualties of the wars raging of those times. Despite the fact that X-rays were known to have wavelengths thousands of times less than that of visible light and thus proportionately less prone to diffracting, there was at that time no obvious way to focus X-rays and thus no way to produce an X-ray microscope. Magnification could be achieved by the geometrical enlargement afforded by having a point source of X-rays close to the sample of interest with the detector, inevitably a photographic plate, being placed at some greater distance on the far side of the sample. This did not hold back the significant advances that were made in the field of X-ray diffraction, that allowed the elucidation of crystal structures and provided many of the early key results in the area of life sciences, If an X-ray microscope working at the diffraction limit were to be developed then, like the electron microscope, it would also be able to achieve resolutions at the atomic scale.
X-ray microscopy became realisable with the invention of grazing incidence X-ray optical components, which could be used to focus X-rays to provide useful magnifications. More recently, diffractive optical components such as micro-zone plates can be used in X-ray microscopes and although they have yet to achieve diffraction limited performances, are able to provide magnifications that bridge the range of resolutions between what can be achieved optically and that which can be achieved with electron microscopy. Importantly, as the only main difference between visible light and X-rays is the wavelength scale, it means all of the modes of imaging available to visible light microscopes are possible at X-ray wavelengths but at a higher resolution. Additionally, due to the higher energies associated with X-rays, many modes of electron excitation are possible in materials that are not possible with visible light microscopy, the detection of which can give additional information about the sample. It should be noted that this it not true, however, of microscopy techniques which exploit near-field phenomenon to achieve similar resolutions as X-ray microscopy but with longer wavelengths. Such techniques have to dispense with the versatility of the conventional optical imaging system and introduce the additional complexity of the interactions involved in the processes which they exploit, significantly complicating image analysis and interpretation. 
Scanning Systems

In some imaging systems it can be advantageous to consider the point wise imaging of a sample rather than a full field imaging mode. In such systems the image is acquired by scanning the sample with a tightly focussed or ‘squeezed’ probe beam, in a rastering fashion, to build up an image from the light collected in a second lens objective. These types of microscopes can be considered as Type II microscopes, an important example being that of the confocal microscope.

At the expense of image acquisition time, due to the scanning process and low signal levels, the confocal geometry allows a higher resolution to be achieved than with a conventional optical microscope. This gain can be no more than a factor of two and arises from the fact that the light is focussed on to the sample and then collected by the use of two identical objective type lenses. This has the effect of narrowing the optical transfer function of the microscope, a mathematical description of its imaging properties involving the convolution of the optical properties of the individual lenses, which is how the increased resolution is achieved. This type of microscope also has the advantage that it can build up optical sections of the sample by shifting the axial position of the lenses and then scanning additionally through the third dimension. This then provides a three dimension image of the sample, although the depth detail is more limited in resolution. One of the draw backs of these types of system or any scanning or computationally intensive imaging process is the length of time needed to acquire the image and the loss of imaging versatility including the inability to look at dynamic processes in the sample.
A microscope can always be considered as a reciprocal imaging system. In this respect it is possible to think of the object plane and image plane as being interchangeable in a mathematical sense. This means it is possible to consider an extended source or an extended detector and thus differing imaging modes can be realised by considering a spatially extended detector or by spatially configuring the illumination of the sample. An example of this utility is the use of a configured detector. By replacing the single element detector in a scanning microscope system by a quadrant detector, in the simplest instance, or more sophisticatedly by a CCD array, additional features can be extracted from the sample. In the simplest case, different combinations of signals from the quadrant detector can be use to give absorptive or refractive information about the sample. Conversely, a patterned or structured illumination of the sample can be implemented, typically using a spatial light modulator to pattern an optical beam to probe the sample. The interference of the light pattern on the sample produces Moire patterns from which the structure of the sample can be inferred. Such patterns contain higher spatial frequency components than would otherwise be contained in a standard optical image, which can be then be used to enhance the resolution of the image. To unravel these image components, the illuminating pattern has to be modified with a spatial phase shifting and then computational effort has to be expended to interpret the changes in the Moire patterns to generate structural form of the sample. Consequently such structured illumination imaging techniques cannot be performed in real time and at best can only readily achieve a two fold increase in resolution over that of a conventional optical microscope.
Scanning systems can be used to enhance the resolution of a microscope, as one can move away from the concept of a far-field imaging system and the diffraction limit that it imposes at the image plane. This requires some form of a near field probe to be in relatively close to the sample surface or some type of a particle that has been incorporated into the sample, which can be stimulated to emit light. An atomic force microscope achieves this by accurately positioning an atomic size probe over the sample and then monitoring the force between the probe tip and sample as it moves, building up an atomic scale surface profile of the sample. Interpretation of the images obtained is complicated, as the exact interaction of the probe at each surface point may not be known and the probe can disrupt the surface it is in proximity with.

The optical paradigm of atomic force is to illuminate the sample with a probe source, the size of which determines the step resolution which is to be achieved. This can be achieved by extruding and optical fibre to the required dimension. The probe has then to be placed close to the surface of the sample so that the near field radiation pattern impinges on the sample’s surface. Clearly this is then a surface imaging technique. Scattered or fluorescent down converted light can then be collected from the illuminated area to form an image signal. The technique is a class of Scanning Near-Field Optical Microscopy (SNOM) and although resolutions in the range of 10s nm can in theory be achieved, this is at the expense of any other possible imaging modality, which could  provide depth information, for example. The other draw backs to this type of system relate to the inefficiency of launching light in to the probe and the capturing of the return signal and to the fact that it is only suitable for looking at surface features. Additionally, the interaction of the near field with the sample is physically more complicated and can be strongly affected by unquantifiable factors such as contaminants, introducing artefacts into the generated images. Significantly, the technique is equally applicable to shorter wavelengths, particularly X-rays which would be tuneable to particular electronic transitions in the sample providing additional flexibility to the image formation process.
To help circumvent the problems of light levels associated with SNOM, local field enhancements can be achieved by the introduction of a range of materials which resonantly enhance the field locally. The enhancements can arise from plasmonic excitations in typically gold or silver particles placed in the near field or by nano-particles or fluorophores. Limitations arise from the bleaching of these effects and the complexity of the interactions often requiring a full vector analysis of the field making image interpretation very complicated and extremely sensitive to environmental effects such as impurities.
When computational expense and image acquisition time is of secondary importance, which is seldom the case as such systems necessarily have to be pre-aligned, computer reconstruction techniques can be applied to artificially enhance the resolution of microscopic images. This requires a computer estimation of the blurring process in an optical system, a process referred to as deconvolution. This is best done by fitting mathematical functions, typically Gaussian profiles to the image of known point sources (Point Spread Functions) of light reference sources that have been arranged to be throughout the sample. By interpolation, the central positions of these profiles can be calculated and then used to localise the source position to the molecular dimension scale. Necessarily, these point sources have to be sparse but an entire three dimensional image can be sequentially built up by the random way that subsets of these points can be excited throughout an entire volume by repeated application of a stimulating laser pulse. Computational reconstruction methods such as deconvolution are particularly sensitive to the presence of noise and are notorious for the introduction of artefacts through the regularisation methods needed to condition the restorative process, especially when signal levels are low..
Comparison of Techniques

Over recent years there has been much development in the field of microscopy, driven not least by the requirements of the life sciences. One goal has been to push the resolution of optical microscopes to see ever smaller detail but as importantly has been the quest to visualise function, particularly in the biological area.

With the availability of bright X-ray sources located at synchrotron facilities, the goal of increased resolution has been realised. Based on diffractive lenses (zone plates), resolutions of 20 nm or less have been achieved at the technologically significant water window wavelengths (2.2 - 4.4 nm). The achievement does not yet realise the fundamental resolution limit achievable with X-rays at this wavelength but reflects the resolution that currently can be achieved with the optical elements used, which in turn reflects the accuracy to which features forming the zone plate can be placed during there fabrication.
The physical similarity between the X-ray focussing properties of a micro zone plate at X-ray wavelengths and that of a thin lens at visible wavelengths means that the X-ray microscope remains an equally versatile instrument as an optical microscope but operating at higher resolution. It can be configured for bright field or dark field imaging, acquiring images in real-time. It may be used to reconstruct three dimension images as the radiation is penetrating and tomographic imaging is possible. By the use of configured detectors, phase information about a sample can be recorded in parallel to the absorption profile. X-ray microscopes can be configured in scanning modes and the source wavelength can be tuned to absorption features of the elemental components of sample. Spectrally fine absorption features can be resolved and used to identify outer shell atomic electronic configurations and hence chemical states (XAFS). The energy of X-rays can excite either fluorescence or photo-electrons in the sample both of which give information on inner atomic shell configurations providing a chemically sensitive imaging technique (ESCA).
The one draw back to using X-rays in general has been the availability of compact high brightness laboratory scale sources and consequently the need to conduct many experiments at large scale high brightness synchrotron facilities. This situation is changing with the arrival of compact high brightness sources typically based on emission from plasmas such as the NanoUV CYCLOPS unit..

Of the optically based microscopy systems which exploit near-field geometries to achieve resolutions comparable to X-ray techniques, those that are based on surface probing scanning, lose the ability of providing depth information. All require significant times to acquire an image for the reasons of the time taken to perform the required scanning, the time needed to integrate the signal level sufficiently from the attendant low light levels associated with such techniques and the computational expense needed to reconstruct a recognisable image from the complex models underlying the imaging technique. As image formation is not achieved in real-time, these systems have to be carefully pre-configured as they cannot be manipulated with simple effect such as in the focussing a conventional light microscope. These systems often require the inclusion of labelling molecules the action and positioning of which have to be understood in a very exact way, which is not always possible or simple. The optical properties of these labels deteriorate generally through oxidation processes and are not robust to the high fluencies they have to experience in the mode which they are to be used.
