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INTRODUCTION





The majority of viable particles within the atmosphere are spores of fungi, myxomycetes, bryophytes and pteridophytes, as well as pollen grains of flowering plants, moss gemmae, propagules of lichen, cells of algae, vegetative cells and endospores of bacteria, cysts of protozoans and virus particles1. Particles of biological origin usually vary in size from below 1 �SYMBOL 109 \f "Symbol"�m to approximately 50 �SYMBOL 109 \f "Symbol"�m or larger. Viruses typically range from 0.005 to 0.05 �SYMBOL 109 \f "Symbol"�m, while bacterial cells and spores typically range from 0.2 to 30 �SYMBOL 109 \f "Symbol"�m in length. Pollens and plant spores are generally larger with diameters between 10 and 100 �SYMBOL 109 \f "Symbol"�m. Assuming a density of 1.0 g/cm3, the settling rate of a 0.1 �SYMBOL 109 \f "Symbol"�m diameter sphere in still air is 0.3 cm/h, a 1.0 �SYMBOL 109 \f "Symbol"�m sphere is 13 cm/h, and a 40 �SYMBOL 109 \f "Symbol"�m sphere is 300 cm/min, according to Stokes law2. Thus large airborne particles stay airborne for only a short period and are removed by sedimentation, although they may be resuspended by wind or physical disturbance. Submicron particles will stay airborne for days, and are generally removed by rain, diffusion to surfaces or by coagulation with other particles. Biological particles in the air may consist of single or unattached organisms or may occur in the form of clumps composed of a number of bacteria. The organism may also adhere to dust particles or exist as a free floating particle surrounded by a film of dried organic or inorganic material. Organisms can be associated with liquid droplets, e.g. as splash drops from sewage processing. Some microbes become airborne while in an actively metabolising phase. Vegetative cells are important to health, as they include the primary etiological agents of communicable diseases. However, more commonly bioaerosols contain mostly spores, which are hardier, metabolically less active and often better adapted to dispersal. Many vegetative cells do not ordinarily survive very long in air unless the relative humidity is high and other factors are favourable (see Chapter 6). However some pathogens, such as staphylococci, streptococcus and the tubercle bacillus, will survive for relatively long periods and may be carried considerable distances while still viable, or they may settle on surfaces and be resuspended as an aerosol during activities such as sweeping and bedmaking3.  





The main methods of bioaerosol sampling are based on impingement in liquids, impaction on solid surfaces, sedimentation, filtration, electrostatic precipitation and  thermal precipitation (see Chapters 9 and 10). Frequently, particularly with bacteria or fungi, the collected organisms are isolated in culture medium or on plates.  Other chapters within this book are concerned with these methods of bioaerosol sampling and any subsequent culturing of viable particles. This chapter, although mentioning them, will concentrate on the physical methods of counting, morphometry classification (size and shape), and identification techniques presently available (see also chapter 12). 





In the origins of microbiology at the end of the last century and the first half of this century, sophisticated procedures were developed for the classification of micro-organisms. This was largely as a result of recent discoveries demonstrating that micro-organisms are an important cause of human disease. Identification of micro-organisms, in particular bacteria, were principally based on the techniques of culturing using solid and streak plate or pour plate methods, from which the organisms were isolated and identified. Early taxonomists relied mainly on cell size, cell shape, the form of colonies, the growth in various types of broth, histological staining and pathogenicity. Hundreds of such identification methods are now described in the literature4. Examples of a few general texts are given in the references5-12. Over the last forty years, it has become generally accepted that the air is an important route for disease transmission. This has led to many advances in the measurement of airborne viable organisms. The majority of sampling techniques are still concerned with counting and identifying bacteria, although methods have been developed specifically for viruses, fungi and yeast as well. More recently problems such as hay fever and asthma have led to further interest in counting and classifying pollen grains, fungal spores and other biological allergenic materials. It is clearly important to sample airborne biogenic material in places such as hospitals, near sewage works, around or inside industrial plants and military establishments, in clean rooms, and in areas where people or their livestock and crops are concentrated (see chapters 12 and 13).  





Recent improvements in electronics and immunoassay techniques have lead to the development of fully computer software driven image analysis systems, automated colony counters, and the introduction of fluorescent and specific antibody stains. The latter have proved valuable in the development of rapid bacterial detection systems, such as those using flow cytometers13 (see also Chapters 12 and 13).  











Direct visualisation and measurement of spores and  pollens





The spore traps and filters described below, and in Chapters 10, 14 and 16, are suitable for the sampling and direct visualisation of bacterial cells, fungal hyphea, spores and pollen under a light or scanning electron microscope.  However viable vegetative cells in the air are generally desiccated by the sampling procedure and so cannot be identified easily.  








Sedimentation and Impaction devices


 


The number of biogenic particles in the air can be estimated directly using various non-culture sampling techniques. These are typically reserved for sampling material such as pollen grains or bryophyte spores, e.g. as part of hay fever research or assessing airborne fungal spores that produce rust diseases in crops. A spore trap generally relies on a a sticky slide to collect the particles. Very simple devices, such as 'gravity slides', are often used in remote areas14, although the data from these are qualitative as accurate estimation of sampled air volume is not possible as detection is determined by the particles size and settling velocity. 





More quantitative spore traps involve samplers through which air is drawn by pumps, fans or aspirators. The Hirst spore trap15 is a power driven sampler consisting of a single impactor slit, behind which is placed a sticky microscope slide moving at 2 mm h-1. Over 24 h a trace is deposited in a band 48 mm long. This can be scanned under a light microscope to obtain a daily mean, or traversely every 4 mm to get a reading of the air spora content every two hours throughout the day and night. This and other bioaerosol samplers are discussed in detail by Gregory16. As the volume of air sampled is known, it is a simple matter to convert total spore counts to number of spores per m3 of air. 





A similar device occasionally used for spore counting is the Rotorod16,17, which consists of a U shaped square section brass rod. The two vertical arms are swept through 120 l of air per min, by a 12v motor, and particles are collected on the leading edge by impaction.  The arms are removed after sampling and viewed directly under the microscope, and the biogenic particles counted by eye in the manner described below. Sticky tape may be attached to the arms for easier sample handling and storage. The Rotorod is mainly suitable for pollens and spores, and may be used to advantage when there is an absence of electrical power at the sampling site. This instrument is inefficient at sampling particles smaller than 7 �SYMBOL 109 \f "Symbol"�m, at which size the collection efficiency is down to 50%.





Even the best of these impaction samplers tend to have low and inconsistent sampling efficiencies16,17,  and all are adversely affected by changes in wind speed.   





After sampling the collecting slide or plate is generally placed directly under a light microscope. Identification of the sampled spores and pollens is normally made by reference to prepared slides obtained from known species or from photographs of the same. However scanning samples under the microscope is very tedious, unless the spore density is dense.  Collected samples may also be washed off the collecting plates and plated onto Petri dishes of solid media, incubated, and the colonies formed counted, to estimate the total number of viable organisms. However it is rare for spore trap samples to be cultured, as vegetative cells are generally made non-viable owing to desiccation during sampling. 








Filters





Membrane and cellulose filters have long been used for sampling atmospheric aerosols. These are normally simply placed into a suitable filter holder and attached to a pump and flow meter. However the desiccating environment on these filter surfaces kills most vegetative cells if sampling periods are long or relative humidity is low. However the more robust bacterial spores do survive. After exposure the filters can be mounted as a transparency on a glass slide using various filter clearing techniques, and scored under a light microscope. Filters with black backgrounds may be used, and the biological material stained with fluorescent dyes for ease of counting. Alternatively after sampling the filter can be placed directly onto the surface a Petri dish for culturing or shaken in a suitable medium and the suspension plated out. After incubation, colonies are counted by eye, or using an image analysis system or using dedicated colony counting equipment.





Filtration has an advantage of being able to sample a known volume of air. Scoring bio-particles on the sampling medium generally involves counting manually by eye under a light microscope, to distinguish biogenic particles from inert particles where possible.  The total mass of particles on the filter can be estimated by weighing the filter before and after sampling, but care must be taken to avoid relative humidity (RH) effects on the filter and entrained particles, so drying the filter in a desiccator or in consistent  %RH air before each weighing is required. By dividing the particle mass by the sampling volume, the mass of particles per unit volume of air can be calculated.





�
Measurement of viable micro-organisms in the air





These bioaerosol aerosol sampling techniques are more suitable for measuring viable vegetative cells in the air, and may be used to culture these, as well as bacterial and fungal spores, provided the collecting medium is suitable (see also chapter 6). Distinction should be made between sampling methods that tend to disaggregate bacterial clumps and thus measure the total number of viable organisms in the air, e.g. impingers and bubblers, and those with which one particle made up of many bacteria may form a single colony, e.g. gravity Petri dishes and slit samplers. However problems such as selectivity of culture media, temperature, aeration and competitive or antibiotic interactions, make it difficult to develop a completely non-selective culture method for recording concentrations of viable organisms in the air. For this reason all bioaerosol samplers are likely to underestimate numbers of airborne viable organisms.








Sedimentation and Impaction Devices


 


The 'gravity Petri dish' has been in common use for qualitative bioaerosol measurements, where a dish of sterile medium is left open at the sampling site for periods of 1 to 10 min to investigate the cultivable bacterial or mould flora of the atmosphere. Indoors the method is subject to distortion owing to the sedimentation rate, as it preferentially selects larger particles. Outdoors the dish is also subject to aerodynamic effects from the edge of the dish. Apart from convenience and economy, the method is valued for precision in identifying captured organisms and for selectivity when sampling is aimed at a group of organisms. The number of colonies can be counted on the dish, or cells may be removed for further selection using specialised media, or for direct visualisation under a light, or electron microscope, after suitable mounting and staining. 





Forced air flow impactors that collect the particles on or in nutrient media are some of the most popular bioaerosol samplers now in use:





Impingers and liquid scrubbing (bubblers) devices draws known volumes of air through a selective or general liquid nutrient media. This minimises desiccation damage to microbes, although bacterial clumps may be broken up, and micro-organisms may grow and divide in the media. The particles in the media may be counted directly using a microscope cell slide such as a haemocytometer. More frequently the culture is plated out on media in a Petri dish, incubated and the colonies formed counted. Provided the volume of media remaining after sampling, and the volume of air sampled is known, the counts can be converted to airborne concentrations. Individual organisms can be identified using standard microbiological techniques. 





Slit samplers, such as the Casella, are designed primarily for indoor bioaerosol sampling. A stream of air is drawn through a narrow slit placed just above the surface of slowly rotating Petri dish containing sterile media. After a few minutes sampling the Petri dish is removed and incubated so that colonies may develop and be counted. 





Cascade impactors separate the particles by size during sampling. The Anderson cascade18 sampler draws air, at a rate of 28.3 l  per min, through a series of identically sized circular plates, each perforated with 400 holes through which particles are deposited onto sterile medium in Petri dishes. Succeeding plates have progressively smaller holes, so that the largest particles ( > 11�SYMBOL 109 \f "Symbol"�m aerodynamic diameter) are deposited in the first dish and the smallest particles ( > 0.65 �SYMBOL 109 \f "Symbol"�m ) are deposited in the final dish. After sampling, the Petri dishes are removed, incubated and the colonies counted. The impactor does suffer from desiccation related problems. As the airstream passes over the agar plate it removes surface moisture, which reduces the plate's ability to impact more particles owing to a loss of surface stickiness. Drying of the agar also affects viability of organisms already trapped on the agar plate, reducing the count obtained.    








Gelatin Filters





More recently gelatin filters have been developed that overcome the problem of desiccation when using conventional filters. The filters are supplied pre-sterilised by gamma irradiation, and used in a pumped system such as the Sartorius MD8 (Sartorius Separation Technology, Epsom, Surrey, UK). The high level of associated moisture in the filters helps retain the viability of organisms long after a standard membrane would have allowed desiccation effects to reduce the viable count. After sampling the filter is normally placed directly onto solid culture medium, where it dissolves, and colonies grow that are subsequently counted. Alternatively the filter can be dissolved and micro-organisms re-filtered, if inhibitors such as antibiotics or antiseptics have to be removed. This indirect method of detection has proved successful when dealing with phages and other viruses.











LIGHT MICROSCOPY





Many bacterial classification techniques still rely on traditional smears on glass slides, histological staining, with subsequent viewing under a standard bright field light microscope. Such smears are obtained from liquid cultures or plates of bioaerosol samples. Under the light or electron microscope, bacterial cells are often classified according to their morphometry, as cocci for spherical cells, bacilli for rods, and spirilla for a helical outline. 





Visual inspection of impacted bioaerosol samples from spore traps and filters using a microscope is obviously limited to recognisable particles, and one must be aware of this restriction when dealing with anything other than pollen or complex fungal spores19. 





The light microscope may be used to count or inspect colonies cultured on solid media, where some could be too small to be resolved by the naked eye. 








The  Mono-Objective Bright Field Light Microscope





The standard laboratory light microscope is the mono-objective form which uses an ordinary objective and regular paired eyepieces, which are located in a 'tube' above the specimen. By the use of prisms an identical image is provided to each eyepiece, giving a non-stereoscopic effect. Objectives for these microscopes range from 1  to 100 x magnification. The eyepiece adds a further 7  to 15 x magnification, giving a practical total magnification factor ranging from 7 x to about 1200 x. The specimen is normally illuminated from below by transmission from a tungsten or quartz white light source. Epi-illumination from above may be used for opaque objects or for fluorescence microscopy. Set up for standard bright field work, the specimen is viewed as a darker object against a white background. 





Inverted mono-objective light microscopes, often with heated stages, are also available. These may be used for viewing sediments, living cells in culture (e.g. wells), or anything that is present at the bottom of a clear container. Although the objectives are placed below the specimen stage and illumination is from above, i.e. the inverse of a normal light microscope, these work on the same principle as the mono-objective light microscope. 





Another form of light microscope is also available, the wide field stereoscopic binocular microscope, often called the dissecting microscope. With this microscope the body tubes are fitted with two matched objectives and eyepieces, that are focused simultaneously on the same area of the object, each eye viewing the field from a different angle, giving a full stereoscopic image. This microscope functions best in the range of 5 x to 45 x magnification, but magnification up to 300 x is achievable. Illumination may be transmission or incident. Although the stereoscopic microscope is useful for low power applications such as observation of colonies on solid media, the main microscope used for visualising bioaerosol samples is the mono-objective high power microscope, and discussion in this chapter will be confined to this type of light microscope.  





The resolving power of the unaided eye is 0.1 mm, while the maximum resolving power of the mono-objective light microscope is about 0.2 �SYMBOL 109 \f "Symbol"�m at 1200x magnification. In general a range of objectives are required for the microscope, say 4 x, 20 x, 40 x and 100 x. An additional variable set of magnification lenses above the turret, normally 1.0 to 2.0 x, is also extremely useful. Eyepieces generally add a further 10 x magnification. Fluorescence and phase contrast objectives are normally 20 x to 100 x. Objectives should have high quality optics, and cost around £500 to £1,500 each. High power objectives have short working distances, e.g. the distance between the bottom of a 100 x objective and the object in view is about 0.15 mm, which may cause problems with some samples. Special dry long working distance objectives are available, with the working distance of these 100 x objectives being around 0.7 mm (nearer that of a 40 x objective). Special dry objectives are also available for slides viewed without coverslips.





Oil immersion is often used with high power objectives, particularly 100 x, as it offers half as much again resolving power over dry objectives. It is standard for high power fluorescence work. However oil immersion is messy, particularly where dry and oil objectives are mixed on the same turret, and it may be impossible to maintain oil contact when using motorised multi-slide stages controlled by automated image analysers. 





Image analysis systems will typically be connected to a microscope system capturing images via a black and white camera with a C-Mount thread or a colour camera with EMG bayonet fitting. Image analysis systems will be described in detail later as they may be used for measurements using light or electron microscopy, and for counting bacterial colonies using an epidiascope. If it is intended to add an image analysis system the microscope in the future it is advisable to contact the manufacturer of the system to receive advice on which microscopes they preferentially adapt for use with their system. In general a large dedicated photomicroscope, such as the Nikon Microphot FXA shown in Figure 11.1, is ideal, as they are sturdy, have linear optics, and dedicated ports for adding 35 mm, Polaroid and video cameras.





�
�


Figure 11.1.





The mono-objective light microscope, in this case a Nikon FXA photo-microscope (Nikon UK Ltd, Halesfield 9, Telford, Shropshire, UK) 				


�






Cells and spores may be viewed using a standard bright field optical microscope. However, except for some pigments, most cellular components absorb little light in the visible region, hence the reliance on fixation and special histological stains. The detailed visualisation of viruses and the ultrastructure of all micro-organisms is only possible using transmission electron microscopy. Surface details are generally not well resolved by the light microscope owing to its limited depth of field, and for this purpose the scanning electron microscope is preferred. The recently developed laser confocal microscope offers better depth of focus than the conventional microscope, comparable resolution, and it can function as a fluorescence microscope for fluorochrome dyes.





A typical bright field laboratory binocular mono-objective microscope will cost, at 1994 prices, between £4,000 to £7,000. A dedicated photomicroscope such as the Nikon Microphot FXA will cost nearer £20,000, with an extra £1,000 for phase contrast and £200 to £1,500 for each objective. A fluorescence system will cost a further £5,000 excluding objectives. The phase contrast, polarising, interference and fluorescence microscope all require extra hardware and specialised objectives, that must used in addition to the basic bright field microscope. 





It is advisable to purchase the microscope and accessories with a view to upgrading the microscope in future. For example buy Plan objectives where available, as these are required for image analysis systems and photography, having linear optics and being in focus over the whole field of view.  Generally very good advice can be obtained from the technical support section of the major microscope manufacturers and distributors. 





�
Visualisation of Cell Structures Using Traditional Histological Stains





The use of selective stains to enhance different cellular components is now well established, and these are generally viewed under a clean standard bright field light microscope correctly set up with either Nelson or Kohler illumination20. Micro-organisms must be fixed and dehydrated prior to staining, normally these are present as a smear on a glass slide, taken from a colony grown on solid culture medium. Larger ones must also be embedded and sectioned. Such procedures introduce many changes to the biochemical and morphometric nature of the material, even reducing the cell size by 15% or so. Histological staining is generally applied to micro-organisms cultured from aerosol samples. This is the most efficient way of identifying viable airborne micro-organisms. However this method destroys all evidence of the original size and number of the airborne bio-particles. Survival of vegetative cells for good histology on the collection surface is likely to be difficult if they have been subject to dehydration.


 


Of the many bacterial stains in common use, methylene blue serves for simple examination. The Gram stain is the most important differential staining procedure, where Gram-negative bacteria lose the violet stain and take a counter stain. The staining response reflects important differences in the cell wall structure of the two cellular classes, for example the bactericidal action of Penicillin and the enzyme lysozyme, found in tears and egg white, is much more effective against Gram-positive cells. Very few species are have a variable Gram stain response. 





Bacteria with high cellular lipid concentrations are difficult to stain, may be stained with hot fuschin-containing phenol. They retain the dye after treatment with acidified ethanol, and are termed acid-fast. This Ziehl-Neelsen carbol fuschin stain may be used for non acid-fast bacteria which are difficult to stain otherwise, such as spirochaetes and legionellae. 





The presence of intracellular bodies of cytoplasmic inclusions of reserve material is also used as an aid in the identification of certain types of bacteria, such as the presence of metachromatic granules being characteristic of most Corynebacteria (e.g. diptheriae). These granules are stained dark violet, with the cytoplasm counterstained yellow, using Neissers stain. 





Bacterial spores may be stained with malachite green and safranine solution. This stains the spores green, sporangia and vegetative cells pink. 





More detailed descriptions of traditional stain methods for micro-organisms are to be found in standard microbiology5,9,12 and histological21,22 texts, and discussion of your requirements with experienced histologists can be invaluable. 





More recently various fluorochrome23 and specific enzyme or monoclonal antibody stains24,25 have been developed and are in general use for identifying micro-organisms. Monoclonal antibodies may be conjugated with fluorescent labels, heavy metals or radioisotopes, for detection by fluorescence microscopy, electron microscopy and autoradiography respectively10,24,26,27. 








�
Counting Objects on a Slide 





Generally sticky slides or plates from spore traps are viewed directly under the microscope. As well as identifying the main organisms from morphometry and staining, often an estimate of the number present on the slide is required, to extrapolate to airborne numbers. Normally the slides are scored manually under a light microscope. Spores and pollens are most easily discernible. Vegetative cells may difficult to score, even with suitable staining techniques. Many other objects of biogenic origin will be often be seen, such as dried plant parts, animal hair and skin, algal fragments, fern sporangia, insects and their parts, and fungal hyphae. Occasionally talc particle contamination may be present, owing to handling slides with unwashed surgical gloves. 





Prior to viewing the slide, the microscope must be clean and set up correctly using the manual supplied from the manufacturer. This is important as it reduces operator fatigue due to eyestrain as well as ensuring the microscope is optimised for resolution and detection. For accurate estimates of the number of spores, pollens, etc. per unit volume of air, the total area of the sample on the slide must be known, if a forced airflow sampler was used. 'Gravity slides' sample the column of air directly above the field measured, so for these only the area of the counted field, and the sampling time, is required. 





Specific areas of the slide (fields) are sampled randomly across the slide, generally in a raster or snake pattern scan. An acceptable method of selecting a random field is to look away from the microscope, move the stage, and refocus on the new field. A suitable graticule must be inserted into the eyepiece. For counting numbers a simple squared grid graticule is used. When viewing through the eyepiece the grid is superimposed onto the sample under the microscope. It is then a simple matter to score the number of items of interest within the complete grid. Various types of square grid can be obtained. Some are indexed to aid identification of areas of interest. Others have a checkerboard pattern  to help distinguish the position of interest, where the darker squares are translucent and the lighter squares are transparent, which helps avoid eyestrain during prolonged counting. If it is required to compare the proportion of large to small particles in a sample, the Miller graticule may be used, where the small particles are only counted in a small square on one side of larger square graticule, the result being multiplied by ten for comparison with the number of larger particles in the large square. Graticules and calibration slides may be purchased from Graticules Ltd., Morley Rd., Tonbridge, Kent, UK.





The area sampled with the graticule will obviously depend on the magnification of the objective, eyepiece and intermediate lenses. This can be determined by placing a calibration slide on the stage prior to counting. Calibration slides contain a simple etched calibration scale. These range from 0.1 to 5 mm with divisions ranging from every 2 �SYMBOL 109 \f "Symbol"�m to every 0.1 mm, and are selected depending on the magnification used. This calibration slide should have a calibration certificate, traceable to national standards (e.g. the National Physical Laboratory, Teddington, Middlesex, UK). The square graticule is simply lined up with the calibration scale at the correct sampling magnification and the length and height (obtained by rotating the stage or eyepiece) of the complete square graticule field is measured. From this the area of the sampling grid can be determined (length x height). Repeated random fields are then scored across the slide, and the scores manually logged using a mechanical digital counter or memory if very few fields contain objects of interest. After the field has been scored the numbers are written onto a paper score sheet and the next field is selected. In general the required number of fields to be scanned will depend on the density of the items of interest on the slide. Obviously the more fields sampled, the more likely that very rare objects are located, and the better the sampling accuracy. In general at least 200 fields per sample would be scored, or a predetermined large number of objects of interest (say 500). The field sampling regime should be set up before the any scoring begins, after assessment of a few slides. To keep consistency, it must be rigorously adhered to, unless the regime is proved unsatisfactory on new samples. 





Sampling rules must also be defined to prevent repeat counting of the same object. For spherical objects it is generally considered easiest to only count objects that are cut by the top and left hand side of the grid. Any objects cut by the right side or bottom of the grid are ignored. If these rules are adhered to, a slide can be completely raster scanned with no repeat counting of any bio-particles. Automatic image analysers apply similar rules, although these may count all objects whose centre of gravity is within the field frame.





Rod shaped objects, such as animal hair and fungal hyphae, that may have large aspect ratio's (length/diameter > 3), pose more of a problem, as if the magnification is high there may be sampling bias towards the longer objects. If all the lengths of such objects are less than 20% of the length of the field grid, then there should be no problem, and the sampling regime given above will suffice. If the length of the objects exceeds 50% of the length of the field grid then either the magnification must be reduced or World Health Organisation fibre counting rules28 should be applied. For counting, the rules are quite simple, and are based on counting fibre ends. All fibres that are entirely within the grid are counted as one object. All        


fibres cut by the grid that have one end in the field are counted as half an object. All fibres cut by the graticule grid, such that neither end is within the field are ignored. Bundles of fibres are more of a problem. These may be counted as one fibre, subject to the end rules described, or if the fibres are easily distinguishable, e.g. overlaid on each other, they may all be counted.    





To suite modern requirements for Good Laboratory Practice, as defined by the UK department of health29, a preprepared sheet for logging scores can be useful, where the operator enters his name, the date, slide details, experiment number, magnification, and other relevant details, prior to scoring. The sheet will be signed when the scan has been completed, once the operator has ensured that the information entered is correct. It is important to ensure that the magnification is recorded correctly, as many microscopes have additional magnification lenses above the turret, typically 1.0 x, 1.2 x, 1.6 x and 2.0 x, and the selection of the incorrect value is very easy and difficult to perceive when viewing. Care must also be taken when switching magnification to identify objects at higher power. Normally the data from the score sheet will then be entered into a personal computer spreadsheet, such as Microsoft Excel or Lotus 123. The name of the spreadsheet data file should also be recorded  on the score sheet for cross-referencing purposes.





Once the slide has been completely scored in the manner defined by the sampling regime protocol, the total score can be converted into number of bio-particles per unit volume of air by the following simple equation, provided that the sampler is a forced air-flow device:





	N	=	( T x  (A �SYMBOL 184 \f "Symbol"� F)) �SYMBOL 184 \f "Symbol"� V





where N is the mean number of bioaerosol particles in 1 m3 of air sampled T is the total number of bioaerosol particles counted in all fields. F is the total area in m2 of all fields scored (field area x number of fields scored). A is the total area in m2 of the sample on the slide. V is the volume of air sampled in m3. It is likely that the slides will be differentially counted, and that each particle will be categorised and that each category was scored separately. For example the biogenic particles could be broadly categorised into pollen grains, fungal spores and miscellaneous fragments. Thus the relative numbers of bioaerosol particles falling into each category will also be known, and these are often expressed as total counts per category, counts per cm2 of slide, and each categories percentage of the total counts. Counts from 'gravity slides' are normally only expressed in this way, as the volume of air sampled is not known (although more complex calculations based on the particles size, density, and settling velocity may be used to estimate the airborne concentration).


 


When counting a slide using an image analyser the method is the same as described. Viewing the field on a computer monitor has advantages even with manual counting, as it causes less eyestrain than viewing down the microscope, so counting times can be extended. A image analyser can also provide a frame or grid overlaid on the screen to aid manual counting.


 





Manually Measuring the Size of Objects on a Slide 





Although image analysis devices, described in detail later,  have now superseded the use of eyepiece graticules for measuring object size, graticules are still available and are simple to use. Excluding the cost of the microscope, they are also very cheap compared to an image analysis system. These are still very useful when only limited number of particles require measurement. The basic principle is to compare the particles to circles, rectangles or shapes present on the graticule. These graticules will estimate both area and diameter, if the object measured approximates a disk or sphere, using the simple equation for the area of a circle (circle area  =  �SYMBOL 112 \f "Symbol"� x radius 2 ). The graticules are calibrated using calibration slides placed under the microscope, at the magnification to be used for measurement. For mostly circular objects graticules such as the Patterson globe graticule, British Standard Graticule, the Porton graticules, or the Fairs graticule are suitable (Graticules Ltd., Tonbridge, Kent, UK). Accurately sized polymer particles, e.g. Dynospheres, may be used for size and area calibration checks. Image distortion across a field can be determined by viewing silicon test specimens marked with a square grid (Agar Aids, 66a Cambridge Rd, Stansted, Essex, UK).








For irregular or rod shaped objects horizontal, vertical or crossed micrometer graticules may be more suitable. These have an divided scale, normally 0.0 to 100.0 with 1.0 divisions. The eyepiece scale is calibrated by comparison with calibration slide under the microscope. This is achieved by superimposing the eyepiece over the calibration slide scale, looking for points of coincidence between the two scales, and dividing the length between the coincidence points into the number of eyepiece micrometer divisions along this length. This factor will be the length of each division on the eyepiece graticule. The eyepiece graticules can now be used to measure the length and diameter of each object by direct superimposition of the scale over that object, provided the magnification of the microscope is not changed. 





A more sophisticated device for measuring object lengths is the filar micrometer eyepiece, which contains a movable hair in the eyepiece that is moved relative to a fixed hair by turning a calibrated micrometer screw. Calibration is carried out using a stage micrometer. 





�
The sampling regime for selecting approximately spherical objects within fields is the same 


as used in the previous section for object counting, e.g. all objects fully within the field are sized as well as those cut by the top and left hand side of the field frame. For long objects such as fibres, special object sampling rules must be applied to prevent oversampling of the longer bioparticles, which would give rise to biased bioaerosol size distributions. One method of overcoming selection bias in these cases is to sample only objects that have a downward end visible within the field frame. All objects that meet this criteria must be measured, even if they extend well beyond the field. Another fibre sampling method is to weight the distribution, by measuring all objects fully within the field twice (both ends visible), while measuring objects cut by the field frame only once (one end visible).   





Eyepiece graticules have also been developed for assessing the morphometry of objects, in particular the histo-morphometry of tissue sections, e.g. the Merz and Weibel graticules. However such graticules have now largely been rendered obsolete by the introduction of software driven image analysis systems.








Counting Objects in a Liquid Suspension





The light microscope can be used to accurately estimate the number of particles present in a sample of liquid suspension20, using a haemocytometer. These were originally designed for counting blood cells, and are commonly available from laboratory suppliers. The haemocytometer consists of a glass slide with a central flat well upon which a gridded ruling of 9 squares, each of 1 mm2 is engraved. The central square of these is subdivided into 400 small squares, marked as a grid of 5 x 5 squares each subdivided into the 4 x 4 small squares, with each small square being 1/400 mm2. The depth of the well is fixed, normally to 0.1 or 0.2 mm, by covering the well with thick cover-slips manufactured for the purpose. Thus when viewed under the microscope the volume of suspension above the small squares can be calculated, i.e. 0.00625 mm3 within each group of 25 (5 x 5) small squares. 





The cover slip is placed over the ruled surface and pressed into place until Newton's rings are seen between the glass slide and coverslip. After discarding the first few drops, a drop of the suspension of particles is then allowed to flow by capillary action between the cover slip and the upper ruled area of the chamber. If the cells are motile they may be killed by the addition of formalin to the suspension. The drop should fill the centre marked area but not be allowed to overflow into the moat. After standing for 10 to 15 minutes, the number of bacteria, pollen or spores are counted in the 25 small squares within the central square mm. These small squares should be taken from the four corners and the centre in horizontal strips of 5, at a magnification of 400 to 500x. The area counted in 25 small squares is 0.0625 mm2, thus the number of biogenic particles per cm3  of suspension is:





		Number counted  x  16  x  10  x  Any dilution factor  x 1000





In the case of bacterial cultures the counts will not relate to the bacterial count in the original aerosol sample. 





The Sedgewick Rafter Cell is similar in construction and use to the haemocytometer, although the latter is more commonly available and one is generally to be found in a drawer in most microscopy laboratories.  





Another technique that may used for counting micro-organisms in suspension involves drying a small volume on a special slide engraved with circles30, and counting the objects in a manner similar to that described in section “Counting Objects on a Slide”. 





Image analysers can also count (and size) bio-particles in suspension using the same methods as described, although the slide markings may interfere with object recognition.








The Dark Field Illuminated Microscope





In dark field illumination the light beam strikes the object obliquely and no direct light enters the objective. Only light scattered or reflected by the object reaches the objective. This makes the object appear brightly on a dark background. Coloured effects can also be obtained with Rheinberg differential colour illumination, in which the black stops in the condenser used for dark field illumination are replaced with coloured central stops and rings. Objects suitable for dark field and Rheinberg differential colour illumination are living unstained bacteria, yeast and moulds an aqueous suspension, and plant and animal hairs20. They are also appropriate for organisms that are not readily stained. Although the resolving power is the same as the standard microscope, the system can indicate the presence of sub-micron particles, such as the larger viruses, which are seen as dots of light.   








The Phase Contrast Microscope





Cell morphology may be determined with unstained wet preparations using phase contrast microscopy, with a coverslip, and viewing at high magnification. As different regions of the cells have regions of varying refractive indices, light from these regions can form patterns of destructive interference causing sharp contrasts. Unstained living cells, such as yeast, bacteria and fungi, viewed under phase contrast microscopy reveals structures previously seen only in fixed and stained preparations. A National Physical Laboratory calibration slide is available for assessing the resolving power of the phase contrast system, at all magnifications (NPL, Teddington, Middlesex, UK). 





The phase-contrast method is very important for viewing living cells, which are quite transparent under the standard microscope, and has a considerable advantage over standard light and electron microscopes in this respect. However, fixing and staining still provides the best method of contrasting cellular structures, and unfortunately the resolving power of the light microscope is not improved by phase-contrast. 





The phase-contrast microscope is used for bacteria motility tests, although the arrangement of the flagella cannot be determined. For example, polar flagellated bacteria show an apparent rapid darting movement, whereas peritrichous cells usually move at a lower speed. True motility must be distinguished from movement owing to brownian motion. Phase-contrast can also be used to visualise spores, which appear as brilliant refractile objects. Bacteriophages and some viruses can also be seen with the phase-contrast microscope. The microscope is also useful for observing natural fibres, animal and plant hairs.





Viewing of bacterial capsules, a slime layer that forms around the cells, is made possible by negative staining of live bacteria with India ink and subsequent viewing under a phase-contrast microscope. The capsule appears as a bright zone between the dark cells and grey background4. 








The Polarising Microscope





In this microscope a polarising disc is fitted to the substage and a further rotating polarising disc is fitted above the objective, termed the analyser. This enables light still vibrating in one plane from the lower polariser to be completely extinguished, while any diffraction exhibited by the object can be observed. Some ultrastructural cell components are bifringent and the polarising light microscope was used, before the development of the transmission electron microscope, to indirectly analyse them, since bifringence is dependent on structural properties smaller than the wave-length of light. 





The microscope is particularly useful in the study of fibrillar structures such as the mitotic apparatus. It is also suitable for the identification of natural fibres, animal and plant hairs20.








The Interference Microscope





The interference microscope is a polarising microscope combined with an interferometer. The interferometer works by passing one light wave front through the object, while another wave bypasses it, and interference then takes place between these two wave fronts. A rotating polariser and analyser is also built in.  These microscopes have the advantage of continuously variable phase contrast, without any associated halo around the objects. They have been used for estimating the dry mass, water content, lipid, nucleic acid and total protein content of cells, as well as determining the cell thickness and cell volume20. 








The Fluorescence Light Microscope





Introduction





Fluorescence is a type of luminescence where light is emitted from molecules for a short period of time following the absorption of light, where the delay between absorption and emission is about 


10-8 s. Various cellular constituents do exhibit autofluorescence, particularly when exited in the UV and blue region of the spectrum, although this has limited value compared to the use of modern exogenous fluorescent probes and stains. 





Probably the most common fluorochrome in use for staining bioaerosol micro-organisms for counting is acridine orange. This is a non specific stain for DNA and RNA, and fluoresces green or red depending on uptake and other factors. Others such as ethidium bromide (staining DNA and RNA) and fluorescein isothiocynate (staining proteins) are also used.  These molecules absorb and emit light at precise wavelengths, so they can be excited and detected in complex mixes of molecules. It is possible to detect only 50 fluorescent molecules in a �SYMBOL 109 \f "Symbol"�m2 of cell using a fluorescence microscope31.





Many fluorescent dyes have been developed for use as in vivo probes studying the metabolism of sodium, chloride and calcium in isolated mammalian cells in culture, as well intracellular pH and changes in membrane potential32,33. Specialised image analysis systems have been developed to exploit this technology, such as the MagiCal dynamic video imaging systems marketed by Applied Imaging (Southshields, UK). 





With the development of  monoclonal antibodies, specific immunological detection of individual microbe species and even strains is possible24. These antibodies are labelled with fluorochromes such as fluorescein isothiocynate (FITC) or rhodamine B, and are thus able to be visualised under a fluorescence microscope. However owing to the high specificity of the antigen-antibody reaction the technique is not suitable at present for general bioaerosol investigations as one must decide in advance which antigen will be assayed for. 





Using the Fluorescence Microscope


  


The fluorescence microscope has similar optical paths to the standard bright field microscope, and is designed to maximise the collection of fluorescent light while minimising the collection of excitation light. Although transmitted fluorescence systems are available, epi-illumination (incident) is the preferred system. The light source is either a mercury arc, xenon arc, quartz halogen, or tungsten lamp. The choice of lamp depends on the spectral output and radiance stability required. With epi-illumination, a chromatic beam splitter or dichroic mirror is placed above the objective, and light is supplied to it though an excitation filter that has a single large transmission peak at the wavelength of interest. The beam splitter or dichroic mirror is designed to reflect a light below a cut-off wavelength down through the objective, which functions as a condenser, onto the specimen. This excites the fluorochrome in the specimen, and light emitted from the specimen passes back through the objective, and that above the cut-off wavelength of the beam splitter is not reflected but passes through the splitter and on to the eyepiece or detector. A blocking or barrier filter is mounted 


between the eyepiece and the beam splitter, and this is generally incorporated into the beam splitter. The excitation filter, chromatic beam splitter and blocking filter set are usually mounted in a rotatable filter holder above the objective, as different fluorochromes have different excitation and emission spectra. 





Compared to the exciting light, the fluorescent radiation emitted will have lost energy and its wavelength will be longer than that of the exciting light. Consequently a fluorescing substance can be excited by light in the near-UV invisible range and be seen in the visible range.





As the excited light passes through the objective, the material of the lens or lens cement can emit fluorescence under UV and violet light excitation. Hence special objectives made of non-fluorescent materials are required. Fluorochromes are generally bleached after a few minutes exposure to the exciting light, although this effect can be reduced by the use of special immersion oils and mounting media developed for fluorescence use. One advantage in using an epi-illumination fluorescence system is that it can be combined with conventional microscope optics such as phase contrast, polarisation and interference, provided special fluorescence compatible objectives are used. Thus these conventional optics may be used to locate fields of interest prior to switching to fluorescence, to minimise the exposure time of the fluorochrome to exciting light. 





The microscope manufacturer will supply suitable hardware, filter sets and objectives for the fluorochromes to be used, and they will advise on the system you require for the fluorochrome of choice (suitable fluorescence attachments can only be purchased from the manufacturer of the microscope base).   





Direct counting of microbial cells stained with fluorescent dyes such as acridine orange and fluoroscein isothiocyanate under a fluorescence microscope is a well established method of locating micro-organisms on slides or filters. 





The acridine orange method described by Bjornson34 may be used for suspensions of micro-organisms. Suspensions of micro-organisms are killed with formalin at a concentration of 1%. and then sub samples of 1 ml are stained by addition acridine orange, at a concentration in the sample of 0.02%, for 2 to 5 minutes. The 1 ml suspension is filtered through a 0.2 �SYMBOL 109 \f "Symbol"�m pore size Nuclepore filter, prestained with Iragan black to minimise background interference.  The filter is rinsed with distilled water, dried and mounted on glass slides using Cargille B (fluorescence compatible) immersion oil.   





For micro-organisms present as smears on slides the acridine orange method given by Bancroft and Cook21 is typical. The alcohol-fixed smear is rinsed in distilled water, then 1% acetic acid for a few seconds, and then in two changes of distilled water for 2 min. The slide is dipped in a 0.01% solution acridine orange stain for 3 min. The stain is made by diluting 0.1% aqueous acridine orange by 1:10 with 0.06 M phosphate buffer (pH 6.0). The slide is rinsed in pH 6.0 buffer for 1 min, and differentiated with 0.1 M calcium chloride for 0.5 to 1 min, and then washed and mounted in phosphate buffer. Alternatively the slide may be washed and mounted with water soluble Aqua-poly Mount (Polysciences, 400 Valley Rd., Warrington PA, USA), a fluorescence compatible mounting media, for a more permanent specimen. 





The acridine orange specimens are viewed under a fluorescence microscope. The wavelength of the excitation light is at 500 nm, while the emitted light from the molecule is at 530 nm. The DNA fluoresces with a yellow green colour, while RNA and some mucins fluoresce red (red indicates a relatively high uptake of the dye). Cells may therefore appear apple green or red. The fluorochrome stained micro-organisms are then counted under fluorescent light in the manner described previously.  Types of organisms may be distinguished by the use of non specific fluorochromes, for example in acridine orange stained soil microflora, eukaryotic algae autofluoresce red, cyanobacteria autofluoresce gold and acridine orange (AO) stained bacteria fluoresce green35. High concentrations of AO may cause non-specific orange staining of cells. The colour of AO fluorescence is not always an indication of the cells physiological state, as active cells, and those in which DNA and RNA have degenerated, fluoresce orange. Inactive bacteria contain predominantly DNA to which AO attaches as a green fluorescing monomer. Highly active cells contain large amounts of RNA to which AO attaches as red fluorescing dimer, which masks the green fluorescence of DNA35.  Occasionally non-biogenic particles or the background may autofluoresce or fluoresce green from uptake of the AO stain. This is a common problem with fluorescence microscopes. The operator normally must judge whether each fluorescent object is an a bioaerosol particle or an artefact. 





The fluorescence dye is bleached out of the sample by the exciting light. This bleaching is a permanent destruction of the fluorochrome by light induced conversion of the fluorochrome to a chemically non-fluorescent compound. This process requires light and oxygen, so mounting the specimen with a coverslip and using Aqua-poly, Citifluor or a similar photoretardent mounting medium will provide some protection, reducing the rate of bleaching by up to a half35. To avoid bleaching, the fluorescence system is normally not switched in until the field is selected and ready to count. Normal white light transmission illumination with phase contrast, bright field etc. may be used for field selection instead.      





Similar techniques are used with the other non-specific fluorescent biological stains such as ethidium bromide36, fluoroscein isothiocyanate37 and DAPI38 (4'6-diamidino-2-phenylindole dihydrochloride). The ethidium bromide and DAPI is taken up by DNA, while fluorescein isothiocynate is a standard label for proteins. Ethiduim bromide, DAPI and fluorescein isothiocyanate require excitation at 520 nm, 360 nm and 490 nm respectively, with emission at 610 nm, 480 nm and 525 nm receptively. Fluorescein may be viewed with the same filter set as used for acridine orange, but the other two fluorochromes require their own filter sets. As filter sets may be changed rapidly in the head of the microscope, the same sample may be stained with different fluorochromes, and these can be visualised distinctly and independently if their excitation and emission characteristics are suitable.





Fluorochromes may be used to stain bioaerosol samples impacted onto dry surfaces by spore traps, and will stain bacteria, fungi, yeast and spores. Incubation with nalidixix acid has been used to distinguish between living and dead cells, where 'viable' cells become elongated and swollen39,40. Nalidixix acid is an antibiotic that inhibits DNA gyrase and hence prevents cell division, so growing cells in CO2/air will elongate instead, while dead or dormant cells stay the same size and shape. This method is fairly subjective though, and it is difficult to say whether the uncounted cells are actually dead. Another method for detecting viable cells involves acridine orange combined with INT (2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyl tetrazolium chloride), which indicates the number of respiring organisms41. Matcham et al42 discuss similar fluorescence methods for assessing fungal viability and biomass. Because only very small amounts of fluorochrome are required to be taken up by cells for fluorescence microscopy, they can be used to stain and view living micro-organisms in culture. 





Fluorochromes have also been conjugated to antibody proteins as a method for visualising these antibodies as they attach to cell markers in antigen-antibody reactions. As the antibody is produced in animals immunised with the specific antigen, this technique is termed immunofluorescence. This has been used for the identification of medically important micro-organisms for many years. More recently this fluorescent antiserum technique has been applied to microbial ecology43although its high specificity precludes its use as a general technique for identifying bioaerosol particles. Immunofluorescence methods for yeast are discussed by Pringle et al26.





Fluorescein diacetate (FDA), a nonfluorescent nonpolar derivative of fluorescein that readily penetrates cell membranes, has been used with mixed success to detect viable micro-organisms. Intracellular FDA is hydrolysed by non-specific esterases resulting in release of the fluorochrome fluorescein. As fluorescein accumulation depends on intact membranes and active metabolism, only cells that were active during FDA exposure should fluoresce44.    





Some species of micro-organisms may contain naturally fluorescent pigments, and can be made to autofluoresce given the correct exciting light wavelength e.g. cyanobacteria have the phycocyanin accessory pigment45 that has a fluorescent peak at 655 nm. The primary photosynthetic pigment chlorophylla in autotrophs (plants), such as algae, also autofluoresces, with a peak at 665 nm. 
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The Confocal Microscope





The confocal microscope is a scanning optical microscope that can build up a complete picture of a small field by sequentially scanning through the specimen. A laser or bright arc lamp is brought into sharp focus within the specimen by a microscope objective, and light from this focused probe is collected and brought to a second focus equivalent to or confocal with the light source. An aperture is placed in the image plane which strongly selects the confocal rays, removing out of focus light. There are three light scanning methods used: stage scanning, beam scanning and tandem scanning46. 





The beam scanning confocal microscopes are generally used for biological imaging. In the beam scanning (point scanning) confocal microscope illumination is usually scanned by a computer controlled moving mirror, and the collected light from the specimen is focused through an aperture on to a sensitive detector, such as a photomultiplier or silicon photodiode. The signal from this point detector is then fed into a framestore for image display, processing and storage. By the use of computers the confocal microscope builds up a focused black and white digitised image of a slice through the specimen. As the video system is a digital image processor, the confocal microscope often contains limited image analyses software as well, such as for measuring object lengths, as well as for image enhancement and pseudocolouring. 





Most beam scanning confocal microscopes are based on a standard light microscope and use epi-illumination in the same manner as a fluorescence microscope. Standard dichroic mirrors and filters are used to select the imaging wavelengths. Thus the confocal microscope may be used to detect fluorochromes. The wavelength of the excitation is limited by the type of laser used. For example the BioRad MRC1000 shown in figure 11.2, has a range of lasers that can detect three fluorescent labels in the blue, yellow and red wavelengths, allowing triple labelling experiments to be carried out. Confocal uv microscopes are also available for fluorochromes such as DAPI, using, for example, a 325 nm Helium-Cadmium laser. 





The confocal microscope is useful for investigating cells in culture, e.g. with in-vivo probes studying intracellular pH and the metabolism of sodium, chloride and calcium in mammalian cells. It may provide useful morphological information on, for example, colony growth on solid media. Compared to a conventional light microscope the confocal microscope has a much larger depth of focus and can provide 3D stereoscopic images (although at no extra resolution). Its main advantage over the scanning electron microscope (SEM) is that it can be used on living cells, although it has poorer resolution. A typical beam scanning confocal system such as the BioRad MRC1000 shown in Figure 2, costs around £60,000 to 80,000, excluding microscope. 
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Figure 11.2. 





The MRC1000 confocal microscope (BioRad 


Microscience Ltd., Maylands Ave, Hemel 


Hemstead, Herts, UK).	�















The Scanning Electron Microscope





The scanning electron microscope (SEM) is also a scanning system like the confocal microscope. However in this case a fine beam of electrons of 5 to 50 keV is scanned across a sample in a series of tracks. These electrons interact with the sample, producing back scattered electrons (BSE), secondary electron emission (SEE), light or cathodoluminescence and X-rays, which may be detected and displayed on the screen of a cathode ray tube.  





SEE is the normal mode of SEM operation. Using a scanning generator, the electron beam traverses the specimen in a raster pattern. The secondary electrons emitted are collected on a positively charge plate, the anode, creating a signal proportional to the number of electrons hitting the anode. This signal is amplified and used to modulate a the intensity of a spot scanning cathode ray tube. On the screen the specimen appears to be viewed from above, although the motorised sample stage can often be tilted. In BSE mode the particles appear to have been illuminated from a point source and give the impression of height due to shadows. Typically samples are mounted on 25 mm diameter stubs, made from a conducting material such as aluminium or carbon. The surface of the sample must normally be coated with a conducting material, and typically the specimen will be sputter coated with carbon, for X-ray probe micro-analysis, or a metal such as gold, for high resolution viewing. Some SEM (amd TEM) are equipped with special probes to detect semi-quantitatively the presence of the heavier elements by X-ray micro-probe analysis47,48. 





The SEM can view samples at magnifications varying from 10 to 400,000 x at a resolution of about 5 to 20 nm (which varys with accelarating voltage). Its depth of focus is several millimetres, about 300 times that of the light microscope. A  SEM system costs from £80,000 to £140,000, depending on whether X-ray micro-analysis is required. An example SEM is shown in Figure 11.3. Some SEM's are available with quoted resolutions nearer 1 nm, but these are expensive at £200,000.�
All objects are subjected to a high vacuum within the microscope, and to withstand it, and to allow then to be metal coated, all specimens must be anhydrous. Specimens that contain appreciable amounts of water will be badly distorted, which is clearly a problem with biological samples such as micro-organisms. Hardening of the cells in fixative such as gluteraldehyde does help. Damage is further reduced if the water is replaced with solvents such as acetone or ether. Alternatively freeze drying or critical point drying in CO2 may give better preservation49,50.





The SEM only reveals surface detail, although it does this with clarity and good depth of focus. The SEM has been used to provide information on morphology of bacteria in soil, and can visualise cells on particle surfaces or in aggregates. It can also give excellent surface details of spores and pollens, and these may be viewed on the surface of a collection filter with the minimum of preparation. SEM's are also able to provide 3D red/green stereoscopic images of specimens, if required. 





Modern SEM's (and TEM's) have dedicated computers built in. It is therefore possible to directly convert the SEM (or TEM) image to digital form and store it on a floppy disk (generally in TIF or IMG format) for transfer to an image analysis computer. Alternatively the SEM may have its own image processing and analysis software, as well as optical disk storage for image archiving. However there may be difficulties when using an older machine, and with these photographs are taken of the SEM screen for subsequent size measurements of the objects using an epidiascope attached to an image analyser. 
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Figure 11.3. 





The scanning electron microscope, a CamScan CS44 (Cambridge Scanning Co 


Ltd., Saxon Way, Bar Hill, Cambridge, UK).





The SEM may be used for estimating airborne concentrations and aerosol size distributions of particles, e.g. by counting particles on filters. However sampling regimes may be complicated by the requirement to sample fields at different magnifications. SEM calibration is normally by the use of etched silicon crystal grids, accurately manufactured spherical latex particles or various tracable standard specimens (Agar Aids, 66a Cambridge Road, Stanstead, Essex, UK).








The Transmission Electron Microscope





The transmission electron microscope (TEM) also used electrons instead of light rays. With acceleration voltages of 100 keV an electron has the properties of an electromagnetic wave of about 0.04 nm, 10,000 times shorter than visible light. The resolving power of a TEM is about 1 nm, and some manufacturers quote resolutions of 0.2 nm when operating at 200 KeV. A beam of electrons is projected from an electron gun and passed through a series of electromagnetic lenses. A condenser lens collimates the beam onto the specimen, and an enlarged image is produced by magnifying electromagnetic lenses. As in the SEM, the image is visualised on a cathode ray tube. The penetrating power of the electrons is very weak, so only very thin specimens of less than 0.1 �SYMBOL 109 \f "Symbol"�m thickness are generally examined with the conventional TEM.





As with the SEM the specimen must be hydrated, as the TEM also operates under high vacuum. Contrast in the specimen is due to the scattering of electrons within the specimen. Low mass elements that make up biological tissue and cells do not scatter the electrons well, and hence have poor contrast. The contrast in such specimens is normally enhanced by staining with salts of various heavy metals, such as uranium, osmium, cobalt and lead51. Single cell micro-organisms are usually fixed, dehydrated, embedded in resin and sectioned using an ultra-microtome fitted with a glass or diamond knife. The section is then mounted on special metal or carbon grids and the section is stained. Very small particles such as viruses, protein molecules and bacterial flagella are normally placed directly onto the support grid and negatively stained instead (where the stain is used to increase opacity of the field surrounding the particle). Other sophisticated techniques such as metal shadowing and freeze fracturing have also been developed for TEM. The interested reader should consult specialist literature for detailed information on the subject of TEM and specimen preparation52. 





Over the last 30 years, TEM has provided enormous insights into the ultra-structure of cells and viruses. More recently metal (e.g. gold and platinum) conjugated antibodies have been used to pinpoint the location of enzymes within the cell10,27.





TEM has also been used to visualise particles which can be photographed for morphometric analysis17, although modern machines have video cameras, TV monitors, computers and image analysis/enhancement software built in.  Calibration is usually carried out using narrowly defined metal meshes, shadowcast diffraction grating replicas, or accurately manufactured particles (Agar Aids, 66a Cambridge Rd, Stansted, Essex, UK). Costs for a TEM system are comparable to SEM, although TEM operating costs may be higher, as it is more labour intensive, and a precision ultramicrotome is also required for its use. A typical TEM system is shown in figure 11.4. 
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Figure 11.4.





The transmission electron microscope, a Phillips CM100 (Philips Electron Optics, York Street, Cambridge, UK).
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Another electron microscope, the scanning transmission electron microscope (STEM) is used to 


provide quantitative information about biological materials, such as the total ion concentrations 


in small organells. The STEM is discussed by Andrews and Leapman53.














THE IMAGE ANALYSER





Introduction





Image analysis is concerned with the counting, quantification, and classification of objects within images. Before the advent of cheap computers nearly all image analysis was carried out manually by eye, which was slow and labour intensive. However now there are now a multitude computer software driven image analysis systems on the market. These range from very small  PC based systems with a video card, to expensive versatile machines that can control a microscope motorised stage, autofocus the image, and analyse samples automatically.  Non-technical reference books discussing the principles of computer image analysis are available54,55.





An typical image analysis system comprises of a video input, normally a video camera, an analogue to digital converter, a PC based computer with special video processing hardware, an additional monitor for visualising the image while running the image analysis software, and output devices such as a text printer. The UK has many specialised manufacturers producing general purpose systems, such as Applied Imaging's Magiscan (Applied Imaging, formally Joyce Loebl, Hylton Park, Wessington Way, Sunderland, Tyne and Wear, UK), Seescan Ltd's Sonata/Symphony (25 Gwydir Street, Cambridge, UK),  Leica-Cambridge's Quantimet  (formerly Cambridge Instruments, Clifton Road, Cambridge, UK). The price of a full system varies from around £10,000 to £80,000, excluding microscope. A typical image analysis system is shown in Figure 11.5. No programming knowledge is required to run a modern image analysis system, and anyone used to a microscope, and a personal computer running DOS and Microsoft Windows, will find any system relatively straightforward to use for simple tasks. 
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Figure 11.5.





A typical general purpose image analysis system, in this case an Applied Imaging 


Magiscan full colour system attached to a Nikon FX photomicroscope with 


computer controlled motorised stage and focus, an epidiascope and Zeiss 


Universal microscope with manual stage. The image monitor is shown on the left, 


and is edited by a light pen. The computer monitor is shown on the right, and is 


controlled by a keyboard and mouse.
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Video Cameras





The type of video camera used for image capture depends on the image analysers use. Black and white (B&W) systems were often supplied with a Newvicon or Chalnicon thermionic tube camera with unity gamma (for densimetric measurements). These cameras have good light sensitivity, with the peak around 700 and 600 nm respectively. They can detect normal and brightly fluorescing objects down a microscope (with the Newvicon more sensitive in the red and the Chalnicon more sensitive in green region). Weakly fluorescing microscopic objects have to be detected with an image intensified camera, such a silicon intensified target camera (SIT, peak sensitivity 440 nm) or the extremely sensitive intensified silicon target camera (ISIT, peak sensitivity 480 nm). The ISIT camera in particular is very noisy and requires image enhancement  processing to improve picture quality. Solid state cameras based on charged coupled devices (CCD) are now more common than thermionic tube cameras, having the advantages of robustness and linear optics. Colour cameras are only required for full colour image processing systems. These are frequently triple CCD or tube cameras, where there is one detector for each of the primary colours (red, green, blue). A good B&W camera costs around £2,000, a good colour camera costs £5,000 to £8,000, whereas a good ISIT B&W camera is over £20,000. Despite the use of coloured stains, often a B&W system is suitable for most applications when used with optical filters, and is considerably cheaper.





The video camera will normally be connected to a port on the top of the microscope, and receive images from the sample concurrently with the eyepiece. Alternative the camera may be fitted with a lens and attached to an epidiascope to view photographs, negatives or large objects. Occasionally input images are captured from video recorders, via special interfaces from electron microscopes, from digitised images stored on floppy disks or traced with a stylus via a graphics tablet.








Image Analysis





The output from the B&W video camera is fed into a analogue to digital converter circuit where the TV image is converted into a digitised image made up of square picture elements (pixels). The favoured number of pixels is 512 x 512 (262,144 pixels) in most machines, although 256 x 256 or 1024 x 1024 may be used. Low resolution (256 x 256) has the advantage of fast processing. The high resolution 1024 x 1024 is generally not used, as it increases image processing time, requires the use of large image monitors so that objects made of small clusters of pixels can be seen, and the resolution of many cameras is not good enough. For a digitised B&W image each pixel must be assigned a grey level corresponding to how white or black that part of the picture was. A 4-bit, 6-bit or 8-bit pixel has 16, 64, or 256 possible grey levels per pixel (where 0 is black, 256 white, and 1 to 255 is increasingly brighter shades of grey, with an 8-bit converter). Again more grey levels mean more computing power is required, so 64 grey levels per pixel is often used at present. The capturing of images and all subsequent image processing is under the control a computer that interrogates the video processing board. 





The computer runs a user friendly menu driven program that lists all the image process options that are available. This is normally shown on a separate colour VDU screen to that used to display the image. Once captured by the software the digitised image is put into video memory, where it can be processed (and the image screen no longer shows a live digital image). 





A captured B&W digitised image is now in a form where the computer can manipulate it. For example camera images with a lot of noise can be captured many times and the images averaged. All constant information, i.e. the image of interest, will be retained but randomly moving interference will be removed. This an important technique used with image intensified cameras. Geometric manipulation may also be used by single pixel transformations, e.g. to rotate the image or reverse black and white (invert) in the image to change negative film images to positive photographs. Where shading problems exist, e.g. low magnification condenser effects, a background image of a clear field may be subtracted from one with the sample present, to remove this shading effect. 





Special transform filters or convolutions may be applied to groups of pixels in the image to provide image enhancement, increased contrast or edge detection (often only used when counting objects as such transforms may distort the image slightly). However it must be emphasised that these operations are slow, and generally never as effective as ensuring that the sample itself is prepared in a manner ideal for subsequent image analysis,  for example by modifying staining techniques or ensuring that the microscope is set up correctly with linear illumination across the field, and its optics are free from dirt. 





After any B&W image transformation, a special 1-bit (binary) image, where all pixels are either black or white ('on' or 'off'), is then used for object detection. This binary image is overlaid over the captured B&W digital image displayed on the image monitor. Normally this binary image is set such that all the pixels are 'off', and the binary image is transparent. The binary image is then grey level thresholded using the B&W digital image, by selecting a menu option in the image analysis program. To select all black to mid grey pixels, the operator enters thresholding values between 0 and 32 (in a 6-bit image). The computer then switches 'on' every pixel in the binary image that overlays a pixel in the B&W image that has a grey level between 0 and 32. The switched 'on' pixel is given a colour (say red) that masks the underlying B&W image (switched off pixels still allows the B&W image pixels between 33 and 64 to be seen). In this way the threshold is adjusted to detect all the objects of interest in the image. 





The detected objects are now visible as a two dimensional group of coloured shapes on the screen. This binary image may also be subjected to operations. For example, all objects not fitting a defined parameter, e.g. length smaller than 2 �SYMBOL 109 \f "Symbol"�m or area greater than 200 �SYMBOL 109 \f "Symbol"�m2, could be deleted from the binary image using an object delete option. The objects can be eroded (removing a layer of pixels from the surface), dilated (adding a layer of pixels) or converted to an outline. Touching objects can be separated automatically, and fibrous objects can be skeletonised to a single arc (for fibre length). Most important of all is a binary editor, where the operator can manually edit the binary image to remove, select or modify objects based on what can be seen under the microscope and in the underlying B&W grey level image. All these binary operation routines, and many more,  are simply selected as options on the software menu.


 


Once all the objects of interest have been selected the binary image is then 'measured'. The appropriate measurements required will be selected from options given in the measurement menu. The computer will measure each object (groups of touching pixels), in a fixed raster scan starting from one corner of the image screen.  Some typical object measurements are:





Object area. The area of all the pixels that reside within the boundary of the object. Using the object area measurement, the diameter of a circle of equivalent area may be calculated.   





Detected area. The area of the thresholded pixels within the boundary of the object, excluding  unthresholded holes within the object.





Perimeter. The perimeter of the object. The boundary of the object is determined by computer algorithms smoothing the pixels round the object perimeter (this may or may not be done in area measurements). 





Length. The maximum Feret length (equivalent to a calliper measurement of the distance between the two pixels furthest apart on the object).





Breadth. The maximum breadth Feret of the object normal to the length measurement.  





Aspect ratio. A shape factor (Length/breadth).





Orientation. The angle of the length Feret relative to the screen horizontal.





Equivalent circle diameter. The diameter of a circle of equivalent area to the object (equivalent circle diameter = 2 x (object area �SYMBOL 184 \f "Symbol"� �SYMBOL 112 \f "Symbol"�)0.5 ).





Width. The length of the widest part of the object in a horizontal plane.





Height. The length of the widest part of the object in a perpendicular plane.





Circularity. A shape factor that determines how circular the object is, where for a circle the value is 1.0  (circularity = perimeter2 �SYMBOL 184 \f "Symbol"� (4�SYMBOL 112 \f "Symbol"� x Object area)).





Optical density. A measurement of the grey level pixel under the threshold detected pixel in the binary image, that can be used to estimate the mass or concentration of a material if viewed by transmission microscopy, see the literature for further details54,55. 





Centre of gravity. Determines the X,Y location of the centre of gravity of the object in the field, or on the slide, which is useful for locating the object relative to its neighbours. This location may be the pixel location within the 512 x 512 image on the screen, or the object's location on a slide that had the zero co-ordinate set before the slide is scanned (using a motorised stage). 








Other object measurements will be available, such as arc measurements, or the measurement of objects within objects (nesting). The analyser will also report various field measurements of all the objects in the binary image, such as the total detected area and percentage of the field thresholded. Other field and object measurement routines are generally available for morphometric analyses, such as overlaying the image with a grid for detecting X,Y intercepts, or the analysis of nodes within the image.





The field and object measurements will normally be written to disk, from where the data can be combined, modified (e.g. by applying size or field number criteria), statistically analysed, and expressed graphically, say as frequency distributions or scatter plots. This is normally done by dedicated results packages written for the image analyser. Alternatively the data may be converted to ASCII format and loaded into spreadsheets or scientific graphic packages, such as FIG.P (Biosoft, Hills Rd. Cambridge, UK). 





Image analysis machines also allow interactive manual measurement of lengths on the screen using a light pen or mouse, where the two points (pixels) of interest are selected, and algorithms calculate and display the screen the distance between them. 





Prior to field sampling, the image analyser is calibrated using a standard glass micrometer slide under the microscope (or using a ruler, callipers or a scale on a photograph, under the epidiascope). Normally a light pen or a mouse is used to draw a line across a known length of the scale, the length is typed in, and the computer calculates the length of each square pixel. From now on all measurements will be in the unit of calibration. 





By measuring the detected area of bioaerosol particles is possible to estimate the mass of particle, by assuming a unit density for the particle. The simplest method for this is to calculate the equivalent circle diameter of the object from its area, and to use this to calculate the volume of a sphere with this diameter. By simply multiplying the volume by the known or estimated density (g/cm3), a the mass of the particle can be estimated: 





Equivalent circle radius   =    (Object area �SYMBOL 184 \f "Symbol"� �SYMBOL 112 \f "Symbol"�)0.5 





Volume of a sphere  =  4/3  x  ( �SYMBOL 112 \f "Symbol"� x  Circle radius)3





Estimated mass of sphere  =  Volume of sphere  x  Density





Similar calculations can be applied to rod shaped objects to estimate the volume, using the volume of a cylinder (�SYMBOL 112 \f "Symbol"� x r2 x h) or possibly a cone (1/3 x (�SYMBOL 112 \f "Symbol"� x r2 x h)), but for more irregular shaped objects the above sphere method is generally used, and the errors accepted. 





These equations can be applied to all the objects measured, to estimate the total biomass present in the sample (the sum of all estimated bio-particle masses), or to estimate the total mass of bio-particles in a particular size range. This is normally done simply by inputting the equations into the image analysers results software package. Methods for estimating mycelial biomass are to be found in the literature42,56. 





Full colour image analysers are also available. These create a digitised colour image from three B&W images, one for the red component, one for the green, and one for the blue. For thresholding, the grey levels of the pixels in all three images have to be selected. As before a single binary image is produced by thresholding, which is edited and measured in the same way as for those created from B&W images. Full colour systems may be better at detecting objects within difficult images which have little contrast in B&W, but surprisingly many applications are adequately met by cheaper and faster B&W systems using optical filters. Colour systems may also be run in B&W mode, with B&W cameras, if preferred.





Sophisticated image analysers are also able to control motorised XY stages on microscopes, and adjust the focus (and even change optical filters or magnification). All image analysers are able to used manually by direct interaction with the software menu. They also generally include an option to save a sequence of commands from the menu, and replay them either fully automatically or semi-automatically (when the analyser will stop at certain places for user control, e.g. for thresholding or changing fields). These are normally termed task lists, and are saved in editable PC files, to be run when required. Using these task lists files an image analyser can automatically raster, snake or randomly scan across an entire slide and measure objects in every field, when using a microscope fitted with autofocus and an XY motorised stage. However often an operator is required to verify that artefacts are not being measured in error or that objects are not being missed, so semi-automatic task lists with operator interaction are the norm.





Although an image analysis system can count and measure objects very conveniently, they are less good at only counting object numbers, particularly in semi-automatic mode. This is simply because in the time taken to thresholded and edit an image, an operator could often have counted the objects by eye already, particularly if the number of objects in the field is quite low. However by operating automatically with a motorised 16 slide XY microscope stage, an image analysis system can run continuously 24 h a day. 





Although some image analysers can measure things like object texture, they are not yet anywhere near capable of identifying micro-organisms or spores with the same precision as an experienced operator can by eye. Image analysers can only apply simple parameters such as object length or area to discriminate between bioaerosol particles. The introduction of specific monoclonal fluorescent dyes has changed this a little, as the analyser can count and thus 'identify' stained organisms under a fluorescence microscope. 





As the human brain cannot estimate parameters such as area or perimeter very accurately at all, for cell morphometric analyses and bioaerosol particle size distributions, the image analyser is clearly a valuable instrument. More recently dedicated image analysis systems have been developed for the automatic measurement of such things as: colony counting, ELISA plate reading57, cell metabolism32,33 (e.g. Calcium), metaphase finding and chromosome karyotyping. Image analysis systems have been developed or modified on a small scale specifically for microbiological detection58,58, but advances in image analysis are so rapid that these become obsolete quite quickly. 








Colony Counting





Bioaerosol samples are frequently cultured on solid medium within Petri dishes to estimate the number of airborne viable cells or particles (subject to the effects on viability of the rigours of sampling and the selectivity of the culture medium). The number of colonies present after incubation are counted and related to the volume of the air sampled, to estimate airborne concentrations. Traditionally the number of colonies present after incubation were counted by eye, using trained technicians, often with the aid of a marker pen to mark off colonies scored. Today digital counter marker pens are available that count a colony every time the tip is pressed onto the agar surface, and the total counts are shown on a LCD display integrated into the pen.





A general purpose image analyser can also count colonies, with a circular pointset traced round the edge of the Petri dish. The Petri dish would be detected using a video camera, with a focusing macro-zoom lens, attached to a epidiascope fitted with transmission and epi-illumination. Standard thresholding and object separation routines would be applied to count the colonies. However separation of colonies does present problems, even to an experienced human operator, and general  purpose image analysers can fall down in this respect. Also colonies around the edge of the Petri dish tend to merge into the dish wall, and can be difficult to count. So in many applications the image analyser gives disappointing colony count accuracy compared to that obtained by eye. Often analysers do allow the light pen or mouse to be used manually to score off colonies on the image screen and give total counts in the same manner as counting by eye and pen. 








�





Figure 11.6.





The Seescan Scan 500 colony counter (Seescan Ltd., 25 Gwydir Street, 


Cambridge, UK).








Far more successful are dedicated image analyser software specifically written for colony counting. These are run on dedicated PC systems (which may be based on the manufactures general purpose image analysis machines), and recent software driven colony counters are far more successful than the older hardware based systems around in the early seventies. A typical modern colony counter is the Scan 500 produced by Seescan Ltd (25 Gwydir Street, Cambridge, UK), which costs £7,500, see Figure 11.6. The electronics is housed inside the lighting box, along with a B&W CCD camera, and the system is operated by a keyboard and monitor. The Scan 500 can count over 600 plates per hour, and has options for different plate types and for work using microscopes. Using a password protected menu system, an authorised user sets up the counter for the plate type in use. Once set up, the counter can be operated by non-technical personnel, who simply repeatedly place a plate under the camera and run the automatic counting software. Each sample can be identified by free text or using a bar-code reader. The system has, for example, algorithms to detect colonies on the edge of dishes, to identify and deal  with 'spreaders' that may inhibit the growth of colonies, and automatic recalibration to compensate for variations in ambient lighting. Many experienced scientific users are often critical of automatic colony counters on the grounds that they rarely give exactly the same counts per plate as they obtain by counting manually by eye. However distinguishing colonies may often be quite subjective, and any errors in counting are generally below differences owing to random variation during sampling. An dedicated image analysis colony counter has the real advantage of being highly consistent and repeatable, very fast, with good record keeping of data, and suitable for applications where many colony plates must be read on a frequent basis.  











OTHER PHYSICAL METHODS FOR 


DETECTING MICRO-ORGANISMS





Owing to the time and expertise required to visualise, count and identify micro-organisms using the microscopy techniques described, there is considerable interest in developing alternative methods for rapid microbial analysis (see chapter 12). 





The use of fluorochromes for microbial detection with dual beam flow cytometers is discussed by Hadley et al13. The flow cytometer analyses cells in aqueous suspension, that are separated into a stream of droplets, one cell per drop, and passed at high speed through a sensing region of focused laser light plus detector.  The amount of scattered light at right angles to the incident laser beam and liquid jet is dependent on cellular structure. Fluorochromes with distinguishable emission spectra can be selected to measure simultaneous binding of different antibodies.  Some flow cytometers may also be used to sort cells of preselected size and/or fluorescence criteria, by deflection between two high voltage plates40,60.





Other devices such as the Coulter Counter model MZ (Coulter Electronics Ltd., Luton, Beds., UK) and the Elzone 180 system (Particle Data, Elmhurst, Illinois, USA) count cells and provide particle size analysis over the range 0.4 to 800 �SYMBOL 109 \f "Symbol"�m, although these systems cannot distinguish between living cells, spores or inert particles.





Various other techniques exist for the identification of organisms, such as enzyme linked immunosorbent assays (ELISA) used as diagnostics test for bacteria and viruses57, and pyrolysis mass spectroscopy, where samples from culture are pyrolysed under vacuum and the evolved gas is recorded by a fast scanning mass spectrometer; the spectrum obtained is compared and matched to library data (model PYMS-200X, Horizon Instrument Ltd., Heathfield, East Sussex, UK). Further information on alternative methods is given by Nelson13, Fox61 and in standard microbiology text books10,11, and in chapters 13.�
SUMMARY





The light microscope still has an important role in the identification of particles of biological origin, as it is relatively cheap and, most importantly, allows direct visualisation of the bioaerosol particles, and it can be used with living cells. The use of fluorescent dyes and specific cellular antibody stains has made the identification of viable cells more precise. The main failings of the light microscope are the resolution limit of  about 0.2 (m and the limited depth of focus. The more expensive confocal light microscope offers an advantage of better depth of field, and is also ideal for visualising fluorescent markers.





The scanning electron microscope has far better depth of field than even the confocal light microscope, and much better resolution (typically about 10 nm). However, the system is expensive, and can only provide surface details of objects, although it does this with remarkable clarity. As it operates under a vacuum, all samples must be processed to remove water, which may cause distortion of the structure, and precludes the visualisation of living material.





The transmission electron microscope has provided a wealth of information on the ultrastructure of cells. It has a resolution limit of about 1 nm. Ultrathin sections must be prepared, which are stained with metals to provide adequate contrast. These metals may be conjugated onto antibodies for specimen identification. Again owing to the use of a vacuum, living material cannot be examined. The system is expensive. Both scanning and transmission electron microscopes can be used for semi-quantitative elemental analysis when an X-ray microprobe analyser is incorporated.





The advent of cheap computer hardware and video systems has led to a growth in the number of image analysers available. These can be cheaper than a laboratory microscope. However, sophisticated cameras and image analysers are expensive. Although such systems have nowhere near the visual processing skills of a human operator, they can provide very useful information on such things as specimen morphometry or bioaerosol size distributions. They are also able to scan samples totally automatically, although with varying degrees of success. Dedicated image analysis systems have been developed for the counting of colonies on plates.





The present rapid development of computers, image processing hardware and software, and various specific histological stains will undoubtedly lead to further advances in the microscopic methods used for the identification of bioaerosol particles.�
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