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Abstract
Atomic Force Microscopy provides a relatively new method for surface investigation, which is especially suitable for biological samples. That is because, contrary to electron microscopy, the investigated surfaces need not be conductive and the measurements on sensitive biological specimen can be performed in a non-destructive way. In addition, the possibility of measuring in liquid enables the user of maintaining the sample’s physiologic conditions and the various scanning modes, which will be described in chapter one, allow an optimal adaptation to the sample of interest.
In Chapter two, a short description of the green alga species Euglena gracilis will be given to present the reader an outlook of its properties and set a basis for the results shown in chapter three.

The AFM-images of Euglena gracilis which were taken in different scanning modes, under ambient conditions and under liquid, are shown in chapter three. Whole cells were imaged as well as a solution of isolated photoreceptors.
Images of an unknown species of alga are displayed in chapter four and compared to Euglena gracilis.
Chapter 1: AFM principles and scanning modes
The basic idea of atomic force microscopy (AFM) is the measurement and interpretation of the ultrasmall forces (<1nN), that occur between the AFM tip and the sample surface at very small distances or in contact [1]. To do so, a laser beam is aligned with the cantilever, on which the AFM tip is mounted, and changes in the cantilever position are detected by a deflection sensor (in our case a photodiode, figure 1). Devices not using a laser beam can measure the deflection with tunnelling or capacitive detectors.
There are two basic modes of operation in AFM, the static mode and the dynamic mode. 
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Figure 1: Principle of AFM

· Static AFM

In contact mode the tip scans the sample in close contact with the surface or the sample is moved and the tip rests immobile. The force on the tip-atoms is caused by electronical orbital overlap with the surface atoms. It is repulsive with a mean value of 10 -9 N. The cantilever is pushed against the sample surface with a piezoelectric positioning element. During the scanning process, the deflection of the cantilever is permanently sensed and compared in a DC feedback amplifier to a preset value of deflection (setpoint). The higher the chosen value of the setpoint, the stronger the tip pushes into the surface. Therefore one practically starts with small deflections and increases the setpoint slowly. If the measured deflection is different from the desired value, the feedback amplifier applies a voltage to the piezo to raise or lower the sample relative to the cantilever or vice versa in order to restore the desired value of deflection. The voltage applied to the piezo is directly correlated to the piezo movement and therefore to the height of features on the sample surface. It is displayed as a function of the lateral position of the sample. 
Excessive imaging forces applied by the probe to the sample cause the most distinct problems in contact mode AFM. The effects can be reduced by minimizing imaging force of the probe on the sample, but there are practical limits to the magnitude of the force that can be controlled in ambient environment: Under ambient conditions, sample surfaces are covered by a water layer. When the probe makes contact with this layer, a meniscus forms and the cantilever is pulled by surface tension toward the sample surface. This meniscus force and other attractive forces may be minimized or even neutralized by operating with the probe and the sample totally immersed in liquid. There are many advantages to operate AFM with the sample and cantilever immersed in a fluid. These advantages include the elimination of capillary forces, the reduction of Van der Waals' forces and the ability to study technologically or biologically important processes at the liquid-solid-interface [2].

· Dynamic AFM
Another possible way of operating the microscope is in non-contact mode. This can be very useful in situations where tip contact may change the surface properties in different ways. The tip hovers 5 - 15 Nanometres above the sample surface and attractive Van der Waals’ forces between the tip and the sample are detected. Since the attractive forces from the sample are substantially weaker than the forces used in contact mode, the tip must be given a small oscillation at its resonant frequency so that detection methods can be used to detect the small forces between the tip and the sample by measuring the change in amplitude, phase, or frequency of the oscillating cantilever in response to force gradients from the sample. The fluid layer is usually thicker than the range of the Van der Waals force gradient and therefore, attempts to image the surface with non-contact AFM under ambient conditions fail, as the oscillating probe may be trapped in the fluid layer or hovers beyond the effective range of the forces it attempts to measure [2]. However non-contact mode AFM is a very successful and useful method in ultra high vacuum.
The third common AFM mode is the so called tapping mode. This technique is ideal for imaging sample surfaces that are easily damaged, loosely attached to their substrate or difficult to image by other AFM techniques. The tip is alternately brought in contact with the surface to provide high resolution and then moved away from the surface to avoid scratching over the surface. In tapping mode the cantilever is oscillated at or near its resonant frequency using a piezoelectric crystal. The cantilever oscillates with a high amplitude (typically greater than 20nm), when the tip is not in contact with the surface. The tip is approached to the surface until it begins to lightly touch or tap the surface. 
The amplitude of the cantilever oscillation is reduced due to energy loss caused by the tip contacting the surface. This reduction can be used to identify and measure surface features. In contact mode, the preset scanning parameter is the deflection, while in tapping mode the cantilever oscillation amplitude is kept constant by a feedback loop (to the value chosen as setpoint). The amplitude is reduced when the tip passes over a bump in the surface, since it has less room to move. Passing over a depression, the cantilever has more room to oscillate and the amplitude increases and approaches the maximum free air amplitude. The oscillation amplitude is permanently measured and the digital feedback loop adjusts the tip-sample separation to re-attain the setpoint-amplitude.
Through this process the height data of the sample under investigation can be obtained. Another useful application of tapping mode is phase imaging. Phase data from a sample are obtained from the difference between the driven and the actual oscillations of the cantilever. This phase offset is caused by interaction with the surface and will be different for different materials, since it depends on various parameters such as adhesion, friction or viscoelasticity. Therefore phase imaging can help distinguish different areas of interest on the sample, see figure 2.
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Figure 2: Different surface properties cause different phase offsets
The high frequency (up to 500 kHz) makes the surfaces stiff (viscoelastic), and the tip-sample adhesion forces are greatly reduced. Unlike contact and non-contact modes, when the tip contacts the surface, it has sufficient oscillation amplitude to overcome the tip-sample adhesion forces. Additionally the surface material is not pulled sideways by shear forces since the applied force is always vertical [2]. 
Chapter 2: Characterization of Euglena gracilis
The green alga Euglena gracilis is one of the many representatives of the Euglenophytes, which are freshwater single celled organisms belonging to the kingdom Protista. The exact classification of the Euglena has always been a hot topic, because it shows plant-like as well as animal-like properties. Euglena gracilis is green like a plant and carries out photosynthesis through its chloroplasts. On the other hand it moves by itself, something one would rather associate with animals. Also, unlike plants, E. gracilis does not have a cellulose cell wall.
[image: image4.jpg]emergent flagellum
raxial swelling /__canal

contractile vacuole

reservoir

non-emergent flagellum

nucleus




Figure 3: Schematic anatomy of Euglena gracilis
E. gracilis cells have common lengths of about 50 μm (range from 30–70 μm) and are 6-18 μm wide. The cell is pulled through the water by a whip-like structure, also referred to as the flagellum (labelled emergent flagellum in figure), which reaches about body length. It could be compared to a propeller on an aeroplane. Though one might instinctively think, that the cell in figure 4 is moving from right to left, it is actually pulled to the right hand side.
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Figure 4: Euglena gracilis with flagellum
E. gracilis dwell in shallow natural ponds and use sunlight as a source of energy and information. The chloroplasts are the energy supplying devices of the cell, while it orientates itself through a simple, but very sophisticated and exciting light detecting system. There are two flagellae inserted in the sub-apical invagination (termed reservoir in figure 3) of the cell, but only one of them emerging. The eyespot or stigma is composed of red-orange pigment granules and is located in the adjacent cytoplasm. Near the base of the emergent flagellum is a photoreceptor, which is also referred to as the paraflagellar swelling (body) or the paraxial swelling as in figure 3. The light-orientated movement of the cell, the phototaxis, is caused by the teamwork of the stigma and the photoreceptor. During its movement, the cell permanently rotates and the stigma comes between the light source and the photoreceptor. Euglena experiences a periodical decrease in light intensity and changes its direction of movement until the detected light is no longer modulated by the stigma. Then the cell is moving toward the light source.
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Figure 5: Euglena in different positions relative to the light source

If the light intensity is very strong, the cell flees from the light, also referred to as the negative phototaxis. Interestingly enough, this process does not involve the stigma, it also occurs after surgical removal of this cell organelle.

The configuration of stigma, photoreceptor and flagellum represents a simple, but complete visual system. The photoreceptor is a three-dimensional natural crystal of about 1 x 0.7 x 0.7 μm and is made up of a single protein [3]. Identifying and scanning these photoreceptors were among the goals of our investigation and our results are shown in chapter three.  

Chapter 3: AFM-investigation of Euglena gracilis
The cultures of E. gracilis cells we used in our experiments were grown axenically (free of the presence of other organisms) in Cramer-Myers medium 0.025M in sodium acetate (pH 6.8). Since there have been few attempts to investigate these cells by AFM (see e.g. [4]), we were entering a relatively new field and our first obstacle was to find ways to attach the cells to a substrate and keep damage to the cells as low as possible. Then there was the question which cantilevers to use for measurements under ambient conditions, which for measurements under liquid and also which scanning mode gives the best result for either method. The approach we used to solve these questions could best be described as “trial and error”. After a few days of calibration measurements on glass slides and metal surfaces, we turned our attention to the algae.
We started out using a regular glass slide as substrate and applied a small amount of the sample to it. To create a thin layer and achieve a better attachment of the cells we pushed another glass slide against the sample slide with slight pressure. After a short drying time, we took a first series of images with a cantilever with a resonant frequency of 70 kHz. All images are amplitude traces in tapping mode.      
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Figure 6                                                                                 Figure 7
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Figures 6 – 8 show the structure of the pellicle (the outer covering) of the cell. The existence of the ridges that can be seen in all three pictures is a feature that distinguishes the euglenids from all other protists. They arise in the reservoir and extend the length of the cell immediately beneath the membrane layer. The cross-section of a ridge is not symmetric, as can be seen in figure 9. The structure gives rigidity to the cell and relational sliding of the strips occurs along the articulations [4].

     This process also takes place when the 
Figure 8
  cells are in the so called euglenoid 
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Figure 9: Transverse section of the pellicle

movement, which occurs when there isn’t enough space to move in the common way. The feature in figure 8 indicated by the red arrow is probably mucus, since living cells are permanently coated with a thin slime layer. It is still to be determined what the hair-like structures (blue arrow) are which also cover the whole cell and weren’t found on other samples.
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Figure 10: Lower end of cell                                              Figure 11: Magnification of lower end
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Figure 12: Apical part of cell with flagellum                  Figure 13: Detail of flagellum
The invaginations indicated by circles on the front page could be pellicle pores. They are small openings, through which amorphous materials (e.g. a lubricant for euglenoid movement) may be discharged. Pellicle pores appear on all euglenoid pellicles and depending on the species their distribution may be sparse and scattered (E. gracilis) or dense and organized with a certain number of strips between rows of pores [5]. Figure14 is a SEM – image of Euglena terricola showing four strips between rows of pellicle pores (indicated by arrows).
[image: image13.emf]
Figure 14: Pellicle of E. terricola
Then we were interested to find out if there are any differences between cells from different parts of the culture. We wanted to take a series of pictures with a 350 kHz cantilever, but the attachment of cells to a regular glass slide is rather poor and once a whole cell or a part of it gets stuck to the cantilever, it has to be cleaned or changed. In addition, the drying process left parts of cells covered with thin liquid layers, so the structures we saw in the first images weren’t reproducible for the whole cell and all images we were able to take looked somewhat like this:
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For further experiments we wanted to achieve a better attachment of our samples to the substrate. To do so we ordered poly-lysine and gelatine coated slides. While waiting for the slides, we wanted to turn our attention to measuring under liquid, hoping for a better resolution than under ambient conditions for the reasons described in chapter one. 
Figure 15: Euglena gracilis partially covered with liquid layers
When we scanned under liquid, we faced several problems with both imaging modes we used. In tapping mode under liquid the drive frequency need not be close to the resonance frequency, because the cantilever oscillation is heavily dampened due to the liquid environment. Normally short cantilevers are the best choice for tapping mode, because they suffer the least dumping forces in liquid media. However once we found a reasonable drive frequency, the amplitude started to rise rapidly and we had to repeat the tunes very often. A possible reason for this problem could be the lack of a closed fluid cell. Not using a fluid cell, there are always slight movements of the liquid surface which can effect the cantilever oscillation additionally to the viscous damping. Attempts to adjust the setpoint to the changing amplitude remained unsuccessful. 
For measurements in contact mode, the deflection signal is the interesting parameter, and sensing and comparing it to the preset value is essential for successful imaging. The deflection signal often showed an unpredictable, statistical behaviour, jumping up and down rapidly. Waiting for a longer time and setting the integral gain (controls the response time of the feedback loop) to a very low value, we were left with only a small drift and were able to adjust the setpoint to the changing value during the scanning process. 
If there is only a small drift in the signal (amplitude or deflection), choosing a fast scan rate can lead to useable results, as the short scanning time keeps the signal drift small. Of course increasing the scan rate to very high values has to be paid with a decrease of image quality. 
Smaller problems were floating particles getting stuck to the cantilever and air bubbles on the cantilever increasing the surface tension when contacting.
For the following images we prepared a solution of Triton (a detergent that slowly dissolves cell membranes and organelles not crystalline) and double distilled water in a ratio of about 1:15. After applying the cells with the solution to a glass slide in a Petri dish, we waited a short while to achieve adsorption, before washing the solution with HEPES-buffer several times. Finally we filled up the dish with the buffer solution and started measuring under liquid.
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Figure 16                                                                            Figure 17
We performed the scans in contact mode with a drive frequency of 40 kHz. Figure 17 is a magnification of the feature in figure 16 and shows a print of the pellicle of a euglena cell.
After we received the poly-lysine and gelatine coated slides we made further measurements and noticed a great improvement in the attachment of cells to the substrate. We decided to start investigating a solution of isolated photoreceptors (paraflagellar bodies). As described in chapter two, the photoreceptor is part of the visual system of the cell. It can be made visible by means of fluorescence microscopy. Figure 18 shows characteristic green fluorescence emission of the receptors of three cells undergoing their photocycle (one indicated by arrow).
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The isolation of the receptors was performed at the CNR Istituto di Biofisica in Pisa, Italy. A detailed description of the isolation process can be found in [6]. Due to the difficult technical process, the remaining solution contains not only the isolated receptors, but also various organelles and parts of the pellicle. Since we received the solution only a few days before this report was written and didn’t have any further tools (such as fluorescence microscopy) at our disposal, the search for photoreceptors could be compared to finding a needle in a haystack and remained unsuccessful. Still the investigation of the solution was very interesting and we did find 
Figure 18: photoreceptors in fluorescence
some interesting features. We took a small amount of photoreceptor solution and filled it up with HEPES buffer in a small plastic vessel. After centrifugation of about ten minutes at ~1180xg, we removed the supernatant and repeated the process with the pellet. The remaining pellet after the second centrifugation was applied to a gelatine coated slide and washed with buffer solution, then dried. 
The first two images were taken with an already used 70 kHz cantilever in tapping mode.
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Figure 19:  clustered structure                                            Figure 20: nanostructures?
Figure 19 shows the clustered structure of organic material we found scattered all over the substrate. Unfortunately the nice pattern of repeating features in figure 20 is an artefact, it only appears due to the worn-out AFM-tip imaging itself as it passes over small surface features. To avoid this process, we put in a new 70 kHz cantilever and continued.
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Figure 21: large image with paramylon grains               Figure 22: paramylon grain magnified
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figure 23: 3d-image of paramylon grain                         figure 24: paramylon in Euglena spirogyra, 

paramylon in E. gracilis is much smaller
In figure 21 we found a paramylon grain in the upper left corner, which we undertook further investigation (figures 22, 23). Paramylon is a storage carbohydrate similar to starch, which can be found in all euglenoid algae and is used as an energy reservoir. In figure 24 the similar shape of paramylon in Euglena spirogyra is shown. Note that the two grains in E. Spirogyra are about twenty times as long (~ 25 μm) as the one we found. 

The feature we found in figure 25 could be a lipid body, shown magnified in figure 26. A lipid body is a spherical organelle, typically 0.5 – 2 micron in diameter. It is made up of a neutral lipid core, which is surrounded by an annulus made up of a phospholipid monolayer and a specific population of proteins [7]. Lipid bodies are storage sites for carbon and energy.
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Figure 25: possibly a lipid body                                        Figure 26: lipid body magnified
Finally we wanted to try a measurement of the solution under liquid. We applied a small amount to a poly-lysine slide and washed it with HEPES-buffer twice. Measurements were performed in the buffer solution with a 70 kHz cantilever in contact mode.
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Figure 27: stigma granules?                                         Figure 28: schematic picture of the visual system
We were wondering what the donut-like structures in figure 27 could be. They could correspond to a dissolved stigma which consists of 30 or more granules approximately 400 nm in diameter. Also TEM-images of the granules presented in [8] show a similar shape.
Chapter 4: AFM-investigation of unknown alga species
These data will appear here after submission to publication.

CONCLUSION

Experimenting with an atomic force microscope is a very exciting, yet not easy thing to do. Especially measurements on biological samples require both an ideal sample preparation and the correct choice of scanning mode and its parameters.

Despite these challenges, we were able to image whole cells and cell organelles and I particularly enjoyed the possibility to compare our results with the diversity of images obtained from electron microscopy. Also, for me as a physicist, it was very interesting to see how complex, though comparatively small and seemingly insignificant, a biological system as Euglena gracilis can be.
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