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Abstract—Being biological object, microtubules attract 

significant attention in physics, since it is believed that they are 

responsible for quantum processing of information in the 

brain. There were, however, no direct experiments checking 

such a statement. Recently, strong advancement in quantum 

computing took place utilizing properties of superconductors 

at low temperatures. Following this progress, it was proposed 

that brain microtubules are superconducting at room 

temperature allowing quantum processing of information. 

Moreover, the evidence of room-temperature 

superconductivity in brain slices containing microtubules was 

obtained by electrical transport measurements, and even 

specific scenario of quantum processing in the microtubules 

has been suggested. These results, however, are not yet 

accepted by the scientific community as there are no known 

attempts to reproduce them. Another step in proving 

superconductivity would be confirming ideal diamagnetism of 

microtubules, since ideal diamagnetism is more fundamental 

property of superconductivity than perfect conductivity, some 

features of which were seen indirectly, or the existence of 

energy gap, which was already confirmed by the transport 

measurements.  Here brain microtubules are examined by the 

magnetic force microscopy.  The evidence of strong 

diamagnetism and its sensitivity to the water content in the 

microtubules is obtained. This gives another strong argument 

in favor of the concept suggesting superconductivity-based 

quantum processing of information in living organisms.  
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I. INTRODUCTION  

Microtubules are quasi one-dimensional tubes of the 
diameter of 25 nm made of alpha and beta tubulin proteins. 
They are ubiquitous in living organisms, form scaffolding of 
eukaryotic cells, can be as long as 50 micrometers and are of 
primary importance in nerve cells [1,2]. Additionally to 
biology, microtubules are objects of significant attention in 
physics following suggestion that they might be responsible 
for quantum processing of information in the brain [3]. In 
[3], processing of information was suggested to take place 
utilizing quantum states of tubulin proteins. The theory was 
criticized as unrealistic at room temperature [4]. There is, 
however, another possibility to have quantum processing in 
microtubules, which is in line with recent advances of 
practical quantum computing that utilizes properties of 
superconductors. This possibility is based on the assumption 
that microtubules are superconducting at room temperature. 
Ideas about superconductivity in brain were formulated as 
early as in 1972 [5], and theoretically, using electron-
electron interaction, it is possible to achieve superconducting 
state in quasi one-dimensional organic chains with critical 
temperature (Tc) far above room temperature, as it was found 
by Little [6]. 

There already presented electrical transport 
measurements indicating existence of superconductivity in 
brain slices [7], and even specific mechanism for quantum 
processing in microtubules is suggested [8].  In [7], current-
voltage characteristics were obtained at room temperature, 
which resemble current-voltage characteristics of 
superconductors, and, more important, superconducting 
energy gap was measured allowing estimating Tc, which 
appeared to be close to that predicted by Little [6]. However, 
these measurements are still not reproduced in other 
laboratories and although interest to the activity is reasonably 
high, the ideas are not accepted yet by the scientific 
community. Obviously, more evidences of superconductivity 
in the microtubules are necessary.  

To be efficient in quantum processing of information at 
ambient conditions, similar to what is achieved in modern 
quantum computers at low temperatures [9], Tc of 
superconductor should be much higher than room 
temperature [8]. By introducing electron-electron interaction 
between the molecular complexes and conducting quasi one-

dimensional molecular chains, Tc of 2200 K has been 
predicted [6]. This is close to what was found in brain slices 
[7], and it is sufficient for enabling quantum tunneling 
regime at room temperature [8,10].  

In [7], microtubules were treated statistically, as main 
component of the brain tissue. Here, isolation of 
microtubules and their bundles, and the measurements of 
their magnetic properties on nanometer scale have been 
done. Investigating magnetic properties of a material, which 
is expected to be superconductor is important, as ideal 
diamagnetism is more fundamental property of 
superconductivity than perfect conductivity.  

Since diameter of microtubules is very small (about 25 
nm), a magnetic scanning technique should be applied at this 
length scale too. This is in the operational range of magnetic 
force microscopy (MFM) [11-15]. However, such a 
technique requires special preparation of the samples 
allowing exposing microtubules, their bundles or fragments 
of nerve cells on a flat nanometer-smooth surface.  

II. EXPERIMENTAL METHODS 

An original technique has been developed for the 

preparation of samples. It starts with pig brain tissue, the 

same as was used in [7], delivered from the food chain and 

fixed in standard biological solution (4% Paraformaldehyde 

+ 2.5% glutaraldehyde in Na Cacodylate 0.1M buffer). The 

technique consists of fragmenting brain tissue with a blade 

and then repetitive multiple rinsing of it with the aqueous 

solution of graphene nano-plates. The graphene nano-plates 

break the tissue fragments, separate parts of cells and 

microtubules and suspend them in the liquid. The saturated 



liquid was dropped on a nanometer-smooth glass substrate 

and dried in a flow of air. The solidified drop provides a 

smooth surface with microtubules and fragments of nerve 

cells on top of it. The substrate was set in the scanning 

probe microscope JPK NanoWizard 4.0 above a permanent 

magnet of the strength of 0.58 T. The MFM study has been 

carried out in alternating current (AC) mode at a resonance 

frequency of about 74 kHz, The NANOSENSORS (TM) 

PPP-MFMR AFM magnetic probes have been used for the 

magnetic imaging. The measurements has been done in 

external magnetic field of permanent magnet. Several 

signals have been recorded in the MFM imaging, among 

them amplitude and phase shift of AC oscillations.  

At low distances between the probe and the surface of 

the sample, both van der Waals and magnetic forces act to 

the probe. To separate these forces, a standard procedure of 

raising the probe to the height, at which van der Waals force 

becomes negligible, was used. This procedure is known as 

the two-pass scanning technique [12,13]. In the first pass, 

the probe measures the surface topography. In the second 

pass, it follows the topography at a greater height.  

In the technique, magnetic properties are extracted from 

the phase shift maps, which provide information about the 

gradient of force acting along the axis perpendicular to the 

surface of the sample [14, 16, 17]: 

         ∆φ = A ∂F/∂z.                                (1) 

In (1), ∆φ is the phase shift, F is the force, z is the 

coordinate along the axis perpendicular to the surface and A 

is a negative constant. At large heights above the surface, 

typically above 20 nm [18], the maps give pure information 

about the magnetic interaction. Above the areas of enhanced 

magnetization with the same direction as the magnetization 

of the probe, the gradient of the magnetic force is positive, 

and being measured and converted in the intensity of color, 

these areas look darker than the background [18]. On the 

contrary, diamagnetic spots should look brighter.  

At small heights above the surface of few nanometers, 

the situation is more complicated. There the short-range 

attractive van der Waals force with positive force gradient 

changes, at smaller z, to the repulsive force with negative 

gradient, which sets into action due to Pauli exclusion 

principle. Correspondingly, with the increase of z, the color 

in phase shift map changes from bright to dark, decaying in 

intensity with increase of z. The areas of enhanced 

magnetization display dark color up to very large z [18], 

while seeing the transformation of the color from dark to 

bright at higher z would mean registering diamagnetism. 

III. RESULTS AND DISCUSSION 

The individual microtubules, their bundles and 

fragments of nerve cells were identified in phase shift maps 

shortly after the preparation of a sample and its imaging by 

the MFM. An example of individual microtubules is shown 

in Fig. 1. They are seen as bright lines in a) and as bright 

dots surrounded by dark areas in the better-resolved image 

b), which is fragment of a) surrounded by the red lines in the 

plot. Both maps were recorded at height of 5 nm above the 

surface.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1 a) Phase shift map of a solidified drop containing individual 
microtubules and their bundles (bright lines) recorded at height of 5 nm 

above the surface. b) Fragment of the image a) marked by the red lines in 

a). Both images are recorded at MFM set point of 0.3 V. 

Some of the microtubules in Fig. 1 are united in the 

bundles. Few hours after the preparation, however, even in 

spite of being fixed in special solution, individual 

microtubules begin depolymerize. The start of this process 

is seen at the bottom of Fig. 1b, where some of them look 

broken. The bundles with microtubules linked together 

appear to be more stable and can be imaged for several days. 

Since the images in Fig. 1 were recorded at low height, 

they mainly represent attractive van der Waals forces (dark 

color). The bright color corresponds to mixed-in repulsion 

due to Pauli exclusion principle. The action of Pauli 

principle can be offset by regulating the strength, with 

which probe interacts with the sample. It is done by 

changing MFM set point (SP) in the settings of the scan. 

The images in Fig. 1 were recorded at SP of 0.3 V. For a 

larger SP, probe stops at bigger distance (on fractions of 

nanometer) from the surface, and the bright spots could be 

removed from the dark areas,  as shown in Fig. 2, in which 

images are recorded at SP of 0.7 V.  Most important, 

however, what would happen if the second pass is recorded 

(with the same SP) at bigger than 5 nm height above the 

surface. 

 

 

 

a) 

b) 



 

 

 

 

 

 

 

 

 

 

 

 

Fig.2 Phase shift maps of a bundle of microtubules as in Fig. 1 

recorded at MFM set point of 0.7 V and heights of a) 0, b) 5 nm, c) 12 nm 

and d) 15 nm above the surface.  

The phase shift maps of the same bundle of microtubules 

as in Fig. 1, recorded at heights of a) 0, b) 5 nm, c) 12 nm 

and d) 15 nm above the surface with SP of 0.7 V are shown 

in Fig.2. It is clear that image of microtubules vanishes at 

height of about 15 nm, at which van der Waals force stop 

acting to the probe. Although some weak bright traces from 

microtubules could be seen in d), the magnetism is not 

conclusive there [18]. Stopping study at this point would 

lead to conclusion that microtubules are non-magnetic. 

Indeed, with accuracy of 0.091 degree in the phase shift, as 

it is seen from the scale bar in d), which is more than two 

orders of magnitude smaller than expected response for 

ideal diamagnet [19], there is no evident magnetism here. 

The traces of bright color in Fig. 2d, however, 

encouraged to look for diamagnetic response in other areas 

of the sample and, indeed, it was found in the bundles of 

microtubules, as shown in Fig. 3. Although diamagnetism is 

still not strong (see scale bars on the right), it is clearly 

present here [18] and lasts up to height of at least 50 nm. 

 

  

 

 

 

 

 

 

 

 

 

  

 

Fig.3 Phase shift maps of the bundle of microtubules recorded at 

heights of a) 0, b) 5 nm, c) 30 nm and d) 50 nm above the surface.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4 Phase shift maps of a bundle of microtubules after exposure to 

water vapor recorded at heights of a) 0 and b) 35 nm. The nano-drops of 

water are seen in a).  

There is good reason why diamagnetism is not strong in 

Figs. 2 and 3. This reason is dehydration. The importance of 

water for coherent and superconducting behavior of 

microtubules was previously emphasizes in [7] and [20]. 

Following this knowledge, the sample was exposed to water 

vapor. The result was strong increase in diamagnetism even 

straight after the exposure, as shown in Fig. 4. The images 

in this figure are recorded at heights of a) 0 and b) 35 nm. 

The image in b) is outside the range of van der Waals 

forces, which could be detected by this technique, and is of 

magnetic origin. The diamagnetic response in the image is 

strongly increased comparable to that in Figs. 2 and 3.  

The nano-drops of water are also seen in Fig. 4a, but 

although water is diamagnetic, no traces of it are present in 

Fig. 4b. It is because diamagnetic susceptibility of water 

(v) is very low:   −9.05×10−6, which is about five orders of 

magnitude lower than susceptibility of ideal diamagnet or 

superconductor (v = -1). It is far outside of the range of 

detection by this technique. The diamagnetic signal in Fig. 4 

is not the largest obtained in the MFM experiments with the 

brain tissue. By repeating saturation by water vapor several 

times, diamagnetic response have been achieved with v 

close to -1. One of the examples of the phase shift maps for 

such strong diamagnetism is shown in Fig. 5. 

  

  

  

  

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5 Phase shift map for a bundle of microtubules after multiple 

exposure to water vapor recorded at height of 20 nm. 

The image in Fig. 5 is recorded at the height of 20 nm, 

which is outside of the range of van der Waals force 

(compare with Fig. 1). The top value in the scale bar in this 

image is 70.1 degrees in comparison with fractions of a 

degree (mdeg) in other images. The details of the calibration 

procedure and prove of ideal diamagnetism will be reported 

elsewhere [19].  

Overall, additionally to evidences from the transport 

measurements [7] and the observation of the coherent 

behavior in the water-filled microtubules [20], MFM study 

gives another strong argument supporting the idea of robust 

room temperature superconductivity in water-saturated brain 

microtubules. As the microtubules are present not only in 

the brain, but also in every cell of advanced living 

organisms, these organisms could be regarded as coherent 

superconducting systems. In its turn, superconductivity with 

Tc far above room temperature [7] provides basis for 

quantum processing of information [8].   

IV. CONCLUSION 

Magnetic force microscopy study of pig brain 

microtubules has been carried out revealing strong 

diamagnetism and giving, additionally to transport 

measurements, another evidence of superconductivity in the 

nerve cells. Special graphene-based technique allowing 

exposing microtubules and their bundles on nanometer-

smooth surfaces has been developed to carry out this study. 

It was found that diamagnetism is very sensitive to water 

content in the microtubules. The bundles of microtubules 

fixed in a standard formalin-based solution allow multiple 

re-saturation by water returning to the state of strong 

diamagnetism. Accepting concept of superconductivity in 

microtubules would resolve is a simple way basic problems 

related to quantum processing of information in living 

organisms. 
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