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We demonstrate that a single brain-neuron-extracted microtubule is a memory-switching element,

whose hysteresis loss is nearly zero. Our study shows how a memory-state forms in the nanowire

and how its protein arrangement symmetry is related to the conducting-state written in the device,

thus, enabling it to store and process �500 distinct bits, with 2 pA resolution between 1 nA and

1 pA. Its random access memory is an analogue of flash memory switch used in a computer chip.

Using scanning tunneling microscope imaging, we demonstrate how single proteins behave inside

the nanowire when this 3.5 billion years old nanowire processes memory-bits. VC 2013 American

Institute of Physics. [http://dx.doi.org/10.1063/1.4793995]

Hysteresis is the backbone of an electronic-switching

device, currently undergoing extensive structural and con-

ceptual evolution to meet the challenges in the forthcoming

era of complexity science.1 If the embedded structure

switches between two distinct symmetries, then, the device

stores only two conducting states, 0 and 1, similar to the flash

memory-devices used in the computer chip.2 Multi-level

switching devices3–7 are the ne2wcomers that are structurally

evolved to reversibly switch between multiple structural

symmetries; yet, they are extremely slow in terms of operat-

ing speed. The concept of processing multiple bits in a single

memory device can revolutionize the electronics industry.8–10

First, it alleviates the limitations of binary system;10 using

these devices, we can implement multi-valued logic, which

enables computerization of complex bio-inspired algorithms

more efficiently.9 Second, multi-layered complex neural net-

work based problems could be studied. Third, extremely large

data processing density could be achieved.

The most critical problem associated with memory-

switching devices is the hysteresis loss, this is defined as the

switching region in a perfect square current voltage (IV)

characteristic. The “S” shaped IV loop that are frequently

reported in the literatures as memory-device cannot be used

in the futuristic chip, because enormous hysteresis loss

would ensure massive heat production. The goal for con-

structing a perfect hysteresis loop has been a key concern for

both the material scientists and the device engineers. The

second problem is the mechanism for embedding multiple

conducting states in a single memory-switching device. The

hitherto adopted protocols8–10 include, increased doping,

multilayered architectures, composition of multiple redox-

active materials, etc. These protocols are limited in imple-

mentation since establishment of one-to-one correspondence

between carrier transmission and structural symmetry; tuning

them during construction of multi-level switching devices is

not addressed yet.

Here, we demonstrate that the symmetry of the dipoles

have one to one correspondence with the multilevel conduct-

ing states of a microtubule,11–13 directly with the scanning

tunneling microscope (STM) imaging and measuring the

conductivity of a single microtubule nanowire. Therefore,

we demonstrate one of the fundamental origins of multilevel

bit processing in a complex protein based architecture. We

demonstrate live how dipolar orientation of the single tubulin

protein dimer in the microtubule could be related to the con-

ducting state of the microtubule. We report statistical analy-

sis of the ac and dc conductivities of a single microtubule

nanowire and demonstrate how a single microtubule device

is compatible to a CMOS chip for ultra-fast rapid multi-level

bit firing capacities.

Figure 1(a) shows tubulin protein and the protein made

microtubule, a 25 nm wide and 200 nm to 25 lm long nano-

wire that appeared in the living cell for a mysterious reason,

nearly 3.5 million years back. A single tubulin protein in this

nanowire could store 14 electrons13 and undergo dipolar

switching by 623�. Since the nanowire is made of folded 2D

sheet of tubulin protein,12 this nanowire has the potential to

tune its proteins dipole moment direction to control the

global conducting state. In the STM characterization of sin-

gle tubulin protein and the microtubule nanowire, we

observe that the conductivity of a single protein molecule

falls beyond certain positive bias (see Figure 1(b)), while

conductivity of a single microtubule shows a sharp peak at

�20mV (Figure 1(c)).

We dropped microtubule solution on a pre-prepared

chip and with atomic force microscope (AFM) tip, and we

measured surface conductivity of a single microtubule, using

AFM tip as one electrode and the Pt-pad as the other. The

AFM tip was 5 nm and measurement frequency was 1 MHz

and 500 kHz; we found that surface conductivity remains

constant, and a linear current voltage characteristic is

observed as shown in Figure 2(a). We have used a special

chip as shown in Figure 2(b) to orient the microtubule and

make device using a single nanowire. Microtubule is synthe-

sized by standard protocol described elsewhere.11 In addi-

tion, the chip has several 200 nm gaps to capture storage of
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ions, salts, and other impurities when microtubules grow and

orient from single protein dimers. Afterwards, we take this

chip and grow four 200 nm wide parallel gold electrodes on

top of a single microtubule via e-beam lithography method

(Fig. 2(c)) and measure the ac and dc conductivities of the

device at different biases.

When we change the bias, the device ac and dc conduc-

tivities do not remain constant, rather, change with bias in a

quantized manner (Figure 2(d)). In addition to bias, we have

also changed the devices to see the variations of conductivities

of various microtubules. Statistically, we observe two classes

of microtubules as it is already seen with transmission elec-

tron microscope;14 one has dc conductivities corresponding to

the resistances in the range 1–10 MX and another, 300 MX.

The measurement is done in air, open ambient atmosphere,

and there was no change in the conductivity when we meas-

ured them in the ultra high vacuum condition. The ac conduc-

tivity of the first type goes down to a few kX, while the other

goes down to a few hundreds of �kX. We have shown pie

charts in Figures 2(e) and 2(f) to demonstrate these statistical

analyses to summarize the observation in more than 100 s of

microtubule devices studied over a period of four years.

FIG. 1. (a) Tubulin protein dimer structure (left). A

schematic showing dimensions of tubulin dimer and

how 2D sheet of tubulin dimers fold into a single

microtubule (middle). A schematic of cross-section of

microtubule, STM measures conductivity across this

ring. (b) STM image of a single tubulin dimer, tip bias

2V, 100 pA, and scale bar is 4.3 nm. Inset shows per-

centage change in conductivity, as function of bias,

from a typical current voltage characteristic measured

on a point shown with a circle pointing on the top of the

tubulin dimer. (c) STM image of a single microtubule,

bias 2.7V, 30 pA, and scale bar is 50 nm. Inset shows a

similar plot like tubulin in panel (b).

FIG. 2. (a) Current voltage characteristic along the surface of microtubule measured using AFM tip vibrating at 1MHz, measurement circuit is shown at the

top left panel and the corresponding AFM image is in the top right corner. The ac conductivity measurement circuit is at the right bottom inset. (b) The gold

electrode chip on Si/SiO2 substrate, scanning electron micrograph image, scale bar is 100 lm, the 200 nm wide ion trap region is zoomed. (c) Schematic of dc

conductivity measurement set up (left), and AFM image of the device constructed, here current source is shown, for voltage source measurement only one pair

of electrode was used. Scale bar is 400 nm. L is the actual device length. (d) The ac (red) and dc (green) resistance measurements in two typical devices, one

class A (circle-line), another class B (line) as a function of applied bias. (e) Statistical distribution for dc resistances for 100 devices in Mega-Ohm. (f)

Statistical distribution of ac resistances for 100 devices, at 1MHz, in kilo-Ohm.
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When we scan the bias �Vmax to þVmax and then back

to �Vmax, we observe a nearly perfect square current voltage

characteristic here in Figure 3(a). The hysteresis area is a

function of maximum bias scan. From the current voltage

characteristic, which moves clockwise (suggesting a hystere-

sis due to injected carriers, anti-clockwise hysteresis is

observed with source current), we find that at a particular

bias, the conductivity of the single microtubule nanowire

increases or decreases suddenly, and we call this as the

threshold bias for switching. To understand the memory stor-

age and switching capabilities of a single microtubule device,

we send a write-read-erase-read15 signal as shown in Figure

3(b) (top), and the output is shown (below). Here, one multi-

level memory state is written with an applied bias and erased

by applying a reverse bias; the read bias is the same always.

We send stream of short pulses across the single microtubule

to find that the current grows and decays in less than a few

nano-seconds (Figure 3(c)). Microtubule switches to the new

conducting state as fast as the switches used in the computer

chips. In conventional memory-switching devices, after eras-

ing, we always get one single zero state, but here it is not,

erasing is never a neutral state, rather a new conducting state.

This unique feature prompts us to correlate the

dipole arrangement with the electric field. We replicate the

FIG. 3. (a) Five IV characteristics, using

source voltage scan, the scan starts from

0 to þVmax to� Vmax and then back

�Vmax toþ Vmax, during scanning, Vmax

was varied at a gap of 0.5V from 0.5V

to 4.5V bias, 1, 2, 3, 4, 5 volt data

are shown. (b) (Top) Schematic of “write

(W)—read (R)—erase(E)—read (R)”

test-sequence for random access memory

(RAM) and read only memory (ROM)

applications, “1,” “2,” and “3” denotes

writing pulses. (Below) 10 memory states

were written varying from 1mV to

90mV and read using 0.1mV read bias,

only “read” currents (shown as A, B, C,

D in b) are plotted here, 10 different cur-

rents probe 10 bits of memory-storage

and processing. Read pulse and current

has opposite polarity because “E” is not

erase for microtubule, it is writing

another state. (c) Using function genera-

tor we send stream of rectangular pulses

(input, green) to a single microtubule de-

vice varying frequency 1MHz to 20GHz

(repetition rate of the unit stream shown

in b), output (red) is measured across

50X resistance as voltage drop.

FIG. 4. (a) Schematic of square hysteresis current-voltage (IV) loop (top left), two nearly linear current-output regions depict a pair of memory-states, say top

one is þrS then bottom one is �rS, the corresponding conductivity difference between these two states is Dr. Corresponding potential wells for 6rS are

shown schematically (top right above), if þrS is left well, �rS is right well, rE is the dip between two wells, since rE signifies conductivity of microtubule

with zero dipole-shift from original structure, and it is same for any memory-state-pair, we suggest it as r. From Figure 3(a), a scheme is created by plotting

Dr vs r (top right below). Three STM images with scale bar 6 nm, dipole direction shifts by a very small angle as shown with arrows. The arrows are plotted

by scanning the region by changing STM rotation angle 0� to 180� at a gap of 10� and checking the high contrast regions on a single tubulin (bottom). (b)

Tubulin structural parameters, gap between two monomers 0.13 nm to 0.3 nm, and we flip the bias to see that tubulin dimension changes in 5 different ways (5

memory bits), tubulins accommodate themselves on the surface as scan-bias changes.
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hysteresis-memory observed in the device measurement

while visualizing the single microtubule inside the STM

chamber. We vary the STM tip bias during scanning a proto-

filament (linear chain of tubulin proteins on the microtubule

surface) to find that the orientation of tubulin changes with

an applied bias (Figure 4(a)). For particular orientations, the

proto-filaments appear brighter, then, the tubulins are not

distinctly visible, suggesting an increase in the longitudinal

conductivity. When we write a conducting state of a single

microtubule by scanning a small region of microtubule using

STM tip, the flipping in the STM image contrast inside a sin-

gle tubulin protein for the applied tip biases 63V (Figure

4(a) bottom) shows how the charge center of a single tubulin

shifts by 0.3 nm, which increases its length and changes the

orientation as shown in Figure 4(b). The connecting line

between the high and the low contrast regions inside a single

tubulin determines the dipole direction; these two contrast

points flip similarly in an isolated tubulin and in the tubulin

of a single microtubule. Finally, we show in Figure 4(b)

below, how 5 bits are processed using STM-induced dipolar

flipping. The plot suggests that the flipping is sufficient

to generate distinct conducting states of a microtubule.

Therefore, the arrangement of dipolar direction as shown

with an arrow on tubulins at the microtubule surface STM

image tells us in a single brain microtubule how a multi-

level state is born and how it survives.

The theories often correlate dipoles with the memory-

states of microtubule;16–18 we have made the initial try to es-

tablish the one-to-one correspondence experimentally. This

is not the complete evidence to establish the fundamental

correlation; however, it marks the beginning for establishing

such a correspondence.
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