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are stronger than classical correlations. Consequently, measurements performed 
on one component may be interpreted as ―influencing‖ other components 
entangled with it.  
 
Because of the implication for non-local, instantaneous (therefore faster than 
light) influence, Einstein disliked entanglement (and quantum mechanics in 
general) deriding it as ―spooky action at a distance‖. Einstein, Podolsky and 
Rosen (1935) formulated the ―EPR paradox‖, a thought experiment intended to 
disprove entanglement. Imagine two members of a quantum system (e.g. two 
paired electrons with complementary spin: if one is spin up, the other is spin 
down, and vice versa – Tables 1 and 2, top). If the paired electrons (both in 
superposition of both spin up and spin down) are separated from each other by 
being sent along different wires, say to two different locations miles apart from 
each other, they each remain in superposition of both spin up and spin down. 
However when one superpositioned electron is measured by a detector at its 
destination and reduces/collapses to a particular spin, (say spin up), its 
entangled separated twin (according to entanglement) must instantaneously 
reduce/collapse to the complementary spin down. The experiment was actually 
performed in 1983 with two detectors separated by meters within a laboratory 
(Aspect et al., 1982) and showed, incredibly, that complementary instantaneous 
reduction did occur! Similar experiments have been done repeatedly with not 
only electron spin pairs, but  polarized photons sent along fiber optic cables 
many miles apart and always results in instantaneous reduction to the 
complementary classical state (Tittel et al., 1998). The instantaneous, faster than 
light coupling, or "entanglement" remains unexplained, but is being implemented 
in quantum cryptography technology (Bennett et al., 1990). (Though information 
may not be transferred via entanglement, useful correlations and influence may 
be conveyed.)  
 
Another form of entanglement occurs in quantum coherent systems such as 
Bose-Einstein condensates (proposed by Bose and Einstein decades ago but 
realized in the 1990's). A group of atoms or molecules are brought into a 
quantum coherent state such that they surrender individual identity and behave 
like one quantum system, marching in step and governed by one quantum wave 
function. If one component is perturbed all components "feel" it and react 
accordingly. Bose Einstein condensates (―clouds‖) of cesium atoms have been 
shown to exhibit entanglement among a trillion or so component atoms 
(Vulsgaard et al., 2001).   
 
There are apparently at least two methods to create entanglement. The first is to 
have components originally united, such as the EPR electron pairs, and then 
separated. A second method (―mediated entanglement‖) is to begin with spatially 
separated non-entangled components and make simultaneous quantum 
measurements coherently, e.g. via laser pulsations which essentially condense 
components (Bose-Einstein condensation) into a single system though spatially 
separated. This technique was used in the cesium cloud entanglement 
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experiments and other quantum systems and holds promise for quantum 
information technology.  
 
Quantum superposition, entanglement and reduction are currently being 
developed technologically for future use in quantum computers which promise to 
revolutionize information processing. First proposed in the early 1980's (Benioff, 
1982), quantum computers are now being developed in a variety of technological 
implementations 
(electron spin, photon polarization, nuclear spin, atomic location, magnetic flux in 
Josephson junction superconducting loops, etc.). Whereas conventional classical 
computers represent digital information as "bits" of either 1 or 0, in quantum 
computers, "quantum information" may be represented as quantum 
superpositions of both 1 and 0 (quantum bits, or "qubits"). While in superposition, 
qubits interact with other qubits (by entanglement) allowing computational 
interactions of enormous speed and near-infinite parallelism. After the 
computation is performed the qubits are reduced (e.g. by environmental 
interaction/decoherence) to specific classical states which constitute the solution 
(Milburn, 1998).  
 
Are microtubules quantum computers? 
 
Quantum dipole oscillations within proteins were first proposed by Fröhlich (1968; 
1970; 1975) to regulate protein conformation and engage in macroscopic 
coherence. Conrad (1994) suggested quantum superposition of various possible 
protein conformations occur before one is selected. Roitberg et al (1995) showed 
functional protein vibrations which depend on quantum effects centered in two 
hydrophobic phenylalanine residues, and Tejada et al (1996) have evidence to 
suggest quantum coherent states exist in the protein ferritin. In protein folding, 
nonlocal quantum electron spin interactions among hydrophobic regions guide 
formation of protein tertiary conformation (Klein-Seetharaman et al., 2002), 
suggesting protein folding may rely on spin-mediated quantum computation.  
 

In the context of an explanation for the mechanism of consciousness, Penrose 
and Hameroff (1995; c.f Hameroff and Penrose 1996a; 1996b; Hameroff 1998) 
have proposed that microtubules within brain neurons function as quantum 
computers. (Vander Waal’s forces: momentary attraction between molecules, 
depending on their orientation to one another, DW added)  The basic idea is that 
conformational states of tubulins, coupled to quantum van der Waals London 
forces, exist transiently in quantum superposition of two or more states (i.e. as 
quantum bits, or ―qubits‖). Tubulin qubits then interact/compute with other 
superpositioned tubulins by nonlocal quantum entanglement. After a period of 
computational entanglement tubulin qubits eventually reduce (―collapse‖) to 
particular classical states (e.g. after 25 milliseconds) yielding conscious 
perceptions and volitional choices which then govern neuronal actions. The 
specific type of reduction proposed in the Penrose-Hameroff model involves the 
Penrose proposal for quantum gravity mediated ―objective reduction‖ (Penrose; 
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1998). Despite being testable and falsifiable, the proposal for quantum 
computation in neuronal microtubules has generated considerable skepticism, 
largely because of the apparent fragility of quantum states and sensitivity to 
disruption by thermal energy in the environment (―decoherence‖). Quantum 
computing technologists work at temperatures near absolute zero to avoid 
thermal decoherence, so quantum computation at warm physiological 
temperatures in seemingly liquid media appears at first glance to be extremely 
unlikely. (Although entanglement experiments are done at room temperature.)  
 
Attempting to disprove the possibility of quantum computation in brain 
microtubules, University of Pennsylvania physicist Max Tegmark (2000) 
calculated that microtubule quantum states at physiological temperature would 
decohere a trillion times too fast for physiological effects, with a calculated 
decoherence time of 10-13 seconds. Neurons generally function in the range of 
roughly 10 to 100 milliseconds, or 10-2 to 10-1 seconds. 
 
However Tegmark didn’t actually address specifics of the Penrose-Hameroff 
model, nor any previous theory, but rather proposed his own quantum 
microtubule model which he did indeed successfully disprove. For example 
Tegmark assumed quantum superposition of a soliton wave traveling along a 
microtubule, ―separated from itself‖ by 24 nanometers. The Penrose-Hameroff 
model actually proposed quantum superposition of tubulin proteins separated 
from themselves by the diameter of their atomic nuclei. This discrepancy alone 
accounts for a difference of 7 orders of magnitude in the decoherence 
calculation. Further corrections in the use of charge versus dipoles and dielectric 
constant lengthens the decoherence time to 10–5–10–4 seconds. Considering 
other factors included in the Penrose-Hameroff proposal such as plasma phase 
screening, actin gel isolation, coherent pumping and quantum error correction 
topology intrinsic to microtubule geometry extends the microtubule decoherence 
time to tens to hundreds of milliseconds, within the neurophysiological range. 
Topological quantum error correction may extend it significantly further. These 
revised calculations (Hagan et al., 2002) were published in Physical Reviews E, 
the same journal in which Tegmark’s original article was published. 
 
The basic premise that quantum states are destroyed by physiological 
temperature is countered by the possibility of laser-like coherent pumping 
(―Fröhlich mechanism‖) suggested to occur in biological systems with periodic 
structural coherence such as microtubules. Moreover Pollack (2001) has shown 
that water in cell interiors is largely ordered due to surface charges on 
cytoskeletal actin, microtubules and other structures.  
Thus despite being largely water, cell interiors are not ―aqueous‖ but rather a 
crystal-like structure. Perhaps most importantly, experimental evidence shows 
that electron quantum spin transfer between quantum dots connected by organic 
benzene molecules is more efficient at room temperature than at absolute zero 
(Ouyang and Awschalom, 2003). Other experiments have shown quantum wave 
behavior of biological porphyrin molecules (Hackermüller et al., 2003). In both 
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benzene and porphyrin, and in hydrophobic aromatic amino acid groups in 
proteins such as tubulin, delocalizable electrons may harness thermal 
environmental energy to promote, rather than destroy, quantum states.  
 
Furthermore, Paul Davies (2004) has suggested that a ―post-selection‖ feature of 
quantum mechanics put forth by Aharonov et al. (1996) may operate in living 
systems, making the decoherence issue moot. 
 
Quantum entanglement in mitosis and differentiation? 
 
Centriole replication and subsequent coordinated activities of the mitotic spindles 
appear to be key factors in forming and maintaining two identical sets of 
chromosomes, thus avoiding aneuploidy, genomic instability and cancer. Viewing 
mitosis as a dissipative, clock-like process which, once set in motion has no 
adaptive recourse, seems unlikely to account for the necessary precision. Some 
organizing communication between replicated centrioles and daughter cell 
spindles seems to be in play (Karsenti, 2001), and would certainly be favored in 
evolution if feasible. The perpendicular centriole replication scheme has long 
been enigmatic to biologists. Alternative mechanisms such as longitudinal 
extension (―budding‖), or longitudinal fission with regrowth (akin to DNA  
Table 1. Classical and quantum superposition states for electrons/electron pairs 
(top), tubulins/tubulin pairs (middle), and centriole cylinders/centrioles (bottom). 
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replication) would seem to be more straighforward. In DNA replication each 
component of a base pair is in direct contact so direct binding of the 
complementary member of the base pair is straightforward. However in centrioles 
replication by neither extension/budding nor fission would permit direct 
contact/copying of each component tubulin because of the more complex three 
dimensional centriole geometry. The enigmatic perpendicular centriole replication 
provides an opportunity for each tubulin in a mature (―mother‖) centriole to be 
transiently in contact, either directly or via filamentous proteins, with a 
counterpart in the immature (―daughter‖) centriole. Thus the state of each tubulin 
(genetic, post-translational, electronic, conformational) may be relayed to its 
daughter counterpart tubulin in the replicated centriole, resulting in an identical or 
complementary mosaic of tubulins, and two identical or complementary 
centrioles. Assuming proteins may exist in quantum superposition of states, 
transient contact of tubulin twins during centriole replication would enable 
quantum entanglement so that subsequent states and activities of originally 
coupled tubulins within the paired centrioles would be unified  
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Figure 8. Cutaway view of centriole cylinder showing (to scale) wavelengths of 
visible and infra-red light suggesting possible waveguide behavior. By Dave 
Cantrell. 
 
 
 
(Tables 1 and 2, middle). Then if a particular tubulin in one centriole cylinder is 
perturbed (―measured‖), or its course or activities altered, its twin tubulin in the 
paired centriole would ―feel‖ the effect and respond accordingly in a fashion 
analogous to quantum entangled EPR pairs. Thus activities of replicated 
centrioles would be mirror-like, precisely what is needed for normal mitosis. In 
Tables 1 and 2 the state of each centriole is euphemistically represented as 
either spin up or down (right or left). In actuality the states of each centriole would 
be far more complex, since each tubulin could be in one particular binary state. 
There are approximately 30,000 tubulins per centriole cylinder. If each tubulin 
can be in one of two possible states, each centriole could be in 
one of 230,000  possible states. Considering variations in isozymes and post-
translational modifications, each tubulin may exist in many more than two 
possible states (e.g. 10), and centrioles may therefore exist in up to 1030,000  

possible states—easily sufficient to represent each and every possible 
phenotype. But regardless of their specific complexity, replicated centrioles would 
be in identical (or complementary, i.e. precisely opposite) entangled states. 
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How could entanglement actually occur? Centrioles are embedded in an electron 
dense protein matrix (―pericentrin‖) to which mitotic spindle microtubules attach; 
the opposite ends of the spindles bind specific chromatids via 
centromere/kinetochores. The centriole/pericentrin (―centrosome‖) and spindle 
complex are embedded in protein gel and ordered water so that the entire mitotic 
complex may (at least transiently) be considered a pumped quantum system 
(e.g. a Fröhlich Bose Einstein condensate) unified by quantum coherence. 
 
As described previously, quantum optical coherence (laser coupling) can induce 
entanglement. Although photons generally propagate at the speed of light, recent 
developments in quantum optics have shown that photons may be slowed, or 
trapped in ―phase coherent materials‖, or ―phaseonium‖ (Scully, 2003). In these 
situations photons are resonant with the materials (which may be at warm 
temperatures) but not absorbed. Quantum properties of the light can be mapped 
onto spin states of the material, and later retrieved (―read‖) by a laser pulse (or 
Fröhlich coherence). The dimensions of centrioles are close to the wavelengths 
of light in the infrared and visible spectrum (Figure 8) such that they may act as 
phase coherent, resonant waveguides (Albrecht-Buehler, 1992).  Fröhlich 
coherence may then play the role of laser retrieval, coupling/entangling pairs of 
centrioles. As described previously, experimental evidence shows an association 
between centriole replication and photon emission (Liu et al., 2000; Van Wijk et 
al., 1999; Popp et al., 2002).  
  
How would quantum entanglement work in normal mitosis? Binding of a 
particular chromatid centromere/kinetochore by a spindle connected at its 
opposite end to a centriole may be considered a quantum measurement of the 
anchoring centriole, causing reduction/collapse and complementary action in its 
entangled twin (thus binding the complementary chromatid 
centromere/kinetochore). Although the action is complementary, and thus in 
some sense opposite, the operations are identical from an information standpoint 
(and because centriole orientations are opposite, the actions may be considered 
equivalent). Consequently, precise complementary mirror-like activities of 
tubulins in the two entangled centrioles would ensue, and each member of a 
sister chromatid pair would be captured for each daughter cell. Two precisely 
equal genomes would result following mitosis. 
 
How would failed quantum entanglement lead to aneuploidy and malignancy? 
Defects during mitosis can occur in two ways. As shown in Figure 2 spindle 
attachment to chromatids during metaphase (reflecting entangled information in 
the centrioles) may go awry, resulting in abnormal separation of chromosomes. 
This may result from improper communication between the two centrioles (the 
―right handed centriole doesn’t know what the left-handed centriole is doing‖). 
Another type of defect may occur in the replication and entanglement as shown 
in Figure 3, resulting in 3 (or more) centrioles which separate chromosomes into 
3 portions rather than 2 precisely equal portions. 
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Measurement of standard EPR pairs apparently destroys entanglement. Once 
complementary actions occur, members of separated pairs behave 
independently. In centrioles, one measurement/operation per tubulin would be 
useful in mitosis and differentiation, allowing approximately 30,000 
measurements/operations per centriole cylinder and ensuring precise division of 
daughter chromosomes and subsequent differentiation. However an ongoing 
series of measurement operations (chromatid interactions, movements and 
binding of other cytoskeletal structures, differentiation etc.) persisting after 
completion of mitosis could be even more useful.  

Could persistent entanglement (―re-entanglement‖) occur in biological systems? 
Unlike standard EPR pairs (e.g. electron spin) whose underlying states are 
random, the conformational state of each member of paired tubulin twins has 
identical specific tendencies due to genetic and post-translational structure. In 
the same fashion that laser pulsing mediates entanglement among cesium 
clouds and other quantum systems, quantum optical (and/or Fröhlich) coherence 
could mediate ongoing entanglement (―re-entanglement‖) among tubulin twins in 
separated centrioles. Because dynamic conformational states are transient, the 
quantum state may be transduced to, and stored as, a spin state or other more 
sustainable parameter. Thus centrioles throughout a tissue or entire organism 
may remain in a state of quantum entanglement. Impairment or loss of such 
communicative entanglement may correlate with malignancy.    
 
Implications for cancer therapy 

 
Current therapies for cancer are generally aimed at impairing mitosis and are 
thus severely toxic. Many cancer drugs (vincristine, taxol etc.) bind to 
microtubules and prevent their disassembly/assembly required for formation and 
activities of the mitotic spindles. In addition to generalized toxicity due to 
impairment of non-mitotic microtubule function, partial disruption of mitosis can 
cause further aneuploidy (Kitano, 2003). Radiation is also a toxic process with 
the goal of impairing/destroying highly active malignant cells more than normal 
cells. Recognizing centrosomes as the key organizing factor in mitosis, Kong et 
al (2002) proposed disabling centrosomes by cooling/freezing as a cancer 
therapy.  
 
Low level laser illumination apparently enhances mitosis. Barbosa et al (2002) 
using 635 and 670 nanometer lasers, and Carnevali et al (2003) using an 830 
nanometer laser both showed increased cell division in laser illuminated cell 
cultures. Using laser interference Rubinov (2003) showed enhanced occurrence 
of ―micronuclei‖ (aberrant multipolar mitoses) although specific interference 
modes decreased the number of micronuclei. It may be concluded that 
nonspecific, low intensity laser illumination enhances centriole replication and 
promotes cell division (the opposite of a desired cancer therapy). On the other 
hand if centrioles are sensitive to coherent light, then higher intensity laser  
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Table 2. Quantum superposition, reduction and entanglement for electron pairs 
(top, tubulin pairs (middle), and centrioles (bottom).  
 

 
 
illumination (still below heating threshold) may selectively target centrioles, impair 
mitosis and be a beneficial therapy against malignancy.  
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However laser illumination may also be used in a more elegant mode. 
If centrioles utilize quantum photons for entanglement, properties of 
centrosomes/centrioles approached more specifically could be useful for therapy. 
Healthy centrioles for a given organism or tissue differentiation should then have 
specific quantum optical properties detectable through some type of readout 
technology. An afflicted patient’s normal cells could be examined to determine 
the required centriole properties which may then be used to generate identical 
quantum coherent photons administered to the malignancy. In this mode the idea 
would not be to destroy the tumor (relatively low energy lasers would be used) 
but to ―reprogram‖ or redifferentiate the centrioles and transform the tumor back 
to healthy well differentiated tissue.    
 
Stem cells are totipotential (or pluripotential) undifferentiated cells with a wide 
variety of potential applications in medicine. Zygotes, or fertilized eggs are 
totipotential stem cells, and embryonic cells in general are relatively 
undifferentiated. Thus fetal embryos have been a source for stem cells though 
serious ethical considerations have limited availability. Perhaps normally 
differentiated cells could be undifferentiated (―retrodifferentiated‖) by laser 
therapy as described above, providing an abundant and ethical source of stem 
cells for various medical applications. 
 
 
Conclusion: Quantum entanglement and cancer 

 
It is suggested here that normal mitosis is organized by quantum entanglement 
and quantum coherence among centrioles. In particular, quantum optical 
properties of centrioles enable entanglement in normal mitosis which ensures 
precise mirror-like activities of mitotic spindles and daughter chromatids, and 
proper differentiation, communication and boundary recognition between 
daughter cells.  
 
Defects in the proposed mitotic quantum entanglement/coherence can explain all 
aspects of malignancy. Analysis and duplication of quantum optical properties of 
normal cell centrioles could possibly lead to laser-mediated therapeutic disruption 
and/or reprogramming of cancerous tumors as well as abundant, ethical 
production of stem cells. 
 
Acknowledgments  
I am grateful to Dave Cantrell for illustrations, to Mitchell Porter and Jack 
Tuszynski for useful discussions and to Patti Bergin for manuscript preparation 
assistance. 
 
References 

 



 27 

Albrecht–Buehler, G., 1992.  Rudimentary form of cellular "vision", Proc. Natl 
Acad Sci. USA, 89 (17), 8288-8292. 
 
Aharonov, Y., Massar, S., Popescu, S., Tollaksen, J., and Vaidman, L., 1996. 
Adiabatic measurements on metastable systems. Phys Rev Lett. 77, 983-987. 
 
Aspect, A.,  Grangier, P., Roger, G., 1982.  Experimental realization of Einstein-
Podolsky-Rosen-Bohm Gedankenexperiment: a new violation of Bell's 
inequalities.  Phys. Rev. Lett. 48, 91-94. 
 
Atema, J., 1973.  Microtubule theory of sensory transduction  J. Theor. Biol 38, 
181-90. 
 
Boveri, T., 1929. The origin of malignant tumors.  J.B. Bailliere, London.  
 
Barbosa, P., Carneiro, N.S., de B. Brugnera, A. Jr., Zanin, F.A., Barros, R.A., 
Soriano., 2002.  Effects of low-level laser therapy on malignant cells: in vitro 
study .Journal of Clinical Laser Medicine & Surgery 20(1), 23-6. 
 
Benioff, P., 1982.  Quantum mechanical Hamiltonian models of Turing Machines.  
J. Stat. Phys. 29, 515-546. 
 
Bennett, C.H., Bessette, F., Brassard, G., Salvail, L., Smolin, J., 1990. 
Experimental quantum cryptography, Journal of Cryptology 5(1), 3-28.  
 
Bornens, M., 1979. The Centriole as a Gyroscopic Oscillator: Implications for Cell 
Organization and Some Other Consequences. Biological Cellulaire, 35(11), 115–
132. 
 
Carnevalli, C.M., Soares, C.P., Zangaro, R.A., Pinheiro, A.L., Silva, N.S., 2003. 
Laser light prevents apoptosis in Cho K-1 cell line, Journal of Clinical Laser 
Medicine & Surgery 21(4), 193-196. 
 
Conrad, M., 1994. Amplification of superpositional effects through 
electronicconformational interactions.  Chaos, Solitons and Fractals 4, 423-438.   
 
Doxsey, S., 1998.  The centrosome-a tiny organelle with big potential.  Nature 
Genetics 20, 104-106. 
 
Duesberg, P., Li, R., Rasnick, D., Rausch, C., Willer, A., Kraemer, A., Yerganian, 
G., Hehlmann, R. 2000.  Aneuploidy precedes and segregates with chemical 
carcinogenesis. Cancer genetics and cytogenetics. 119(2), 83-93.  
 
Dustin, P.  Microtubules, 1984. (2nd Revised Ed., Berlin: Springer). 
 



 28 

Einstein, A., Podolsky, B., Rosen, N., 1935.  Can quantum mechanical 
descriptions of physical reality be complete?  Phys. Rev. 47, 777-780. 
 
Fröhlich, H., 1968.  Long-range coherence and energy storage in biological 
systems.  Int. J.Quantum Chem. 2, 6419.  
 
Fröhlich, H., 1970.  Long-range coherence and the actions of enzymes. Nature.  
228, 1093. 
 
Fröhlich, H., 1975.   The extraordinary dielectric properties of biological materials 
and the action of enzymes.  Proc. Natl. Acad. Sci. 72, 4211-4215. 
 
Geuens, G., Gundersen, G.G., Nuydens, R., Cornelissen, F., Bulinski, J.C., 
DeBrabander, M., 1986.  Ultrastructural co-localization of tyrosinated and 
nontyrosinated alpha tubulin in interphase and mitotic cells.  J. Cell Biol., 103(5), 
1883–1893. 
 
Gibbs, W.W., 2003. Untangling the roots of cancer. Scientific American 289(1), 
56-65. 
 
Gurwitsch, A.G., 1922.   Über Ursachen der Zellteillung. Arch.Entw.Mech.Org. 
51, 383-415. 
 
Hackermüller, L., Uttenthaler, Hornberger, K., Reiger, E., Brezger, B., Zeilinger, 
A., 2003.  Arndt Wave nature of biomolecules and fluorofullerenes Physical 
Review Letters, 91,090408. 
 
Hagan, I.M., Gull, K., Glover, D., 1998.  Poles apart? Spindle pole bodies and 
centrosomes differ in ultracstructure yet their function and regulation are 
conserved, in Dynamics of Cell Division, eds. S.A. Endow and D.M. Glover, 
Oxford Press, Oxford UK. 
 
Hagan, S., Hameroff, S., Tuszynski, J., 2002. Quantum Computation in Brain 
Microtubules?  Decoherence and Biological Feasibility, Physical Reviews E  65, 
061901. 
 
Hameroff, S.R., 1998.  Quantum computation in brain microtubules? The 
Penrose-Hameroff "Orch OR" model of consciousness.  Philosophical 
Transactions Royal Society London (A) 356, 1869-1896. 
 
Hameroff, S., Nip, A., Porter, M., Tuszynski, J., 2002.  Conduction pathways in 
microtubules, biological quantum computation, and consciousness.  BioSystems, 
64, 149-168. 
 
Hameroff, S.R., and Penrose, R., 1996a.  Orchestrated reduction of quantum 
coherence in brain microtubules: A model for consciousness, in S.R. Hameroff, 



 29 

A. Kaszniak, and A.C. Scott (eds.), In: Toward a Science of Consciousness  The 
First Tucson Discussions and Debates, MIT Press, Cambridge, MA.  Also 
published in Mathematics and Computers in Simulation, 40, 453-480.  
 
Hameroff, S.R., and Penrose, R.. 1996b.  Conscious events as orchestrated 
spacetime selections.  Journal of Consciousness Studies. 3(1), 36-53. 
 
Hameroff, S.R., Tuszynski., 2003  Search for quantum and classical modes of 
information processing in microtubules: Implications for the living state, In: 
Bioenergetic organization in living systems, Eds. Franco Musumeci, Mae-Wan 
Ho, World Scientific, Singapore. 
 
Hameroff, S.R., Watt, R.C, 1982.  Information processing in microtubules.  
Journal of Theoretical Biology 98, 549-561. 
 
Hinchcliffe, E.H., Miller, F.J., Cham, M., Khodjakov, A., Sluder, G., 2001.  
Requirement of a centrosomal activity for cell cycle progression through G1 into 
S phase.  Science 291, 1547-1550. 
 
Hoenger, A., Milligan, R.,A., 1997.  Motor domains of kinesin and ncd interact 
with microtubule protofilaments with the same binding geometry.  J. Mol. Biol. 
265(5), 553-564. 
 
Karplus, M., McCammon, J.A., 1983.  Protein ion channels, gates, receptors.  In. 
Dynamics of Proteins: Elements and Function,  Ann. Rev. Biochem., J. King 
(ed.), Benjamin/Cummings, Menlo Park  40,  263-300. 
 
Karsenti, E., Vernos, I., 2001.  The mitotic spindle: A self-made machine.  
Science 294, 543-547. 
 
Khodjakov, A.,  Rieder, C.L., Sluder, G., Cassels, G., Sibon, O., Wang, C.L., 
2002. 
De novo formation of centrosomes in vertebrate cells arrested during S phase. 
Journal of Cell Biology 158(7), 1171-81.  
 
Kitano, H., 2003. Cancer robustness: Tumour tactics. Nature 426, 125.  
 

Klein-Seetharaman, J., Oikawa, M., Grimshaw, S.B., Wirmer, J., Duchardt, E., 
Ueda, T., Imoto, T., Smith, L.J., Dobson,C.M., Schwalbe, H., 2002.  Long-range 
interactions within a nonnative protein. Science 295, 1719-1722. 
 
Kong, Q., Sun, J., Kong, L.D., 2002.  Cell brain crystallization for cancer therapy 
Medical Hypotheses 59(4), 367-372. 
 
Lee, J.C., Field, D.J., George, H.J., 1986.  Head J. Biochemical and chemical 
properties of tubulin subspecies. Ann. NY Acad. Sci. 466, 111–128. 
 



 30 

Lingle, W.L, Lutz, W.H., Ingle, J.N., Maihle, N.J., Salisbury, J.I., 1998.  
Centrosome hypertrophy in human breast tumors: implications for genomic 
stability and cell polarity. Proc. Natl. Acad. Sci. USA 95, 2950-2955. 
 
Lingle, W.L., Salisbury,  J.L., 1999.  Altered centrosome structure is associated 
with abnormal mitoses in human breast tumors.  American Journal of Pathology 
155(6), 1941-1951. 
 
Liu, T.C.Y., Duan, R., Yin, P.J., Li, Y. and Li, S.L., 2000.  Membrane mechanism 
of low intensity laser biostimulation on a cell. SPIE  4224, 186-192. 
 
Loeb, L.A., Loeb, K.R, Anderson, J.P., 2003. Multiple mutations and cancer. 
Proceedings of the National Academy of Sciences USA. 100(3), 776-781. 
 
Loeb, L.A., Springgate, C.F., Battula,  N., 1974. Errors in DNA replication as a 
basis of malignant changes. Cancer Research 34(9), 2311-2321. 
 
Maniotis, A., Schliwa, M., 1991.  Microsurgical removal of centrosomes blocks 
cell reproduction and centriole generation in BSC-1 cells. Cell 67(3), 495-504. 
 
Marx, J., 2001.  Do centriole abnormalities lead to cancer? Science 292, 426-
429. 
 
Marx, J., 2002.  Debate surges over the origins of genomic defects in cancer.  
Science 297, 544-546. 
 
Mazia, D. 1970. Regulatory mechanisms of cell division. Federation Proceedings 
29(3), 1245-7. 
 
Melki, R., Carlier, M.F., Pantaloni, D., Timasheff, S.N., 1989.  Cold 
depolymerization of microtubules to double rings: geometric stabilization of 
assemblies.  Biochemistry 28, 9143-9152. 
 
Milburn, G.J., 1998.  The Feynmann processor: Quantum entanglement  and the 
computing revolution. Helix Books/Perseus Books, Reading, Mass. 
 
Nasmyth, K.,  2002. Segregating sister genomes: The molecular biology of 
chromosome separation. Science 297, 559-565.  
 
Niethammer P., Bastiaens P and Karsenti E., 2004 Stathmin-tubulin interaction 
gradients in motile and mitotic cells.  Science 303, 1862-1866. 
 
Nowak, M.A.,  Komarova, N.L.,  Sengupta, A.,  Jallepalli, P.V.,  Shih, IeM., 
Vogelstein, B.,  Lengauer, C., 2002.  The role of chromosomal instability in tumor 
initiation. Proceedings of the National Academy of Sciences USA.  99(25), 
16226-31. 



 31 

 
Ouyang, M., Awschalom, D.D., 2003. Coherent spin transfer between 
molecularly bridged quantum dots. Science 301, 1074-1078. 
 
Penrose, R., 1989. The Emperor’s New Mind, Oxford Press, Oxford, U.K.  
 
Penrose, R., 1994.  Shadows of the Mind, Oxford Press, Oxford, U.K.  
 
Penrose, R., 1998.  Quantum computation, entanglement and state reduction, 
Philosophical Transactions Royal Society London (A) 356, 1927-1939. 
 
Penrose, R., Hameroff, S., 1995. Gaps, what gaps? Reply to Grush and 
Churchland. Journal of Consciousness Studies 2(2), 99-112. 
 
Pihan, G.A., Doxsey, S.J., 1999.  The mitotic machinery as a source of genetic 
instability in cancer.  Seminars in Cancer Biology 9(4), 289-302. 
 
Pihan, G.A, Wallace, J., Zhou, Y., 2003. Centrosome abnormalities and 
chromosome instability occur together in pre-invasive carcinomas. Cancer 
Research 63(6), 1398-404. 
 
Pollack, G.H., 2001.  Cells, gels and the engines of life. Ebner and Sons, Seattle. 
 
Popp, F.A., Chang, J.J., Herzog, A., Yan, Z., Yan, Y., 2002.  Evidence of non-
classical (squeezed) light in biological systems Physics Letters A 293 (1-2), 98-
102.  
 

Puck, T.T., and Krystosek, A., 1992. Role of the cytoskeleton in genome 
regulation and cancer. Int. Rev. Cytology 132, 75-108. 
 
Rasmussen, S.,  Karampurwala, H., Vaidyanath, R.,  Jensen, K.S.,  Hameroff, S., 
1990.  Computational connectionism within neurons: A model of cytoskeletal 
automata subserving neural networks. Physica D 42, 428-449. 
 
Ravelli, R.B.G., Gigant, B., Curmi, P.A., Jourdain, I., Lachkar, S., Sobel, A., 
Knossow, M. 2004. Insight into tubulin regulation from a complex with colchicines 
and a stathmin-like complex Nature 428, 198-202. 
 
Roitberg, A., Gerber, R.B., Elber, R.R., Ratner, M.A., 1995.  Anharmonic wave 
functions of proteins: quantum selfconsistent field calculations of BPTI.  Science 
268(5315), 1319-1322.  
 
Rubinov, A.N., 2003.  Physical grounds for biological effect of laser radiation  
 J. Phys. D: Appl. Phys. 36, 2317-2330. 
 



 32 

Samsonovich, A., Scott, A.C., Hameroff,S.R., 1992.  Acousto-conformational 
transitions in cytoskeletal microtubules: Implications for information processing.  
Nanobiology, 1, 457-468. 
 
Scully, M.O., 2003. Light at a standstill Nature 426, 610-611.  
 
Szuromi, P., 2001.  Centrosomes: center stage.  Science 291, 1443-1445.  
 
Tegmark, M., 2000. The importance of quantum decoherence in brain processes. 
Phys. Rev. E 61, 4194–4206. 
 
Tejada, J., Garg, S., Gider, D.D., Awschalom, DiVincenzo, D., Loss, D., 1996.  
Does macroscopic quantum coherence occur in ferritin?  Science 272, 424-426.   
 
Tittel, W., Brendel, J.,  Gisin, B.,  Herzog, T., Zbinden, H.,  Gisin, N., 1998.   
Experimental demonstration of quantum correlations over more than 10 km, 
Phys. Rev. A. 57, 3229-3232. 
 
Tong, L., Gattass, R., Ashcom, J.B., Sailing, H., Lou, J., Shen, M., Maxwell, I., 
Mazur,E., 2003. Subwavelength-diameter silica wires for low-loss optical wave 
guiding, Nature 426, 816-819. 
 
Tuszynski, J., Hameroff, S., Sataric, M.V., Trpisova, B., Nip, M.L.A, 1995.  
Ferroelectric behavior in microtubule dipole lattices; implications for information 
processing, signaling and assembly/disassembly.  J. Theor. Biol. 174, 371-380. 
 
Van Wijk, R., Scordino, A., Triglia, A., Musumeci, F., 1999.  Simultaneous 
measurements of delayed luminescence and chloroplast organization in 
Acetabularia acetabulum.  J. Photochem. and Photobiol.  49(2-3), 142-149. 
 
Voet, D., Voet, J.G., 1995. Biochemistry, 2nd edition. Wiley, New York. 
 
Vulsgaard, B., Kozhokin, A., Polzik, F., 2001. Experimental long-lived 
entanglement of two macroscopic objects.  Nature 413, 400-403.  
 
Wheatley, D. N., 1982. The Centriole: A Central Enigma of Cell Biology. 
Amsterdam, Elsevier. 
 
Woolf, N.J., Hameroff, S., 2001. A quantum approach to visual consciousness, 
Trends in Cognitive Sciences 5(11), 472-447. 
 
Wong, C., Stearns, T., 2003.  Centrosome number is controlled by centrosome-
intrinsic block to reduplication. Nature Cell Biology 5(6), 539-544. 
 
 


