MEDICAL BIOPHYSICS

MEDICAL

B IOPHYSICS ¢ Introduction: what is medical
biophysics?

INTRODUCTION
MIKLOS KELLERMAYER

e Length scale of biology
e Atomic theory

FOUNDATION OF
SCIENTIFIC TRUTH MEDICAL BIOPHYSICS

»the test of any idea is the experiment”
Biological processes are

Simplified,
Scientific method: Scientific attitude: Quantified
Observation Wondering
Consideration Critical thinking Objective: Physical description of biomedical phenomena

Experiment Asking and doubting




PHYSICAL DESCRIPTION OF
BIOLOGICAL PHENOMENON

Question:

1. How much force (F) is necessary for a spermatocyte to travel with a given velocity (v)?
2. How does it happen (what is the exact mechanism)? Building a predictive model.

DRAG COEFFICIENT OF THE
SPERMATOCYTE

How much force (F) is necessary for a spermatocyte to travel with a given velocity (v)?

Simplified spermatocyte model:
object with circular cross-section

y=6rm=6-1.6x10"°(m)- r-10"(Pas) =3 x10"°Ns/m
F=w=3x10"Ns/m-5x10"m/s=15x10""N =1.5pN

Stokes’ Law:

F=w=6rany

MECHANISMS BEHIND
SPERMATOCYTE MOTILITY?

How does it happen (what is the exact mechanism)? Building a predictive model.
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“Note: Figure shows
kinesin, and not dynein!
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Functional test:
“In vitro motility assay”

Dynein

Cover glass

Fluorescence microscopy

“Note: Figure shows kinesin-dependent motility!
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LECTURE TOPICS

Semester I.

Length scale of biology. Atomic physics

Electromagnetic radiation. Dual nature of
light. Matter waves

The atomic nucleus. Radioactivity. Nuclear
radiation

Interaction of electromagnetic radiation
with matter

Radioactivity in the medical practice.
Dosimetry, nuclear medicine

Luminescence
Laser and its medical applications
X-ray

Multi-atom systems. The Boltzmann
distribution

. Molecular biophysics. Water,

macromolecules, biopolymers

. Nucleic acids and proteins. Folding of RNA

and proteins

. Atomic and molecular interactions.

Scanning probe microscopies

Biomolecular structure. Diffraction, X-ray
crystallography, light- and electron
microscopy. Mass spectrometry, CD

. Biomolecular structural dynamics.

Fluorescence, ESR, NMR. Basics of MRI
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Semester II.

Gas laws. Pulmonary biophysics
Thermodynamics. Thermodynamic system, laws

Equilibrium and change. Kinetics. Entropy an its
microscopic interpretation

Irreversible thermodynamics. Transport processes.
Diffusion, Brownian motion

Cytoskeletal system. Motor proteins. Mechanisms of
biological motion

Biomechanics. Biomolecular and tissue elasticity
Fluid dynamics. Circulatory biophysics
Muscle biophysics. Striated muscle, smooth muscle

Cardiac biophysics. Work of the heart. The cardiac
cycle

Bioelectric phenomena. Resting potential

. Action potential. Biophysics of electrically active

tissues. EKG, EMG, EEG. Principles of sensory
function

. Sound, ultrasound. Auditory biophysics
13.
14.

Optics of the eye, biophysics of vision

Collective processes in ensembles. Complex systems,
networks
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DIMENSIONS OF LIVING
SYSTEMS
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LENGTH SCALE OF THE
LIVING CELL

Simplified cell
model: cube

Analogue -
Cell: g
cube with 20 ym Lecture hall:
edge cube with 20 m
edge
Size of actin
molecule 5nm 5mm
NGl aFtin ~500 thousand ~500 thousand
molecules
Average distance -
between actins ~250 nm ~25 cm
Size of potassium =
ion 0.15nm 0.15 mm
Number of ~10° 109
o potassium ions
K K
Average distance
J between K+ ions ~20 nm ~2.cm
£ 196 Deficiencies of the model:
G-actin ~ Potassium ion ° .
Actin filament (d=7 nm) (G5, (e e concen?ratmns vary 10ca11y .
cc~100 uM)  cc~150 mM) ® dynamics: constant motion and collisions

einteractions, many types due to dynamics

CAN WE EXPLORE THE SMALLEST
PARTS OF A BIOMOLECULAR SYSTEM?

“Reality”
Model (measurement)

Structural model of globular actin Oxygen Ao @ the surface of a
rhodium single crystal

gray - G red - O; blue - N yellow - S (scanning probe microscopic image)

Richard P. Feynman (Nobel prize, 1965):

If, due to a disaster, the knowledge of humankind were
destroyed, and only one sentence could be passed on to
future generations, what would be the statement that best
summarizes our knowledge?

Atomic theory: The entire natural world is made up of
particles that constantly move and attract or repel each
other. The characteristics and processes of nature

can be described through the atomic particles.




ATOMIC THEORY

Early atomic models
Famous experiments
Quantum mechanics
Quantum numbers

Biomedical significance

EARLY ATOMIC MODELS

Democritus (460‘-370‘ BC)
Matter composed undivisible
particles (atomos).

John Dalton (1766-1844)
A given element composed of
identical, undivisible atoms.

Dalton’s atom

Joseph John Thomson
(1856-1940)
Discovery of the electron.

Cathode ray (electron beam)
in vacuum tube.

“Plum pudding”
atomic model

Ernest Rutherford
(1871-1937)

Rutherford’s atomic model:
miniature planetary system

a Rutherford experiment »
The diameter of the nucleus is Y
10,000 times smaller than that

of the atom!
Microscope

ZnS screen -

Lead

Rn (a-ray source) Gold foil

Problem:

-unstable atom

-electrons: centripetal acceleration - light emission
-energy loss - falling into the nucleus

ENERGY OF THE ATOM
CHANGES IN DISCRETE STEPS

Franck-Hertz
experiment (1914)

James Franck
(1882-1964)

Gustav Ludwig Hertz
(1887-1875)

Cathode

- €

Lattice

Anode
| The electrons accelerated by
FII= the lattice voltage (Ulattice),
-Uanode upon inelastic collision with

the Hg atoms, loose their
energy in discrete packages
(“quantum” - sing.,
“quanta” - pl.).

Ulattice (V)

BOHR MODEL OF THE ATOM

Bohr model of the hydrogen atom

L Eand
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Energy levels in the hydrogen atom.

1. Quantum condition:

Bohr’s postulates®

® The electrons of an atom are on given orbits.
® On the given orbit the elctron does not emit, its energy is constant.
¢ The angular momentum (L) of the orbital electron is an integer multiple of h/2m:

L=mvr=n i
2

n= principal quantum number. The radii of the orbits can be calculated.. The radius of the first orbit is r; = 5,3 10! m (“Bohr-

radius”). The radii of the further orbits are:

2. Frequency condition:

rL=nrn

® The atom radiates (i.e., emits light) only if the elctron “jumps” from one orbit to the other.
® Energy of the radiation is the difference between the orbit energies:

E,..=hv=E,~E,

The orbit energies can be calculated. Energy of the first orbit is E1=-13.6 eV. Further orbit energies are:

Significance
® The model explained
the spectra of the
hydrogen atom.
But only that of the
hydrogen atom.

= 1

*N.B.: postulate: fundamental requirement, condition




THE ELECTRON AS A WAVE

Quantized behavior in the stationary

Propagation law of electron waves

Uncertainty principle

QUANTUM MECHANICAL
ATOMIC MODEL

Within the atom every electron has a given state, and the probability of finding it around

waves of a stretched string the nucleus has a specific shape.

A= =
kel

8 Quantum mechanics: Probability of finding the electron in

ﬂ 1. describes the states of the electron 2. calculates the electron’s most probable the atom:
; J (one state — one wavefunction, W) location (orbital, r) and energy (E)
i

1|

L
Erwin Schrodi 1887-1961 -~ 2 2 05
h el siinasa ) Werner Heisenberg (1901-1976) W (0= () EmE. +E = my = E_
o - 3 Rin 0.4 .
The electron as a wave W (psi) wavefunction: - o 2 r “Spatial
® [W(x,t)]: gives the amplitude of the electron To localize the wave, we need to superimpose a ot e . 0.3 G'nD:n:i state distribution
wave as a function of position (x) and time (t). waves of different wavelength (A) (interference): H n the at.om, oulombic attraction 0.2 =0 1s
A o g Ao YT 0! X determines the potential energy:
® W2 gives the probability of finding the AMANAANNANN — Bohr-radius
e ort VUVVVUVVVVVVL o Ax=M2
AVAVAVAVAVAVATATATA =1 Ve (x=VAx) v
® W2 integrated across the entire space =1 (i.e., VAL VY-V VUV ] b 2
the electron can be found somewhere). /\
R B0 liel(1552,1975) ® W: with the help of Schrodinger’s equation, -~ AX ———— 0 " ‘0
h h allows calculation of electron energies. NN AN a\ H ” X 5 10 15 A
As—=— . . . (VAAVAVAAVIR Y 02
3 ® For a free electron W is a sine wave: x =y -
P my momentum is precisely known (p=h/A), but Upon spreading A (AA), localization W= W4x) sin(kx) estimated 01k ,:% 2p *
position (x) entirely unknown (uncertainty will be more certain (Ax decreases), but 4 g average °
. : principle!) it also spreads the momentum values 5 10 15
My Atomic electron as (Ap increases), thereby increasing the =g q 7 =5 4 ,
._"-\ a standing wave uncertainty of determining momentum: Simplified Schrodinger’s equation:
P TR : 3 2
uantum condition: 4
. LYVE 5 Py h M e B
el 2mr=ml=n— 2% 2, r
mv

Wavefunction of freely moving particle
(potential energy = 0)

THE SPIN QUANTUM

QUANTUM NUMBERS NUMBER

The quantum numbers refer to physical quantities that describe the state of the electron:

Stern-Gerlach experiment (1922)

1. Ener 2. Angular momentum 3. Spin
4 & P electromagnet Screen

S

absolute value direction

Silver beam
splits in two

Ag-atom beam

Energy of the electron Intrinsic angular

momentum and

in a given quantum ! The net magnetic dipole momentum is
state magnetic momentum determined by the 5s! electron (angular N
momentum=0)
In an inhomogcnous magnetic field, in addition to torque,
net force arises on the magnetic dipoles:
Otto Stern (1888-1969)
name symbol orbital meaning  range of values value example Fe strong magnetic field
principal quantum number n shell 1 S n n=1,23..
. form = 3:
azimuthal quantum number (angular momentum) [4 subshell 0<¥é¢<n- 1) [ a
i ¢=0,1,2(s,p,d) y
: s : ) for{ = 2: \ /
magnetic quantum number, (projection of angular momentum) 772¢ energy shift —¢ S my S 4 e = —2 1.0.1.2 t 1
¢ = —<,—1,U, 1,
2 Fﬂ 'n
spin projection quantum number mg spin - % % for an electron, either: — % % Walther Gerlach (1889-1979)

weak magnetic field

The spin magnetic moment may take on two values (+1/2, -1/2)




EFFECT OF EXTERNAL ELECTRIC
FIELD ON THE BOUND ELECTRON

Upon the approach of Strong external electric

Weak external electric another proton (nucleus): field (-Ezxe):
field (-E1xe):
e Intermediate WV is formed ® W is deformed
® W is deformed e The electron belongs to both o The electron may escape

® Atom becomes polarized atoms the atom without excitation

e formation of covalent bond e Tunneling effect
yix) @00 -E, xe
Exe

BUILDING THE PERIODIC
TABLE OF ELEMENTS

Characterization of bound atomic electronic states: with #, I, m;, ms quantum numbers

n — electron shell
n, | — electron subshell

b K sin(kx)

ke ixl

¥ a "\ b AT
-ke 7IxI

Wolfgang Pauli
(1900-1958)

Pauli’s exclusion principle:

e Each quantum state can be
occupied by a single electron.

® Within an atom there cannot be
two electrons for which all four

quantum numbers are identical.

n, I, m; — electron orbital

)

1 )
4
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Friedrich Hermann Hund
(1896-1997)
Hund principle:
e Order of filling up the quantum states.
e For a given electron configuration, the state with
maximum total spin has the lowest energy.

Electron configuration of the
Catom

Is 2 2p
l l T T T s: “sharp”, p: “principal”, d:
“deformed” (spectroscopic

nomenclature)

fully occupied partially unoccupied
subshell  occupied  subshell

BIOMEDICAL SIGNIFICANCE

Chemistry, biochemistry!

Electron Spin Resonance (ESR), Nuclear Magnetic
Spectrometry Resonance (NMR), MRI

ESR spectrum
of spin-labeled il
cytochrome-C

Protein NMR
spectrum




