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PHYSICS meets BIOLOGY 



Simulations in Biology and Biophysics 

How to bring Physics to Life? 
 



 
 

 Careers in Biophysics  
 
 



Divisions of Biophysics: 

 

Molecular biophysics 

 

Biomechanics 

 

Membrane Biophysics 

 

Bio-electrochemistry 

 

Environmental Biophysics  

 

Theoretical Biophysics 

Job Market: 

 

Universities 

 

Industry 

 

Medical Centers 

 

Research Institutes 

 

Government 

Impact on biotechnology and 

medicine & Innovation 

 



 
 

 History of Biophysics  
 
 



First Biophysicists 
 

 

Heraclitus 5th century B.C. – earliest mechanistic theories of life 

processes, insight into dynamic.  

 

“Change is central to Universe”.  

 

 

“Logos is the fundamental order of all “on Nature” changes of objects 

with the flow of time”  

“You can not step twice into the same river” 

 



Epicurus 3rd century B.C. – atom. Living organisms follow the same 

laws as non-living objects. 

 

 

Galen 2th century AD – physician, most accomplished medical 

researcher of the Roman period. His theories dominated Western 

medicine for over millennium. 
Better anatomy only by Vesalius in 1543 

Better understanding of blood and heart in 1628 

 

 

Leonardo da Vinci 16th century – mechanical principles of bird flight (to 

use for engineering design) - bionics  

First Biophysicists 



Giovanni Alfonso Borelli 17th century- related 

animals to machines and utilized mathematics to 

prove his theories.  

 

De Motu Animalium – comprehensive 

biomechanical description of limb’s mobility, bird’s 

flight, swimming movement, heart function.  

Borelli farther of biomechanics 

 

http://upload.wikimedia.org/wikipedia/commons/8/8d/Giovanni_Alfonso_Borelli.jpg


Luigi Galvani / Alessandro Volta  

Bio-electrochemistry 
 

18th  (1771) Galvani touched frog nerve with charged scalpel. 

Signal transduction in neurons and communication between neurons and muscle has 

electrical nature. 

 



Electric circuit = two different metals + sciatic nerve of the frog 

Nerve of the frog's leg = electrolyte and sensor  

Metals = electrodes 

If close the circuit dead leg will twitch. 

 

Volta created first battery by substituting frog leg with electrolyte.  
 

From frog leg to first battery.   

Luigi Galvani / Alessandro Volta   

 

 
With two different metals 

effect is stronger.  

Contact potential !! 



 

First law of thermodynamic 

 

Optical aspects of the human eye 

 

Theory of hearing 

 

Brown’s motion 

 

Osmotic process 

 

Nonequilibrium thermodynamics 

 

Discovery of X-rays – emergence of radiation biophysics 

History of discoveries in Biophysics: 



The major advance in understanding the nature of gene mutation and gene 

structure. The work was a keystone in the formation of molecular genetics.  

Transmission of order from one organism to it’s descendants 



Discovery of DNA structure  

 

 

Information theory 

 

 

Statistical physics of biopolymers 

History of discoveries in Biophysics: 



What is Biophysics? 

 

It is neither “physics for biologists”, nor “physical methods applied to biology” 

  

It is a modern, interdisciplinary field of science leading to new approaches for our 

understanding of biological functions.  

 

 

 

 

“Biological system is not simply the sum of its molecular components but is rather their 

functional integration” –example biological membrane. 

 

Scale from organism to single molecule 

Time scales from years to femtoseconds (10-15), 1/1000 ps 

Mathematics +Physics +Biology + Chemistry 



Examples of problems to solve: 

 

 

How brain processes and stores information? 

 

How the heart pumps blood? 

 

How muscles contract? 

 

How plants use light for grow in photosynthesis? 

 

How genes are switched on and off? 

 

 

 



Biophysics discovers how atoms are arranged to work in DNA and proteins. 

 

Protein molecules perform the body’s chemical reactions.  

 

Proteins make the parts of your eyes, ears, nose, and skin that sense your environment.  

 

They turn food into energy and light into vision.  

 

They provide immunity to illness.  

 

Proteins repair what is broken inside of cells, and regulate growth.  

 

They fire the electrical signals in your brain.  

 

They read the DNA blueprints in your body and copy the DNA for future generations. 



Question biophysicists ask: 

How do protein Fold? 

How three-dimensional structure determines function? Why do molecules and parts of molecules assume the 

shapes they do? How do they fold into these shapes, and how do they change their structure under changing 

conditions? The shapes molecules take depend on the physical and chemical forces acting upon them and within 

them.  

 

X-ray crystallography, nuclear magnetic resonance spectroscopy and scanning probe microscopy, recombinant 

DNA, computation.  



Physics is about great laws    

Some examples… 

Newton’s 3 Laws (Mechanics) 

Isaac Newton 

1642-1727 

James Clerk Maxwell 

1831-1879 

(Electricity & Magnetism) 

Schrodinger’s Eq’n 

Erwin Schrödinger  

1887-1961 

J. Willard Gibbs 

1839-1903 

Gibb’s Free Energy 

S= k·log W 
Ludwig Boltzmann 

1844-1906 

Maxwell’s 4 Equations 

 (Quantum Mechanics) 

(Thermodynamics) 

(Stat. Mechanics  

of Entropy)  

http://en.wikipedia.org/wiki/Image:GodfreyKneller-IsaacNewton-1689.jpg
http://en.wikipedia.org/wiki/Image:James_Clerk_Maxwell.png
http://en.wikipedia.org/wiki/Image:Erwin_Schr%C3%B6dinger.jpg
http://en.wikipedia.org/wiki/File:Josiah_Willard_Gibbs_-from_MMS-.jpg
http://upload.wikimedia.org/wikipedia/commons/a/ad/Boltzmann2.jpg


Does Biology have any great theories/laws? 

Evolution 
-- Life evolved from simpler forms  

--One of the best tested scientific theories around    

Evolution is a series of tricks/random events    

Build complex beings from simpler parts    

Often many ways of doing this 

Our life form is just one.    

Charles Darwin, Age 51, 1860, 

On the Origin of Species 

http://en.wikipedia.org/wiki/Image:Charles_Darwin_aged_51_crop.jpg


Cellular Biophysics 



Biological Membrane 

Highly organized anisotropic structure 

 

Relationship structure–function are central to biophysics 

http://cellbiology.med.unsw.edu.au/units/images/Cell_membrane.png


  SURFACE MEMBRANE  

 

 



Diffusion 

• What is diffusion? 
• The random movement of molecules due to thermal energy 

• The fundamental principle underlying all life processes! 
• Determines the rate of enzyme reactions 
• Determines the size and shape of cells 
• Determines the speed of signal transduction 



History 

• Until the early 1900’s, the idea of molecules was controversial 

• In 1828, Robert Brown observed movement of pollen particles in suspension (Brownian motion) 

• What was driving the motion? 
• Hypothesis 1- they were alive 

• But they never stopped! 
• Lifeless particles (soot) did the same 



• Hypothesis 2 (1860’s)- movement was caused by collisions of water molecules with the pollen 

• At higher temperatures, they moved faster! 
• But- particles are much larger than water molecules- how can water move particles? 
• The speed of water molecules is 103m/s and there would be about 1012 collisions/sec. Too fast for the eye 

to see 

• How to resolve this??? 



Einstein strikes again 

• Clarified the stochastic nature of molecular motion- there are many events 
happening very rapidly 

• If you take the look at the probabilities, then with that many collisions with 
water molecules with a range of velocities, then periodically you will get a 
displacement of the particle by many more collisions on one side than 
another 

• The process will lead to a 3D random walk of the particle: Diffusion 

 



The Diffusion Law 

• mean square displacement x2=6Dt 

• This is stochastic, not the behavior of a individual molecule 
• Any molecule might not move at all 
• Others may move a great distance 

• There is no “rate” of diffusion 

• x/t=v=6D/x  or the rate gets slower the farther you are away 
• So if you follow a certain concentration of molecules, that concentration will move rapidly away from a 

source, and the farther you get from the source, the slower that concentration will move 
• If the source only produces a limited number of molecules, then at some distance, you will never reach 

that concentration 



Diffusion of Biological Molecules 

• Substance  M D (cm2/sec)   time to diffuse 1µ      diffuse 10µm 

 
• bacterium  5x10-9 1 sec 100sec 

• albumin 7x104 6x10-7 10 msec 1 sec 

• sucrose 3x102 5x10-6 1msec 100msec 
   



2D random walk, 18050 steps 



       Simple Diffusion through  cell membrane 





 

 

BIOPHYSICAL 
METHODS 



 
•Analysis of Bio molecules  

•UV and Visible Light 
•Spectroscopy NMR and ESR 
•Circular dichorism 
•X ray diffraction 
•Mass Spectroscopy 
•Surface plasmon Resonance 
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Photosynthetic studies – cont. 
1845 that Julius Robert von Mayer, a German physician and physicist, proposed that 

photosynthetic organisms convert light energy into chemical energy.  

Middle of 19th century: A chemical reaction was proposed, 

       CO2 + 2H2O + Light Energy  [CH2O] + O2 + H2O 

Where does O2 comes from, CO2 or H2O? 

Hill and Scarisbrick (1940) demonstrated oxygen evolution in the absence of CO2 in illuminated 

chloroplasts and by Ruben et al. (1941) who used 18O enriched water  
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Photosynthetic studies – cont. 
Carbon reduction can occur in the dark and involves a series of biochemical reactions that 

were elucidated by Melvin Calvin, Andrew Benson and James Bassham in the late 1940s and 

1950s. Using the radioisotope 14C, most of the intermediate steps that result in the production 

of carbohydrate were identified. Calvin was awarded the Nobel Prize for Chemistry in 1961 for 

this work. 



38 

Plant pigments and light absorption 
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Chlorophyll 
Chlorophyll, a pigment, absorbs sun light. 

Antenna contains chlorophyll molecules to collect light. 

Antenna absorb quanta and transfer the reaction center. 

 

CHO in Chlorophyll b 
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Photosynthesis  
The protons released into the inner aqueous solution results in a 

difference in pH and electrochemical potential across the 
membrane.  



41 

Light and Dark Reactions  h H2O 
CO2 

O2 Sugar 

ATP 

NADPH 
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The Calvin Cycle for Dark Reactions 





A Brief Tutorial on MD Simulations 
MD: The Verlet Method 





Experiments that show protein dynamics 
Hemoglobin 

The oxygen would need seconds to 
diffuse through the protein matrix to the 
hem groups in rigid protein. However, 
the time scale of oxygen uptake is ms! 

Hans Frauenfelder, PNAS 1979 

O2 

Bacterial Reaction Center 

H+ 

The rate of proton uptake from the 
aqueous bulk phase is governed by the 
dynamics of exposure of the protonatable 
group of the protein. 

P. Maróti and C.A: Wraight, Biophys. J. 1997 



Use of Molecular Dynamics in Biophysics 
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Double V-shape 



























Things get weird when viscosity increases 

• Consider a cylinder containing corn syrup 

• Add a dot of dye in corn syrup 

• Stir the syrup/dye in one direction 

• Reverse the direction of stirring 

• The dot reforms 

• Viscous fluids do not flow or mix 

• No turbulence, no inertia 



Now consider density and viscosity 

Fluid Density Viscosity 

Air 1 2x10-5 

Water 1000 .0009 

Olive oil 900 .08 

Glycerine 1300 1 

Corn syrup 1000 5 





























What does it mean?  

• As size goes down, Re goes down 

• As viscosity goes up, Re goes down 

• At high Reynold’s numbers- inertial forces dominate 

• At low Reynold’s numbers- viscous forces dominate 

• Small objects in fluids are affected by the frictional drag of the media 
to a great extent 



Sample Reynolds’ numbers 

• Bacterium swimming (organelle) 10-6 
• Sperm swimming  10-2 
• Fruit fly in flight  100 
• Small bird flying  105 
• Whale swimming  2x108 








