
Irish physical chemist known for work 
on membrane equilibria. Most of 
career at University College London

Donnan Equilibria describes ionic 
transport in cells; “Donnan-Potential”

Donnan's 1911 paper on membrane 
equilibrium important for leather and 
gelatin technology , but even more 
so for understanding transport 
between living cells and their 
surroundings.

Frederick G Donnan
(1870 – 1956) 

Courtesy of Journal of Chemical Education; photo in the public domain.
Source: "The chemical department at University College, London." 
Journal of Chemical Education 4, no. 7 (1927): 819.

Courtesy of Biezl on wikipedia; in the public domain.

1

http://dx.doi.org/10.1021/ed004p819
https://en.wikipedia.org/wiki/Gibbs%E2%80%93Donnan_effect#/media/File:Gibbs-donnan-en.svg


FFF: Complete Description of Coupled 
Transport and Biomolecular Interactions
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Lecture, Reading & PSets:
Chap 2: E-fields -- sources, "kinetics"
• What are E and H fields .......in BioSystems….
• Concepts: (1) QuasiStatics; (2) Charge Relaxation
• Some important & useful applications

Chap 3: Transport & Electrochemical Interactions
Effects of Molecular Charge on:

• Donnan Partitioning into tissues, gels, cells, ECM
• Electrostatics ↔ Binding (to ECM / ICM, receptors)
• Osmotic Pressure in tissues/gels
• Diffusion (Deff): effects of electrostatic interactions

(Come back to this at end: “Integrative Case Studies) 
33



EKG: Centric Dipole Model of the Heart

f ~ 1 Hz
low enough 

for EQS!+ + + +

_ _ _ _ _

∇2Φ = 0
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J = σE

≃ 0 ↔  "Steady" Conduction (sec 2.7.1) 
(since τheart >>>   τrelax )

~1 sec

∇2Φ = 0 (Laplace)

~10-9 sec in 
physiologic 
media

Beating Heart is still a solution of Laplace: ∇2Φ = 0

∇•J = σ∇•E = 0

Charge Relaxation

© Garland Science. All rights reserved. This content is excluded from our Creative 
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
Source: Grodzinsky, Alan. Field, Forces and Flows in Biological Systems. Garland 
Science, 2011. [Preview with Google Books] 5

http://ocw.mit.edu/help/faq-fair-use/
http://books.google.com/books?id=lCoWBAAAQBAJ&pg=PA63=onepage


Power ∝ J•E ~ |σE2|

Electrosurgery: Cutting and Coagulation

Universal 
Hemi-

cylindrical 
Patient

1 MHz !

∇2Φ = 0 (Laplace)

"Steady" Conduction 
(sec 2.7.1) 

τsource ~ 10-6 sec   
<< τrelax  ~ 10-9 sec

E
R
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Lecture, Reading & PSets:
Chap 2: E-fields -- sources, "kinetics"
• What are E and H fields ......in BioSystems….
• Concepts: (1) QuasiStatics; (2) Charge Relaxation
• Some important & useful applications

Chap 3: Transport & Electrochemical Interactions
Effects of Molecular Charge on:

• Donnan Partitioning into tissues, gels, cells, ECM
• Electrostatics ↔ Binding (to ECM / ICM, receptors)
• Osmotic Pressure in tissues/gels
• Diffusion (Deff): effects of electrostatic interactions

(Come back to this at end: “Integrative Case Studies) 
77



Cell, 2007

• hydrophobic and hydrophilic
interactions mediate transport

• "Hydrophilic" : lots of lysines
(+ charge)

• ~1000 translocations / sec
Courtesy of Macmillan Publishers Limited. Used with permission.
Source: Toyama, Brandon H. and Martin W. Hetzer. "Protein 
homeostasis: live long, won't prosper." Nature Reviews 
Molecular Cell Biology 14, no. 1 (2013): 55-61.

© source unknown. All rights reserved. This 
content is excluded from our Creative 
Commons license. For more information, 
see http://ocw.mit.edu/help/faq-fair-use/. 8

http://dx.doi.org/10.1038/nrm3496
http://dx.doi.org/10.1038/nrm3496
http://ocw.mit.edu/help/faq-fair-use/


Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.
Source: Provenzano, Paolo P. et al. "Enzymatic targeting of the stroma ablates physical barriers 
to treatment of pancreatic ductal adenocarcinoma." Cancer Cell 21, no. 3 (2012): 418-429. 9

http://www.sciencedirect.com
http://dx.doi.org/10.1016/j.ccr.2012.01.007
http://dx.doi.org/10.1016/j.ccr.2012.01.007


Nature, 10/12/2014

Background from paper: Human neural progenitor cells that produce high levels of toxic 
amyloid-β proteins were cultured in 3D Matrigel. Authors state, “In conventional 2D cultures, 
secreted amyloid-β diffuses into a large volume of media (and are lost). We hypothesized 
that 3D culture accelerates amyloid-β deposition by limiting diffusion of amyloid-β out of the 
gel, allowing aggregation near the cells. We chose BD Matrigel (BD Biosciences) as a 3D 
support matrix since it contains high levels of brain extracellular matrix proteins.

Immunohistochemistry shows 
amyloid protein deposits in this 
3D cell culture system

Matrigel contains many extracellular 
matrix proteins including highly negatively 
charged heparan sulfate proteoglycans….

PSet 5.3

Courtesy of Macmillan Publishers Limited. Used with permission. 
Source: Choi, Se Hoon et al. "A three-dimensional human 
neural cell culture model of Alzheimer/'s disease." Nature 515, 
no. 7526 (2014): 274-278.
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http://dx.doi.org/10.1038/nature13800
http://dx.doi.org/10.1038/nature13800


pH = 7pH = 7

SO
3

̶

SO
3

̶

SO
3

̶

Model System
X = 0 X = L

Culture medium Culture medium

Matrigel

• Gel & fixed charge density: uniform; culture medium is Co = 0.1M NaCl,
pH 7 (for simplicity). Bath volume larger than gel. Add positively
charged drug to medium at 10 nM; let the system come to complete
equilibrium (concentration of all species inside the gel is uniform).

• Use Donnan Equilibrium to find/optimize drug & drug
concentration in matrigel

P 5.3
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Can drug charge increase penetration (?) and 
retention (?) of drug into desired tissue (tumor…)

Like 
P 5.3

Pfizer Mystery Drug: “Pf-Pep”
760 Da;  pI ~ 11     (“peptide; basic”) 

? ? ? ? ?

pH = 7pH = 7
SO

3
̶

SO
3

̶

SO
3

̶

X = 0 X = L

Culture medium Culture medium

? ? ? ? ? ? ? ? ? ?
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Boltzmann Distribution of mobile ions 
near charged macromolecules

Navier
Stokes

C E

M

= 0

Boltzmann….consistent 
with equilibrium,  Ni = 0  

= 0

Statement of thermal equilibrium

Di dc(x)
ui c(x) = dΦ(x)zi

|zi|∫
X = 0+

X = 0-
∫

X = 0+

X = 0-

= _
(constant)

_
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Pfizer Mystery Drug: “Pf-Pep”
760 Da;  pI ~ 11     (peptide; basic) 

? ? ? ? ?

Can drug charge increase penetration and 
retention of drug into desired tissue (tumor…)

Courtesy of Alan Grodzinsky. Used with permission.
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Amino acid Abbreviations Molecular
mass (Da)

Number of
atoms

Volume
(A3) 

Hydropathy
index 

Alanine Ala A 89 13 88.6 1.8
Arginine Arg R 174 26 173.4 -4.5
Asparagine Asn N 132 17 114.1 -3.5
Aspartic acid Asp D 133 16 111.1 -3.5
Cysteine Cys C 121 14 108.5 2.5
Glutamine Gln Q 146 20 143.8 -3.5
Glutamic Acid Glu E 147 19 138.4 -3.5
Glycine Gly G 75 10 60.1 -0.4
Histidine His H 155 20 153.2 -3.2
Isoleucine Ile I 131 22 166.7 4.5
Leucine Leu L 131 22 166.7 3.8
Lysine Lys K 146 24 168.6 -3.9
Methionine Met M 149 20 162.9 1.9
Phenylalanine Phe F 165 23 189.9 2.8
Proline Pro P 115 17 112.7 -1.6
Serine Ser S 105 14 89.0 -0.8
Threonine Thr T 119 17 116.1 -0.7
Tryptophan Trp W 204 27 227.8 -0.9
Tyrosine Tyr Y 181 24 193.6 -1.3
Valine Val V 117 19 140.0 4.2
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Pfizer Mystery Drug: “Pf-Pep”
760 Da;  pI ~ 11     (5 amino acids; basic) 

RU = Kpart 1+  n
Kd + cF

Measure Uptake 
of 125I-Pf-pep:
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 D
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g

Uptake increased 
with GAG density

Pfizer Mystery Drug: “Pf-Pep”
760 Da;  pI ~ 11     (5 amino acids; basic) 

Biochem measure of ρm

RU
(N = 70)
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Can You Use Donnan to Find: Charge of the Drug ??

18



• small (760 Da)
• basic (pI ~ 11)

Donnan partitioning 
experiment

1/Z

We signed a Materials Transfer Agreement: 
no chemical analysis allowed 

© source unknown. All rights reserved. This content is excluded from our Creative 
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
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Can drug charge increase penetration and 
retention of drug into desired tissue (tumor…)

Pfizer Mystery Drug: “Pf-Pep”
760 Da;  pI ~ 11     (guess 5 amino acids; basic) 

? ? ? ? ?

pH = 7pH = 7
SO

3
̶   

SO
3

̶   

SO
3

̶   

 
X = 0 X = L

Culture medium Culture medium

? ? ? ? ? ? ? ? ? ?
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