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Outline

• What is a polymer brush ?

• Alexander – de Gennes  polymer brush model

• Impact of Alexander- de Gennes model and its• Impact of Alexander de Gennes model and its 
extensions

• Polymer brush in biology 



3

What is a polymer brush ?
Brush:  array of polymer molecules (synthetic, biopolymer,..) end-attached to substrate

Attachment:    chemical 
bond, specific ligand, Brush Degree of chain 

polymerization N>>1Brush thickness H

Substrate: bio surface, 
solid-liquid, air-liquid, 
liquid-liquid interfaces, 
self-assembled surfaces, 
etc.

physical adsorption, self-
assembly, etc.

Solve
nt

thickness H
polymerization N>>1

D Depending on geometry 
of substrate brushes are 
planar, cylindrical or 
spherical

Grafting density σ = D-2
Free ends

D

Examples of brush applications

Stabilization of colloids Artificial 
joints, 
transplants

Drug delivery by 
biodegradable 
micelles

Diffusion

Drug

Diagnostics 
of mutations

DNA microarrays 
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Average end-to-end distance
Overlap concentration
φ * N 3/R3 N 4/5

Before A-G brush model: 
single tethered polymer was 
treated mostly as the 
G i (f t ) h i

Prior to Alexander - de Gennes brush model

Scaling theory of semidilute polymer solution

Average end to end distance
R = aN3/5

R

φΝ
* = Na3/R3 ~ N−4/5Gaussian (fantom) chain 

Semidilute solution (melt of blobs)

Blob size ξ/a ~ φΝ
-3/4

Average end-to-end distance

ξφΝ >> φΝ
*Brush-like structures in 

microsegregated  block 
copolymers

R2 ~ ξ2NB

Fint ~ kBT NB

Interaction free energy

Block copolymers
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ξ

Chain end-tethering to a substrate

Fint/kBT ~ NB

F /k T 1

R ~ aN3/5

R Felastic/kBT ~ 1
(Gaussian chain 
of blobs)

Brush

R 

Η ∼ ξ NB

Fint/kBT ~ NB

Felastic/kBT ~ NB

“Mushrooms”

H ~ R 

H
H (Stretched 

string of blobs 
or directed 
random walk)

ξ

ξ
H

Inert (nonadsorbing) surface
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D = ξ = ag3/5

ξ = DFree brush

ξ

Brush in solvent (S. Alexander 1977 )

D = ξ = ag

number of 
monomers per blob

Number of blobs NB = N/g

Free energy 
(per chain)

F = kBTNB

H
ξ

Brush thickness H = NB ξ ∼ Ν

D
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Semidilute solution 
of P chains 

Dilute solution 
of P chains 

Brush in contact with polymer solution  (P.- G. de Gennes 1980)

P>>1

σ =D-2
N

D

σ∗=N-6/5

To the left of blue line:

brush dominated regimes, 
“mushroom” and 
Alexander brush. Here,  
ξP > ξN,  P and N chains 

d i d

G
ra

fti
ng

 d
en

si
ty

 σ

Volume fraction of mobile polymer φ
0 1φ∗= P-4/5

are demixed

mushrooms
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Mushroom in contact with solution of mobile P chains

φ∗ < φ << φ∗∗ φ∗∗ < φ << 1φ << φ∗

Melt of chains of blobs:

φ∗ < φ << φ∗∗ φ∗∗ < φ << 1φ << φ∗

NBN = Nφ5/4 NBP = Pφ5/4

N h i i ll

Flory theorem

N- chain is swollen 
when NBP < NBN

1/2
N- chain is Gaussian chain of 
blobs when NBP > NBN

1/2

R2 = b2N melt
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Solution dominated regimes of the brush

Semidilute solution 
of P chains 

Dilute solution 
of P chains

N ½ < P < N

1

σ 
=D

-2

P-6/5

G
ra

fti
ng

 d
en

si
ty

  σ

φ∗ 1φ∗∗

Volume fraction of mobile polymer φ
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Semidilute solution 
of P chains 

Dilute solution 
of P chains

Compression of brush by solution of mobile P chains

σ 
=D

-2

1 Between blue and green
lines ξP = ξN, but P and N
chains are demixed 
because grafted chains 
are stretched. Brush is 
compressed by solution 
of P chains

G
ra

fti
ng

 d
en

si
ty

  σ

N-6/5

P-6/5 Below green line P
chains penetrate the 
brush

Volume fraction of mobile polymer φ

0 φ∗ 1φ∗∗
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Interpenetration of mobile P- chains in brush of N-chains

Tension blob 

T~ NB ξ2/H

(unstretched portion 
f N h i )

T

of N-chain) 
determines 
penetration length

H=Nσ/φ

When tension blob T becomes equal to the size of P-chain in solution, mobile chains 
penetrate throughout the brush of N-chains. Brush remains (weakly) stretched.

D
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Diagram of states and summary of A-G model

Semidilute solution 
of P chains 

Dilute solution 
of P chains

N ½ < P < N

1 BrushChain free end is 
within last blob

Polymer density 
profile is flat except 

Blobs have same size

y 
 σ

 =
D

-2

Brush 
compressed 
by solution 
of P chains

φ

r

for first and last blobs

Tethered chains are 
stretched normally to

N-6/5

G
ra

fti
ng

 d
en

si
ty

P-6/5

Mushroomsstretched normally to 
the surface, H ~ N

Volume fraction of mobile polymer φ

0 φ∗ 1φ∗∗
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Impact of Alexander – de Gennes model

Non-planar 
brushes

Molecular brushes: stars, 

Self-assembly, 
micelles

A-G model

Daoud, Cotton 1982 

Molecular brushes 
at interfaces

,
combs, dendrimers
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Curved brushes

Daoud & Cotton 1982

Blob size ξ increases with distance r
H

H ~ Nβ β <1

Blob size ξ increases with distance r
(dense packing of blobs): ξ(r) = D(r/R)1/2

r

R

Molecular brushes: 
stars combs

Scaling models of 
self-assembly 
(micelles)

Stabilization of 
colloids

stars, combs, …

Bending bilayers
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Impact of Alexander – de Gennes model

Strong

Mixtures, 
composites, etc.

Semenov 1985Swollen

Analytical SCF 
(parabolic potential)

Strong 
segregation in 
diblock melts

Melts

Solutions

Non-planar 
brushes

Molecular brushes: stars, 

Self-assembly, 
micelles

A-G model

Daoud, Cotton 1982 

Swollen 
brushes

Brush-brush 
interactions 

Tribology

Molecular brushes 
at interfaces

combs, dendrimers
gy

Brushes in  complex 
media

Interactions 
with proteins, 
lipids, etc.
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Analytical SCF model (parabolic potential)

Dry brushes (no solvent): chains are 
t t h d ll d if l F

Semenov 1985

x

Polymer trajectory: x(n)

stretched unequally and nonuniformly. Free 
ends are distributed throughout the brush

Polymer density profile is not flat. 
Shape depends on solvent quality.  
However all scaling dependences for

n

However, all scaling dependences for 
average brush characteristics hold. 
Collapse is gradual.

Milner, Witten, Cates 1988 
Zhulina, Pryamitsyn, Borisov 1989Swollen brushes

Increase in solvent strength

ne
ss

 H

φ/φmax

R
ed

uc
ed

 th
ic

kn

Collapsed state

Swollen state

x/H
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Impact of Alexander – de Gennes model

Biological brushes
Ion valence

Strong 

Mixtures, 
composites, etc.

Charged brushes

Weak p/e brushes

Strong p/e brushes

Pincus 1991, 

Borisov, Birshtein, Zhulina 1991Semenov 1985
Swollen 

Analytical SCF 
(parabolic potential) 

g
segregation in 
diblock meltsMelts

Solutions

Non-planar 
brushes

Molecular brushes: stars, 
b d d i

Self-assembly, 
micelles

A-G model

Daoud, Cotton 1982 

brushes

Brush-brush 
interactions 

Tribology

Molecular brushes 
at interfaces

combs, dendrimers
Brushes in  complex 
media

Interactions 
with proteins, 
lipids, etc.

Computer 
simulations: 
MC, MD, BD, 
numerical 
SCF, SF-SCF
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Polyelectrolyte brushes (scaling model)
Borisov, Birshtein, Zhulina 1991 

In contrast to neutral brush, collapse 
induced by binary monomer-

Pincus 1991

Gouy-Chapman 
l th Λ 1/

Scaling model of p/e brush collapse

H Stretched state

monomer attraction is jump-likelength Λ∼1/σ

Surface charge σ

σ = Q/D2 =αN/D2

Increase in degree of ionization  α

Collapsed state
Transition

Λ > H charged Λ< H osmotic brush

H
D

H
D

Polyelectrolyte brush is more diverse 
than a neutral brush (electrostatic + 
nonelectrostatic interactions), stimuli-
responsive (ionic strength, pH, ion 
valence)

Λ > H, charged 
(Pincus) brush

Λ< H, osmotic brush

rD- Debye radius 
(salted brush)

Addition of salt provides another length scale
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Brush-like structures in biological systems

Extracellular 
biopolymers

Thick planar brush of 
anionic polysaccharides

Extracellular 
biopolymers

Thick planar brush of 
anionic polysaccharides

Casein micelle in milk
Calcium 
phosphate

κ(β)-casein ( 
GMP)

Loose short planar 
brush of anionic GMP

Casein micelle in milk
Calcium 
phosphate

κ (β)-casein (GMP)

Loose short planar 
brush of anionic GMP

Cell of Pseudomonas putida
KT2442
Cell of Pseudomonas putida
KT2442

erythrocyte

nanocluster

)

nanocluster

Aggrecan (articulate 
cartilage)

Core protein
Cylindrical
/ spherical 

Aggrecan (articulate 
cartilage)

Core protein
Cylindrical
/ spherical 

Aggrecan (articulate 
cartilage)

Core protein
Cylindrical
/ spherical 
Cylindrical
/ spherical Planar brushes

erythrocyte

GS-GAG 
side 
chains

charged 
brush of 
GS-GAG 
side arms

GS-GAG 
side 
chains

charged 
brush of 
GS-GAG 
side arms

GS-GAG 
side 
chains

charged 
brush of 
GS-GAG 
side arms

charged 
brush of 
GS-GAG
side arms

NF
Neurofilament (NF)Microtubule (MT+ MAP)

Cylindrical brushes

Roseman 2001

NF-
M

NF-
H
NF-H

Parkinson, ALS and  
Alzheimer’s
diseases are linked 
to disorganization of 
cytoskeleton in 
neurons

100 nm

Ng et al 2003

Fuchs&Cleveland 1998
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Triplet neurofilament proteins (constituents of NF)

Long flexible unstructured 
projection domains (tails)

Mukhopadhyay, Kumar and Hoh, BioEssays 2004H = 30-40nm

projection domains (tails) 
constitute a  cylindrical polymer 
brush around rigid NF backbone

NF-H
C

N

N

KSP KEP

Cross-bridging   domain
(heavy)α−helix2R = 10nm

D = 3-4 nm

CN

C
N

KSP
NF-M (medium)

NF-L (light)

α−helix

α−helix

K

S P

K

S P

-2

+1 -1

H- and M-tails contain serine S in KSP (    ) 
repeats that can be phosphorylated (charged)
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SF-SCF brush model: collapse-to-stretching transition in H-tails 
Zhulina & Leermakers BJ 2007

H
KEP KEP

Dephosphorylated NFPhosphorylated NF 

L
M

H

M L

H

KEP
Phosphorylation (charging of tails H)

80

120

hg
H-tail

0.001 M

pH=7

of
 fr

ee
 e

nd

Phosphorylation (charging H-tails)

H - tails are collapsed 

0

40

−2 −1 0

0.01 M

0.1 M

Av
er

ag
e 

po
si

tio
n 

Stretched state 

SF-SCF brush model 
predicts: phosphorylation 
induced translocation of H-
tails leads to

(a) increase in brush 
thickness (NF-NF distances 

until ~ 50 % KSP 
repeats are 
phosphorylated 

(KEP domain is 
outside)

(
in axon) 

(b) stabilization of NF 
network through cross-
bridging between KEP 
domains

Hirokawa 1982

Hsieh et al 1994
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Conclusions

From brush scaling model to cytoskeleton in neurites

Alexander-de Gennes 
brush model

Charged brushes

Non-planar
brushesbrushes

Numerical 
SF-SCF

Elasticityof NF network, 
effect of NF composition, …



23

Remembering Pierre - Gilles de Gennes

The 1991 PHYSICS NOBEL PRIZE
goes to Pierre-Gilles de Gennes of the 
College de France in Paris "forCollege de France in Paris for
discovering that methods developed for 
studying order phenomena in simple 
systems can be generalized to more 
complex forms of matter, in particular to 
liquid crystals and polymers." 

100 nm


