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Reading for this week:

Required reading:

Phillips, R. (2018). Physics of Biological Membranes https://dx.doi.org/
10.1007/978-3-030-00630-3_3 

https://dx.doi.org/10.1007/978-3-030-00630-3_3%22%20%5Ct%20%22_blank
https://dx.doi.org/10.1007/978-3-030-00630-3_3%22%20%5Ct%20%22_blank


The hydrophobic effect

Adapted from Ken Dill, molecular driving forces. http://book.bionumbers.org/what-is-the-energy-scale-
associated-with-the-hydrophobic-effect/

• Water forms a network of hydrogen bonds with itself

• The number of hydrogen bonds can be described in a simplified tetrahedral network, 

showing 6 possible configurations of the central water molecule making a hydrogen bond 
with a neighbor


• Changing one of these water molecules to a non-polar molecule that does not form hydrogen 
bonds reduces the number of states to 3, just a single face of the triangle


• A methylene group adds 0.8 kcal/mole to the hydrophobic effect

• Drives association of non-polar molecules to reduce the water accessible surface area



Self-assembly of amphiphiles



The Critical Micelle Concentration (CMC)

Figure from “Cell Membranes” by Lukas Buehler
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What defines the CMC?

• Structure of hydrophobic group: increase in carbon chain increases micellar size, decreases 
CMC


• Increase in hydrophilic head group: increases hydrophilicity and increases CMC

• Addition of electrolytes for ionic surfactants decrease CMC and increase micellar size due to 

a reduction in head group repulsion

• Temperature: mainly affects nonionic surfactants, increases in temperature up to the cloud 

point increase micellar size and decrease CMC

• Concentration: aggregation number in micelle can change above CMC making non-spherical 

micelle structures

Danov et al., 2018



CMCs of detergents 





Structures of lipid phases. 
I. Lamellar phases: (A) subgel, Lc; (B) gel, 

Lβ; (C) interdigitated gel, Lβ[int]; (D) gel, 
tilted chains, Lβ’; (E) rippled gel, Pβ’; (F) 
liquid crystalline, Lα . 

II. Micellar aggregates; (G) spherical 
micelles, MI; (H) cylindrical micelles 
(tubules); (J) disks; (K) inverted micelles, 
MII; (L) liposome; 

III. Non-lamellar liquid-crystalline phases of 
various topology; (M) hexagonal phase 
HI; (N) inverted hexagonal phase HII; (O) 
inverted micellar cubic phase QII[M]; (P) 
bilayer cubic (QII) phase Im3m; (Q) 
bilayer cubic phase Pn3m; (R) bilayer 
cubic phase Ia3d.  

From Koynova R, Tenchov B. Transitions 
between lamellar and non-lamellar 
phases in membrane lipids and their 
physiological roles. OA Biochemistry 
2013 Apr 01;1(1):9. 



ACS Omega 2017, 2, 8, 4524-4530
Oliver RC, Lipfert J, Fox DA, Lo RH, Doniach S, Columbus L (2013) Dependence of Micelle 
Size and Shape on Detergent Alkyl Chain Length and Head Group. PLoS ONE 8(5): e62488. 
https://doi.org/10.1371/journal.pone.0062488

Structure of detergent micelles

R - radius 
Nagg - aggregation number



Purifying membrane proteins



Mixtures of detergent & lipids - bicelles

DMPC

DHPC

CHAPSO

Prosser et al., 2006. DOI: 10.1021/bi060615u



Self-assembly of lipid bilayers and liposomes
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• Lipids, with two acyl chains, undergo the 
same type of self-assembly behavior, but 
the CMC values are now much lower.


• The exchange between free monomers 
and the lipid bilayer is slow


• Furthermore, liposomes are stable and do 
not fuse spontaneously

Working range



Bilayer & Lipid structural parameters

AL - surface area of lipid 
D - primary lamellar repeat spacing (multilamellar 
structures) 
Db - bilayer thickness 
Dh - hydrophobic thickness 
Θ - tilt angle of the hydrophobic tails 



Small angle scattering to measure membrane structure

Figure 3. Comparison of the scattering length density profile of liposome for 
X-ray (left) and neutron (right). Adapted from [11].

doi:10.3390/pharmaceutics8020010

https://www.mdpi.com/1999-4923/8/2/10/htm#B11-pharmaceutics-08-00010
http://dx.doi.org/10.3390/pharmaceutics8020010


Bilayer thickness vs. acyl chain



Bilayer thickness vs. chain modification
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Hydrophobic thickness vs. cholesterol

DMPC DOPC POPC

Cholesterol



Lipid Bilayer Properties - Curvature



Lipid Bilayer Properties - lateral pressure



Material Properties of Lipid Bilayers



Energetic consequence of bending membranes

Helfrich-Canham-Evans Free Energy

86 R. Phillips

Fig. 9 Elastic moduli characterizing membrane bending and stretching. (a) Values for the
membrane bending rigidity. Each value corresponds to a different lipid with the values showing a
range of tail lengths and tail saturation. (b) Values for the area stretch modulus. All values obtained
using pipette aspiration experiments [32]

Gaussian curvature, though clearly such terms will be of interest in the context of
the topologically rich membrane structures found in cell organelles [11].

A wide range of experiments on a variety of different lipids suggest the rule of
thumb that the bending modulus (!B) for lipid bilayers is in the range 10–25kBT
[32, 33]. Characteristic values of the membrane bending rigidity for phospholipid
bilayers are shown in Fig. 9a. We will freely use kBT for our energy units and note
the conversion factors kBT ! 4.1 pN nm ! 4.1 " 10#21 J. The presence of sterols
in lipid bilayers can increase those numbers to ! 100 kBT [34]. Interestingly, even
measurements on biological membranes derived from the ER and Golgi apparatus
report a membrane rigidity of !B ! 3 " 10#19 J ! 75 kBT (BNID 110851), only
a factor of three larger than the values for phospholipid bilayers reported in Fig. 9a
[35, 36].

Another important question we can ask about membrane deformations is the
energy cost for changing the area of the membrane as seen in Fig. 8.When we stretch
a membrane away from its equilibrium area, a consequence is the development of
a tension in that membrane. One way to understand the magnitude of membrane
tensions is by appealing to a so-called constitutive equation which loosely speaking
relates force and membrane geometry. In particular, the mechanics of membrane
stretching is often described by the constitutive equation

" = KA
#A

A0
, (5)



Energetic consequence of stretching membranes

86 R. Phillips

Fig. 9 Elastic moduli characterizing membrane bending and stretching. (a) Values for the
membrane bending rigidity. Each value corresponds to a different lipid with the values showing a
range of tail lengths and tail saturation. (b) Values for the area stretch modulus. All values obtained
using pipette aspiration experiments [32]

Gaussian curvature, though clearly such terms will be of interest in the context of
the topologically rich membrane structures found in cell organelles [11].

A wide range of experiments on a variety of different lipids suggest the rule of
thumb that the bending modulus (!B) for lipid bilayers is in the range 10–25kBT
[32, 33]. Characteristic values of the membrane bending rigidity for phospholipid
bilayers are shown in Fig. 9a. We will freely use kBT for our energy units and note
the conversion factors kBT ! 4.1 pN nm ! 4.1 " 10#21 J. The presence of sterols
in lipid bilayers can increase those numbers to ! 100 kBT [34]. Interestingly, even
measurements on biological membranes derived from the ER and Golgi apparatus
report a membrane rigidity of !B ! 3 " 10#19 J ! 75 kBT (BNID 110851), only
a factor of three larger than the values for phospholipid bilayers reported in Fig. 9a
[35, 36].

Another important question we can ask about membrane deformations is the
energy cost for changing the area of the membrane as seen in Fig. 8.When we stretch
a membrane away from its equilibrium area, a consequence is the development of
a tension in that membrane. One way to understand the magnitude of membrane
tensions is by appealing to a so-called constitutive equation which loosely speaking
relates force and membrane geometry. In particular, the mechanics of membrane
stretching is often described by the constitutive equation

" = KA
#A

A0
, (5)



Energetic consequence of compressing membranes





94 R. Phillips

7 The Fermi Membrane: Thinking Up Membranes

So far, this chapter has been an ode to biological numeracy in the context of
membranes, showing us the many different ways in which we can quantitatively
describe our hard-earned understanding of these fascinating structures. These
numbers are summarized in Table 2. But in the abstract, such numbers are often
boring and sometimes useless, or worse yet, misleading. To my mind, numbers that
characterize the world around us are only really interesting when put in the context
of some argument or reflection. For example, we know that if we drop an object near
the surface of the Earth, in the first second, it will fall roughly 5m. So what? In the
powerful hands of Newton, this innocuous number became part of his inference of
the law of universal gravitation. There is a direct intellectual line from a knowledge
of the radius of the Earth and the distance to the moon to Newton’s estimate leading
him to further trust the idea that the force of gravity falls off as the square of the
distance. In that case, he realized that the distance to the moon is roughly 60 times
larger than the radius of the Earth, meaning that the acceleration of the moon as it
“falls” toward the center of the Earth should be (60)2 = 3600 times smaller than
that associated with that apocryphal apple falling from Newton’s tree. To finish off
his estimate, he asked the question of how far the moon falls compared to how far
the apple falls when watched for the same time and found them to “answer pretty
nearly,” with the moon falling roughly 1/3600 as much in 1 s as the 5m a falling

Table 2 Membranes by the numbers

Membrane parameter Range of parameter values BNID

Lipid length !2.5–3.5 nm See Table 1
Lipid area !1/4–3/4 nm2 See Table 1
Number of lipids per cell
(bacterium)

!2 " 107 100071

Bending rigidity 10–25 kBT 105297
Area stretch modulus 200–250 mN/m (or !50 kBT /nm2) 112590, 112659
Membrane tension 10#4 # 1 kBT /nm2 110849,112509, 112519
Rupture tension 1–2 kBT /nm2 112489, 110911
Membrane permeability
(water)

10–50 µm/s 112488

Membrane capacitance !1µF/cm2 110759, 109244, 110802
Membrane resistance 0.1–1.5 "109 ! cm2 110802
Membrane potential 100mV 109775, 107759
Diffusion constant (lipid) !1µm2/s 112471, 112472
Diffusion constant
(membrane protein)

!0.02–0.2 µm2/s 107986

A summary of the key numbers about membranes discussed throughout the chapter for easy
reference. Numbers reported are “typical” values and should be used as a rule of thumb. For a
more detailed description of parameter values, the reader should use the Bionumbers database
through the relevant BNID. Also see Box 1 of [14]

Phillips 2018


