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Figure 11.29: Protein coats that
mediate vesicle trafficking. Vesicles
from the endoplasmic reticulum are
formed with a coat of COPII protein
and then trafficked to the cis face of
the Golgi apparatus. Vesicles moving
from stack to stack in the Golgi
apparatus are formed by a different
protein, COPI. At the trans face of the
Golgi, vesicles bud with a clathrin
coat. Clathrin is also involved in
endocytosis at the plasma membrane.
(Adapted from T. Kirchhausen, Nat.
Rev. Mol. Cell Biol. 1:187, 2000.)

from the Golgi to the endoplasmic reticulum and within the Golgi cis-
ternae, while COPII leads from the endoplasmic reticulum to the Golgi.
Clathrin mediates the uptake of material at the plasma membrane,

which then passes to the early endosome and also permits vesicular
transport from the Golgi to endosomes. Clathrin is also involved in
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Figure 11.30: Structure of clathrin. (A) Individual, isolated clathrin molecules appear in the electron microscope as three-legged
structures known as triskelions. (B) As shown in the schematic, triskelions can associate with one another to form a regular lattice
structure. (C) Completely closed cages of clathrin, as shown in this cryo-electron microscopy reconstruction, form around budding
vesicles and contribute energy to the budding process. (A, adapted from E. Ungewickell and D. Branton, Nature 289:420, 1981;
B, adapted from I. S. Nathke et al., Cell 68:899, 1992; C, courtesy of B. M. F. Pearse, from C. J. Smith et al., EMBO J. 17:4943,
1998.)
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Cellular transport via vesicles, 
viral entry into cells and drug delivery
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Figure 11.30: Structure of clathrin. (A) Individual, isolated clathrin molecules appear in the electron microscope as three-legged
structures known as triskelions. (B) As shown in the schematic, triskelions can associate with one another to form a regular lattice
structure. (C) Completely closed cages of clathrin, as shown in this cryo-electron microscopy reconstruction, form around budding
vesicles and contribute energy to the budding process. (A, adapted from E. Ungewickell and D. Branton, Nature 289:420, 1981;
B, adapted from I. S. Nathke et al., Cell 68:899, 1992; C, courtesy of B. M. F. Pearse, from C. J. Smith et al., EMBO J. 17:4943,
1998.)
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Small vesicles are used for
cellular transport of molecules

R. Phillips et al., Physical 
Biology of the Cell
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Figure 11.28: Schematic illustration
of a synapse. A neuron extends its
axon to a target cell where the axon
terminates in a specialized
pre-synaptic structure that is filled
with small vesicles containing
neurotransmitter molecules. On the
membrane of the target cell, a
specialized post-synaptic domain is
packed with a high density of
neurotransmitter receptors. When an
action potential reaches the synapse,
the synaptic vesicles fuse, emptying
their contents into the cleft between
the two cells.

lining of the intestine whose function is to secrete mucus that coats
the intestine and protects it against a variety of insults.

The next example, Figure 11.27(F), shows cases where vesicles are
used to transport materials from one region of the cell to another.
In some cases, such as vesicular transport in the Golgi apparatus,
vesicles move over very short distances (of the order of tens of
nanometers) from stack to stack within the Golgi. In other cases, such
as in a nerve axon, vesicles may be transported over very large dis-
tances of up to a meter. What all of these examples demonstrate is that
vesicle management by cells is a key facet of their overall behavior.

There Is a Fixed Free-Energy Cost Associated with Spherical Vesicles
of All Sizes

One question of immediate importance in thinking about the vesicle
budget of cells is how much free energy it costs to make them. An esti-
mate of this free-energy cost can be made by recourse to the bending
energy introduced in Equation 11.7. Recall that the idea embodied in
that equation is that we should visit each little patch of area on the
membrane of interest, compute the mean curvature, and then com-
pute the energy. With their spherical geometries, vesicles are probably
the simplest of all shapes to consider and have an energy of the form

Gvesicle = Kb
2

∫

∂"

(
2
R

)2
da, (11.26)

where ∂" indicates that we should integrate over the whole membrane
area. Since the curvature is constant everywhere on the sphere, we can
do the integration immediately, yielding

Gvesicle = Kb
2

(
2
R

)2
4πR2 = 8πKb. (11.27)

This result is very instructive for several reasons. First, the energy
to make a vesicle (when viewed from the perspective of the bending
energy) is independent of the vesicle size. That is, there is a fixed
energy cost for all vesicles. The second lesson to emerge from this
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transport of neurotransmitters 
in neuron cells

Vesicles are changing 
membrane topology!
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Transport of neurotransmitters  
in neuron cells

https://www.youtube.com/watch?v=FqTSYHtyHWE

https://www.youtube.com/watch?v=FqTSYHtyHWE
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Gauss-Bonet theorem

Z
dA

R1R2
= 4⇡ (1� g)

For closed surfaces the integral 
over Gaussian curvature only 

depends on the surface topology!

g = 0 g = 1 g = 2 g = 3

CHAPTER 1. PHENOMENOLOGY OF MEMBRANES

Figure 1.7: Representative shapes from the stomatocyte–discocyte–echinocyte sequence of red blood
cells obtained from experiments (left images) and theory (right plots). See also Sec. 3.3. (After
Ref. [6].)

Figure 1.8: Schematic illustration of the great diversity in cell shape found in nature, with E. coli,
which roughly has the shape of a cylinder of length 2 µm and thickness/height 1 µm, as a “measurement
stick”. For details, see Fig. 2.8 of Ref. [3]. (After Ref. [3].)

10

Creation of new vesicles or fusion 
of vesicles modifies the genus g!
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Vesicle fusion with membrane
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has a completely closed, contiguous membrane. Membranes in biolog-
ical systems have balanced these multiple demands by exploiting the
special physical properties of the molecules that make them up.

The primary constituent of any biological membrane must be a
molecule with two physically separated subdomains, one part of
which is hydrophilic (able to form hydrogen bonds with water) and the
other part of which is hydrophobic. The most common membrane con-
stituent is a lipid molecule as illustrated in Figure 11.1(A). The nearly
cylindrical shape of most membrane lipids makes the bilayer the most
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Figure 11.1: Structure and properties of biological membranes. (A) A major
constituent of membranes is a lipid molecule, shown here diagrammatically as having
a hydrophilic (water-loving) head group and a hydrophobic (water-fearing) tail. One
spontaneous arrangement of these molecules consists of a bilayer, two molecules
thick, where all the head groups are arranged on the two surfaces and the tails span
the space in between. Membrane bilayers of this kind can be extremely large. In order
to avoid edge effects, it is common for bilayers to form closed structures such as the
sphere shown here. (B) Within the lipid bilayer, individual molecules can move in
several ways. Lipid molecules may spontaneously diffuse laterally within each of the
two leaflets within the bilayer. Protein molecules embedded in the bilayer may also
diffuse laterally, and, in addition, some interesting membrane proteins may undergo
conformational changes that open selective channels, for example, to allow the
passage of charged ions across the hydrophobic barrier. At a very slow spontaneous
rate, individual lipids may flip over from one leaflet to the other. This process of
flipping may be sped up by certain membrane proteins called flippases. (C) Membrane
shape changes associated with biological function. All membranes undergo
spontaneous shape changes and fluctuations due to thermal energy. Application
of external forces, for example by molecular motor proteins, can further deform
equilibrium membrane shapes. A common geometry is the extrusion of a tube.
Membranes may also undergo fusion and fission (or budding) to change their
topology.
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Fusion of small vesicles with the membrane is energetically 
favorable, but the initial merging provides a large energy barrier!
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Vesicle fusion with membrane
Fusion of small vesicles with the membrane is energetically 

favorable, but the initial merging provides a large energy barrier!

R. Phillips et al., Physical 
Biology of the Cell
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Figure 11.32: Vesicle fusion catalyzed by proteins. (A) During normal membrane trafficking in eukaryotic cells, specialized
SNARE proteins help transport vesicles find their appropriate targets and fuse. Complementary SNARE proteins in the membranes
of the vesicle and the target form tightly bundled helices with one another, pulling the two members physically close together.
Fusion is thought to proceed in several steps, first with fusion of the outer leaflet, forming an unstable intermediate, and then
fusion of the inner leaflets, forming a leaky pore, and eventually a completely fused new membrane. (B) Viruses may use
analogous processes to fuse with cell membranes. For example, the influenza virus is initially taken up into host cell endosomes
and then fusion of the viral membrane with the endosomal membrane ejects the virus genome into the cytoplasm of the host cell.
Fusion is mediated by the viral hemagglutinin protein, which undergoes a pH-dependent conformational change as the endosome
is acidified.

11.4.1 Pinching Vesicles: The Story of Dynamin

Our study of trafficking can shed yet further light on the energet-
ics associated with membrane rearrangements in cells. As shown in
Figure 11.33, the last step prior to the existence of a detached (but
coated) vesicle is that the tube of membrane that links the vesicle
to the membrane must be severed. The protein dynamin, a GTPase
that polymerizes on tubules, is thought to pinch off the last connec-
tion between the vesicle and the membrane from which it has been
produced.
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Figure 11.33: Membrane scission by accessory proteins. The electron microscopy images show clathrin-coated vesicles in
various stages of the process of vesicle creation. The schematics above show the hypothesized stages in the process of membrane
scission and subsequent formation of a vesicle filled with cargo. (Top, adapted from B. Alberts et al., Molecular Biology of the Cell,
5th ed., Garland Science, 2008; bottom, adapted from V. I. Slepnev and P. De Camilli, Nat. Rev. Neurosci. 1:161, 2000).
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In eukaryotic cells SNARE proteins accelerate membrane 
fusion by bringing vesicles closer to the membrane!
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has a completely closed, contiguous membrane. Membranes in biolog-
ical systems have balanced these multiple demands by exploiting the
special physical properties of the molecules that make them up.

The primary constituent of any biological membrane must be a
molecule with two physically separated subdomains, one part of
which is hydrophilic (able to form hydrogen bonds with water) and the
other part of which is hydrophobic. The most common membrane con-
stituent is a lipid molecule as illustrated in Figure 11.1(A). The nearly
cylindrical shape of most membrane lipids makes the bilayer the most
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Figure 11.1: Structure and properties of biological membranes. (A) A major
constituent of membranes is a lipid molecule, shown here diagrammatically as having
a hydrophilic (water-loving) head group and a hydrophobic (water-fearing) tail. One
spontaneous arrangement of these molecules consists of a bilayer, two molecules
thick, where all the head groups are arranged on the two surfaces and the tails span
the space in between. Membrane bilayers of this kind can be extremely large. In order
to avoid edge effects, it is common for bilayers to form closed structures such as the
sphere shown here. (B) Within the lipid bilayer, individual molecules can move in
several ways. Lipid molecules may spontaneously diffuse laterally within each of the
two leaflets within the bilayer. Protein molecules embedded in the bilayer may also
diffuse laterally, and, in addition, some interesting membrane proteins may undergo
conformational changes that open selective channels, for example, to allow the
passage of charged ions across the hydrophobic barrier. At a very slow spontaneous
rate, individual lipids may flip over from one leaflet to the other. This process of
flipping may be sped up by certain membrane proteins called flippases. (C) Membrane
shape changes associated with biological function. All membranes undergo
spontaneous shape changes and fluctuations due to thermal energy. Application
of external forces, for example by molecular motor proteins, can further deform
equilibrium membrane shapes. A common geometry is the extrusion of a tube.
Membranes may also undergo fusion and fission (or budding) to change their
topology.
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Viral entry to cell via receptor
mediated membrane fusion

virus

cell

Example of viruses with viral envelope (lipid bilayer):
HIV, influenza, hepatitis B virus, herpes viruses, …

Wikipedia
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Lipid vesicles can be used for 
administration of drugs and nutrients

Targeted delivery to 
specific cells is 

achieved via binding 
of peptides to 

receptors expressed 
on the surface of 

target cells.

Wikipedia
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Membrane budding

“chap11.tex” — page 428[#2] 5/10/2012 16:41

has a completely closed, contiguous membrane. Membranes in biolog-
ical systems have balanced these multiple demands by exploiting the
special physical properties of the molecules that make them up.

The primary constituent of any biological membrane must be a
molecule with two physically separated subdomains, one part of
which is hydrophilic (able to form hydrogen bonds with water) and the
other part of which is hydrophobic. The most common membrane con-
stituent is a lipid molecule as illustrated in Figure 11.1(A). The nearly
cylindrical shape of most membrane lipids makes the bilayer the most

hydrophilic
head

hydrophobic
tail

spontaneous shape change

membrane fusion

(A)

(B)

(C) shape change because of applied forces

membrane budding

+

Figure 11.1: Structure and properties of biological membranes. (A) A major
constituent of membranes is a lipid molecule, shown here diagrammatically as having
a hydrophilic (water-loving) head group and a hydrophobic (water-fearing) tail. One
spontaneous arrangement of these molecules consists of a bilayer, two molecules
thick, where all the head groups are arranged on the two surfaces and the tails span
the space in between. Membrane bilayers of this kind can be extremely large. In order
to avoid edge effects, it is common for bilayers to form closed structures such as the
sphere shown here. (B) Within the lipid bilayer, individual molecules can move in
several ways. Lipid molecules may spontaneously diffuse laterally within each of the
two leaflets within the bilayer. Protein molecules embedded in the bilayer may also
diffuse laterally, and, in addition, some interesting membrane proteins may undergo
conformational changes that open selective channels, for example, to allow the
passage of charged ions across the hydrophobic barrier. At a very slow spontaneous
rate, individual lipids may flip over from one leaflet to the other. This process of
flipping may be sped up by certain membrane proteins called flippases. (C) Membrane
shape changes associated with biological function. All membranes undergo
spontaneous shape changes and fluctuations due to thermal energy. Application
of external forces, for example by molecular motor proteins, can further deform
equilibrium membrane shapes. A common geometry is the extrusion of a tube.
Membranes may also undergo fusion and fission (or budding) to change their
topology.
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Creation of new vesicles costs energy!

R. Phillips et al., Physical 
Biology of the Cell
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E ⇠ +500kBT E ⇠ +300kBT

Creation of new cargo vesicles is assisted with
receptor mediated coating of proteins (clathrin, COPI)
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Figure 11.32: Vesicle fusion catalyzed by proteins. (A) During normal membrane trafficking in eukaryotic cells, specialized
SNARE proteins help transport vesicles find their appropriate targets and fuse. Complementary SNARE proteins in the membranes
of the vesicle and the target form tightly bundled helices with one another, pulling the two members physically close together.
Fusion is thought to proceed in several steps, first with fusion of the outer leaflet, forming an unstable intermediate, and then
fusion of the inner leaflets, forming a leaky pore, and eventually a completely fused new membrane. (B) Viruses may use
analogous processes to fuse with cell membranes. For example, the influenza virus is initially taken up into host cell endosomes
and then fusion of the viral membrane with the endosomal membrane ejects the virus genome into the cytoplasm of the host cell.
Fusion is mediated by the viral hemagglutinin protein, which undergoes a pH-dependent conformational change as the endosome
is acidified.

11.4.1 Pinching Vesicles: The Story of Dynamin

Our study of trafficking can shed yet further light on the energet-
ics associated with membrane rearrangements in cells. As shown in
Figure 11.33, the last step prior to the existence of a detached (but
coated) vesicle is that the tube of membrane that links the vesicle
to the membrane must be severed. The protein dynamin, a GTPase
that polymerizes on tubules, is thought to pinch off the last connec-
tion between the vesicle and the membrane from which it has been
produced.
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Figure 11.33: Membrane scission by accessory proteins. The electron microscopy images show clathrin-coated vesicles in
various stages of the process of vesicle creation. The schematics above show the hypothesized stages in the process of membrane
scission and subsequent formation of a vesicle filled with cargo. (Top, adapted from B. Alberts et al., Molecular Biology of the Cell,
5th ed., Garland Science, 2008; bottom, adapted from V. I. Slepnev and P. De Camilli, Nat. Rev. Neurosci. 1:161, 2000).

FUSION AND FISSION 459

50nm

“chap11.tex” — page 457[#31] 5/10/2012 16:41

clathrin coat

clathrin coat

trans-Golgi

cis-Golgi COPI coats

COPII coat

endoplasmic
reticulum

early endosome

recycling endosome

late
endosome

lysosome

Figure 11.29: Protein coats that
mediate vesicle trafficking. Vesicles
from the endoplasmic reticulum are
formed with a coat of COPII protein
and then trafficked to the cis face of
the Golgi apparatus. Vesicles moving
from stack to stack in the Golgi
apparatus are formed by a different
protein, COPI. At the trans face of the
Golgi, vesicles bud with a clathrin
coat. Clathrin is also involved in
endocytosis at the plasma membrane.
(Adapted from T. Kirchhausen, Nat.
Rev. Mol. Cell Biol. 1:187, 2000.)

from the Golgi to the endoplasmic reticulum and within the Golgi cis-
ternae, while COPII leads from the endoplasmic reticulum to the Golgi.
Clathrin mediates the uptake of material at the plasma membrane,

which then passes to the early endosome and also permits vesicular
transport from the Golgi to endosomes. Clathrin is also involved in

(A) (B) (C)
50 nm

heavy chain

light chain

Figure 11.30: Structure of clathrin. (A) Individual, isolated clathrin molecules appear in the electron microscope as three-legged
structures known as triskelions. (B) As shown in the schematic, triskelions can associate with one another to form a regular lattice
structure. (C) Completely closed cages of clathrin, as shown in this cryo-electron microscopy reconstruction, form around budding
vesicles and contribute energy to the budding process. (A, adapted from E. Ungewickell and D. Branton, Nature 289:420, 1981;
B, adapted from I. S. Nathke et al., Cell 68:899, 1992; C, courtesy of B. M. F. Pearse, from C. J. Smith et al., EMBO J. 17:4943,
1998.)
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Clathrin-mediated endocytosis
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Figure 11.32: Vesicle fusion catalyzed by proteins. (A) During normal membrane trafficking in eukaryotic cells, specialized
SNARE proteins help transport vesicles find their appropriate targets and fuse. Complementary SNARE proteins in the membranes
of the vesicle and the target form tightly bundled helices with one another, pulling the two members physically close together.
Fusion is thought to proceed in several steps, first with fusion of the outer leaflet, forming an unstable intermediate, and then
fusion of the inner leaflets, forming a leaky pore, and eventually a completely fused new membrane. (B) Viruses may use
analogous processes to fuse with cell membranes. For example, the influenza virus is initially taken up into host cell endosomes
and then fusion of the viral membrane with the endosomal membrane ejects the virus genome into the cytoplasm of the host cell.
Fusion is mediated by the viral hemagglutinin protein, which undergoes a pH-dependent conformational change as the endosome
is acidified.

11.4.1 Pinching Vesicles: The Story of Dynamin

Our study of trafficking can shed yet further light on the energet-
ics associated with membrane rearrangements in cells. As shown in
Figure 11.33, the last step prior to the existence of a detached (but
coated) vesicle is that the tube of membrane that links the vesicle
to the membrane must be severed. The protein dynamin, a GTPase
that polymerizes on tubules, is thought to pinch off the last connec-
tion between the vesicle and the membrane from which it has been
produced.
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Figure 11.33: Membrane scission by accessory proteins. The electron microscopy images show clathrin-coated vesicles in
various stages of the process of vesicle creation. The schematics above show the hypothesized stages in the process of membrane
scission and subsequent formation of a vesicle filled with cargo. (Top, adapted from B. Alberts et al., Molecular Biology of the Cell,
5th ed., Garland Science, 2008; bottom, adapted from V. I. Slepnev and P. De Camilli, Nat. Rev. Neurosci. 1:161, 2000).
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Viral entry to cell via receptor
mediated endocytosis

G. Bao and X.R. Bao, 
PNAS 102, 9997 (2005)

Bending energy cost and loss of entropy for receptors is 
compensated by the binding energy between cell 

receptors and ligands on the surface of viral capsid.

(similar 
process may 
help during 
budding of 
enveloped 
viruses)

Shedding light on the dynamics of endocytosis
and viral budding
Gang Bao†‡ and X. Robert Bao§

†Department of Biomedical Engineering, Georgia Institute of Technology and Emory University, Atlanta, GA 30332; and §Department
of Applied Physics, California Institute of Technology, Pasadena, CA 91125

E ndocytosis is used by eukaryotic
cells to perform a wide range of
functions, including the uptake
of extracellular nutrients and

the regulation of cell-surface receptors,
as well as by toxins, viruses, and micro-
organisms to gain entry into cells (1).
Endocytosis actually encompasses many
different processes, such as phagocytosis
of large (!250 nm) particles as well as
pinocytosis of large volumes of fluid (2).
One of the most important endocytic
mechanisms is a receptor-mediated
process whereby the plasma membrane
binds specific macromolecules and
smaller particles by means of specialized
receptors, invaginates around those par-
ticles, and then pinches off to form
small vesicles. Receptor-mediated endo-
cytosis had been thought to be assisted
by specific proteins, either clathrin or
caveolin, polymerizing into a spherical
shell around the invagination (3).
Recently, however, evidence has arisen
for a different, clathrin- and caveolin-
independent route by which endocytosis
may occur (4, 5). The understanding
and quantitative analysis of the mecha-
nisms underlying receptor-mediated en-
docytosis have important implications
for not only viral pathogenesis but also
the delivery of macromolecules and
nanoparticles for intracellular imaging
and targeted therapies (6).

A Model for Clathrin-Independent
Endocytosis
The key process of endocytosis is the
formation of the vesicle wrapping the
particle, which requires mechanical
force. Despite the essential role of
endocytosis in biology, much of the me-
chanics behind it remains elusive. Al-
though clathrin alone can, under certain
conditions, assemble into a caged struc-
ture, it may not be the major driving
force for membrane deformations dur-
ing endocytosis. The macromolecular
assembly with which clathrin associates,
however, does contain proteins that can
deform plasma membranes to the de-
gree required (7). Clathrin-independent
mechanisms are still rather poorly un-
derstood. The study in a recent issue
of PNAS by Gao, Shi, and Freund (8)
sought to predict the particle size range
and kinetics of clathrin-independent en-
docytosis in a rather general and elegant

way, advancing the quantitative
understanding of endocytosis, viral
budding, and possibly other vesicle-
associated biological processes.

In their study, Gao et al. (8) present a
mechanical model of endocytosis by
considering a particle displaying immo-
bilized ligands gradually attracting and
binding receptor proteins on a plasma
membrane. The initial binding event
nucleates a patch of bound receptors,
which holds the particle to the mem-
brane. Unbound (free) receptors on the
plasma membrane diffuse toward the
edge of the patch and bind particle li-
gands there, bringing more of the mem-
brane into contact with the particle until
the entire particle is engulfed by the
plasma membrane (Fig. 1). This process
serves as a simple model for the more
complicated reactions that occur during
endocytosis while retaining much of the
interesting dynamics. It is what happens
at the boundary of that invagination
that dictates these dynamics. Gao et al.
assume that all of the free-energy dissi-
pation arises from receptor diffusion,
which means that the binding of recep-
tors onto the engulfed particle entails
no free-energy change; this assumption

is equivalent to saying that the bound
and free receptors are in equilibrium at
the boundary of the contact zone. With
these assumptions and other minor ones,
Gao et al. were able to predict the size
range of particles that could internalize
by means of an endocytic pathway and
the associated kinetics (summarized in
table 1 of ref. 8).

Salient Features of the Model and the
Scaling Laws
The salient features of the model pre-
sented by Gao et al. (8) can be under-
stood by simply considering equilibrium
between bound and free receptors at the
boundary of the contact zone, which is
fulfilled whenever receptor diffusion is
rate-limiting. The concentration of un-
bound receptors !! just outside the con-
tact zone is then

!" " e#U!L, [1]

See companion article on page 9469 in issue 27 of volume
102.
‡ To whom correspondence should be addressed. E-mail:
gang.bao@bme.gatech.edu.

© 2005 by The National Academy of Sciences of the USA

Fig. 1. A schematic illustration of the receptor-mediated endocytosis and viral budding processes. In
modeling clathrin-independent, receptor-mediated endocytosis, Gao et al. (8) assume that once binding
between a particle and the plasma membrane is initiated, the particle with immobilized ligands attracts
and binds to progressively more receptors on the cell surface. Depletion of free receptors in the vicinity
of the contact zone drives diffusion of receptors toward the zone, where they bind particle ligands,
bringing more of the membrane into contact with the particle until the entire particle is engulfed by the
plasma membrane. With some modifications, this model may be applicable to other biological problems,
such as viral budding, in which the viral capsid is wrapped outward into a vesicle by means of membrane-
bound envelope proteins.

www.pnas.org!cgi!doi!10.1073!pnas.0504555102 PNAS " July 19, 2005 " vol. 102 " no. 29 " 9997–9998
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mediated endocytosis

H. Gao et al., PNAS 102, 9469 (2005)

NL = 4⇡R2nL

total number of ligandsnL ⇠ 5000µm�2
2R

density of receptors

density of ligands

n0 ⇠ 50-500µm�2

bending
energy

binding energy of 
ligand-receptor pairs

free energy due to 
mixing of receptors

Ebend = 8⇡Ebend = 0

Ebind = 0 Ebind = �NLUb

Gmix =(N �NL)kBT ln(n0A0)

+NLkBT ln(nLA0)

Gmix = NkBT ln(n0A0)

total change of
free energy �G = 8⇡�NLUb +NLkBT ln(nL/n0)
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Viral entry to cell via receptor
mediated endocytosis

H. Gao et al., PNAS 102, 9469 (2005)

NL = 4⇡R2nL

total number of ligandsnL ⇠ 5000µm�2
2R

density of receptors

density of ligands

n0 ⇠ 50-500µm�2

�G = 8⇡� 4⇡R2nLUb + 4⇡R2kBTnL ln(nL/n0)
Ub ⇠ 15kBT

 ⇠ 20kBT

receptor-ligand 
binding energy

bending rigidity

total change of free energy

Receptor mediated endocytosis is  
thermodynamically favorable when �G < 0

How fast is this process?

R >

s
2

nL (Ub � kBT ln(nL/n0))
⇠ 30 nm
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2R

Need to recruit NL receptors from 
circular region of radius L via diffusion

density of receptors

t ⇠ L2

D
⇠ R2nL

Dn0
& 10s

NL = ⇡L2n0 = 4⇡R2nL

n0 ⇠ 50-500µm�2

nL ⇠ 5000µm�2

density of ligands

Side view:

Top view:

2L

R >

s
2

nL (Ub � kBT ln(nL/n0))
⇠ 30 nm
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Use of magnetic nanoparticles for 
diagnostic and treatment of tumors
Receptors for LHRH hormone are over-expressed 

in breast, ovarian, and prostate cancer cells

LHRH hormone
PEG coating

magnetic core

Magnetic particles enter only cancer cells 
via LHRH-receptor mediated endocytosis

PEG coating shields nanoparticles 
from immune system and prevents 
macro-clustering of nanoparticles.

Cancer cells containing magnetic 
nanoparticles can be detected with MRI 

(magnetic resonance imaging). Then 
magnetic particles can be heated via 

magnetic field to destroys cancer cells.

dispersiveX-ray spectroscopy (XEDS), as shown in Fig.11b.Note that the
Cu Kα and Kβ peaks correspond to a fluorescence effect from the copper
TEM grids, while the Fe Kα and Kβ peaks are a signature of the Fe3O4

nanoparticles.

4.3.3. Multi-CRAZED imaging
Amontageofmulti-CRAZED imagesof thebreast tumor specimensare

presented in Fig.12 [20]. These show that the incorporated LHRH–SPIONs
enhance the contrast inmulti-CRAZEDmagnetic anisotropy images of the

Fig. 7. TEM micrographs illustrating how LHRH–SPIONs are interacting with breast cancer cells: (a) Nanoparticle cluster interaction with cell membrane; (b) entry and transport of
nanoparticle clusters within cytoplasm.

Fig. 6. Comparison of an endocytosis schematic diagram with TEM micrographs of breast cancer cells incubated with LHRH–SPIONs for 30 min(a) Schematic representation of
Endocytosis (http://www.emc.maricopa.edu/faculty/farabee/BIOBK/endocytosis.gif). (b) Micrographs of nanoparticles LHRH–SPIONs that were about to enter cells with curved
cell membrane. (c) Micrographs of encapsulated LHRH–SPIONs or SPIONs in the cytoplasm of a cancer cell.

1474 J. Meng et al. / Materials Science and Engineering C 29 (2009) 1467–1479

J. Meng et al., Mater. Sci. 
Eng. C 29, 1467 (2009) 


