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Abstract

The highly effectiveness and robustness of receptor-mediated viral invasion of living cells shed lights on the biomimetic
design of nanoparticle(NP)-based therapeutics. Through thermodynamic analysis, we elucidate that the mechanisms
governing both the endocytic time of a single NP and the cellular uptake can be unified into a general energy-balance
framework of NP-membrane adhesion and membrane deformation. Yet the NP-membrane adhesion strength is a globally
variable quantity that effectively regulates the NP uptake rate. Our analysis shows that the uptake rate interrelatedly
depends on the particle size and ligand density, in contrast to the widely reported size effect. Our model predicts that the
optimal radius of NPs for maximal uptake rate falls in the range of 25–30 nm, and optimally several tens of ligands should
be coated onto NPs. These findings are supported by both recent experiments and typical viral structures, and serve as
fundamental principles for the rational design of NP-based nanomedicine.
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Introduction

Viruses invade living cells via protein-mediated endocytosis

[1,2] or membrane fusion [3]. In the former case, the proteins

(known as ligands) on the surface of viruses bind specifically with

the complementary proteins (known as receptors) on the cell

membrane. The ligand-receptor binding triggers a complex

succession of biomechanical and biochemical events: docking,

membrane wrapping, pinching off, and intracellular trafficking,

etc. For example, a hepatitis C virus (HCV) [4], about 50 nm in

size, is constituted of an inner core of RNA genetic materials, an

icosahedral protective shell of protein, and a lipid envelope. HCVs

infect specifically liver cells by endocytosis through the glycopro-

teins (ligands) on their lipid envelope. Once endocytosed, HCVs

can be replicated in liver cells and bud off, continue to invade

other liver cells, and subsequently cause liver cancer.

The highly effective and robust adhesion-driven process has

raised many fundamental questions with regard to the physical

principles harnessed by the evolutionary design of viruses. While it

has long been known from biochemistry that the molecular

recognition of receptors and ligands allows viral invasion to be

type specific, it was only recently fully understood from mechanics

point of view that viral invasion is also size selective

[5,6,7,8,9,10,11,12,13,14,15,16,17]. Questions remain to be

elucidated as to whether there exists an optimal ligand density

for maximal uptake rate. Further, considering the robustness of

material design principles exploited by nature via evolution, the

effects of particle size and ligand density are likely interrelated. A

thorough understanding of these fundamental issues is not only

scientifically interesting, but also sheds light on the biomimetic

design of nanoparticle (NP)-based therapeutics.

From a fundamental mechanics point of view, adhesion and

membrane deformation play the roles of driving force and

resistance to NP endocytosis, respectively. A rational biomimetic

design of NPs should either reduce the resistance or enhance the

adhesion to facilitate NP internalization. Indeed, it has both

experimentally [10,12,13,14,18] and theoretically [5,6,16,19,

20,21] demonstrated that tailoring the size and shape of NPs

alters the deformation resistance to curve the membrane, which

explains the strong size and shape dependence of NP uptake

properties. Yet few experimental studies have been attempted to

tailor adhesion between NPs and cell membrane, despite that such

modification could be accomplished by controlling the density of

ligands coated onto the NP surface. In existing theoretical models

[6,22] ligand density is rarely treated as a design parameter despite

its significant role indicated from viral infection processes.

In this article, we aim to establish guiding principles for the

biomimetic design of NPs with high uptake rate, one of the key

parameters that assess the efficacy of NP-based therapeutics.

Noting that correlating the biophysical parameters of NPs with the

uptake rate may analytically be complex, we circumvent the

difficulty by separately deriving the endocytic time of a single NP

and the equilibrium cellular uptake when immersing the cell in a

solution with dispersed NPs. The endocytic time and cellular

uptake together indicate the uptake rate. From thermodynamic

analyses, we reveal that particle size and ligand density

interrelatedly govern the uptake rate. The interrelated effects

can be interpreted from a general framework of energy balance

between NP-membrane adhesion and membrane deformation.

The interrelation suggests that tailoring only one design parameter

may not be effective to achieve high uptake rate. We construct a

phase diagram of the uptake rate in the space of particle size and
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ligand density, which may serve as a design map for NP-based

therapeutics. Finally, we extend our discussions by including the

effects of other relevant biophysical parameters.

Results

1. General energetics of endocytosis
From an energetics point of view, NP engulfment by cell

membrane is driven by adhesion but involves significant

membrane deformation cost [23], where adhesion energy may

stem from both non-specific and specific interactions [24]. For a

general consideration, the adhesion energy density (per unit area)

is denoted by a. Since the NPs considered here are much smaller

than the cell, it is reasonable to assume that cell membrane is

locally flat at the NP-membrane adhering site and the effect of

spontaneous curvature of cell membrane may be neglected. One

then follows that the bending energy density is 2k
�

R2, where R is

the NP radius and k is the bending rigidity. Fully wrapping an NP

involves a bending energy of 8pk, independent of particle size. A

local energy balance between adhesion and bending yields a

minimal particle radius Rmin~
ffiffiffiffiffiffiffiffiffiffi
2k=a

p
below which adhesion

energy is insufficient to drive wrapping.

Wrapping also involves pulling excess membrane area toward

the wrapping site, for which work needs to be done to overcome

membrane tension, denoted here by s. We define the degree of

wrapping, denoted by g [ (0,1�, as the area fraction of wrapped NP

surface. The NPs may associate with the membrane via three

possible states: completely naked (g~0), fully wrapped (g~1), and

partially wrapped (0vgv1). The membrane segment wrapped

onto the NP stores both bending and stretching energies, denoted

by Cg and Cg, respectively. The curved membrane detaching from

the contact to the NP contributes additional deformation energy

Lg, which has been previously derived with great clarity [23]. One

notes Cg~8pkg is linear, Cg~4pR2sg2 is quadratic, and Lg is

nonlinear with respect to g but vanishes when g~0 or g~1. The

total membrane deformation energy at the degree of wrapping g is

written as Wg~CgzCgzLg.

Because of the nonlinearity of Wg, fully wrapping an NP needs to

overcome an energy barrier [23]. However, as far as thermody-

namics is concerned, a closed form of the total deformation energy

at the fully wrapped state exists: Wg~1~8pkz4pR2s. Equalizing

the total deformation energy to the adhesion energy 4pR2a gives

rise to a minimal particle radius, as

Rmin~
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2k=(a{s)

p
: ð1Þ

The above equation indicates that there exists a critical adhesion

strength ac~s at which Rmin becomes infinite. This critical

condition corresponds to the case that the adhesion is even

insufficient to overcome membrane tension.

The total deformation energy at the fully wrapped state

indicates a characteristic particle radius Rc~
ffiffiffiffiffiffiffiffiffiffiffi
2k=s

p
that weighs

the relative significance of bending and membrane tension [23].

For RvRc, bending dominates the physics, while for RwRc

membrane tension dominates. One also notes that the energy of

the fully wrapped state differs from that of the endocytosed state by

a constant 4p�kk due to the topological change, where �kk is the

Gaussian bending rigidity. Since this energy trivially affects the

final stage of wrapping, we ignore its effect in the following

discussions.

2. Unique features of receptor-mediated endocytosis
Several unique features arise when endocytosis is receptor-

mediated. First, as adhesion is supplied by ligand-receptor binding,

wrapping of NPs requires diffusing receptors to the binding sites,

thereby setting a characteristic time scale of endocytosis and

limiting the uptake rate [6,16]. Second, much like cleavage

fracture (or crack healing) in crystals that involves discrete bond

breaking (or formation) [25,26,27], NP wrapping through ligand-

receptor binding proceeds in a discrete manner. The wrapping

area in each discrete wrapping step can thus be tailored by the

spacing of the ligands (i.e., the ligand density) coated on the NP

surface. Finally, receptors, in addition to providing adhesion, also

carry translational entropy [28,29,30]. This dual character renders

the adhesion strength in receptor-mediated endocytosis a globally

variable quantity, in distinct contrast to the adhesion strength

between two inanimate objects that is commonly regarded as a

material constant.

To reflect the discreteness of receptor-mediated endocytosis, it is

convenient to set the cross-sectional area of the receptor as the unit

area, denoted by A0, and
ffiffiffiffiffiffi
A0

p
as the unit length. For typical

transmembrane receptors, A0~225 nm2. We assume that the

receptors are initially uniformly distributed on the cell membrane

with an initial receptor density j0. Given a spherical particle of

radius R and coated with ligands of surface density jg, the

maximum number of receptors accessible to the NP surface is

Kjg, where K~4pR2. The binding energy of each ligand-

receptor pair is denoted by m. The degree of wrapping can then be

written as g~k=K , where k is the wrapping area. The

deformation energy density of the membrane in wrapping is

wg~Wg

�
k. From hereafter, the functional dependence on g and k

may be described interchangeably at given K.

The dual character of receptors suggests that the adhesion

strength in receptor-mediated endocytosis can be decomposed into

two components, i.e., a~ahzar, where ah and ar are the

enthalpic and entropic components of the adhesion strength,

respectively. The enthalpic component is simply ah~jbm,

provided that the density of receptors bound onto the NP jb is

known. Previous studies always assume that jb~jg in order to

simplify the analysis despite that jb is significantly less than jg

under certain conditions [7,30]. Noting that the entropic adhesion

strength is always negative and jbƒjg, the adhesion strength

reaches its maximum amax~ah, max~jgm at jb~jg. Under this

extreme condition, one arrives at a minimal particle radius

Rmin~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2k= ah, max{sð Þ

q
: ð2Þ

A comparison between Eqs. (1) and (2) clarifies that Eq. (2) was

derived from a ‘‘local’’ energy balance. Such a local consideration

ignores the entropic effect of receptors, which represents the

‘‘global’’ aspects of adhesion. Equation (2) also manifests the

interrelated effects of particle size and ligand density on NP

endocytosis.

3. Endocytosis driven by variable adhesion strength
To measure the cellular uptake rate, experiments in vitro involve

immersing biological cells into a solution with dispersed NPs

[10,13,18]. It has been observed that the cellular uptake increases

monotonically at the beginning and gradually reaches a plateau

within several hours, indicating the obtainment of thermodynamic

equilibrium [13,14]. In this process, the diffusive receptors

frequently change their binding targets (NPs) [20,31]. The

dynamic binding and debonding processes make direct analytical

account of the time-varying cellular uptake (the uptake rate)

intractable. Thus, our analysis involves solving the two sub-

problems: the endocytic time of a single NP and the equilibrium

cellular uptake when immersing the cell in a solution with

Nanoparticle Design Principles
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dispersed NPs, both within a thermodynamic framework. The

endocytic time and the cellular uptake together define a

phenomenological uptake rate. Throughout our analysis, we

highlight the global aspect of the adhesion strength originated

from the entropy of diffusive receptors.

Unless otherwise mentioned, the following parameter values are

used for our analysis: k~20, m~20, j0~0:05, s~0:225,

M~3:14|106, and Q~1:0|10{5. All the values are in the

reduced units and physiologically relevant.

3.1 Endocytic time of a single NP. The fact that wrapping

necessitates receptors to diffuse from the far field to the wrapping

site sets a diffusion-limited endocytic time. The endocytic time can

thus be determined by formulating a diffusion problem that

involves tracking the wrapping front of the cell membrane [16].

An alternative approach is to determine the total number of

receptors required to fully wrap the NP [5], from which the

endocytic time can be estimated. The latter approach is adopted in

our following formulation.

Similar to crack extension or healing in a crystal lattice

[25,26,27], the discrete wrapping of an NP by cell membrane

undergoes a series of local energy minima, for which thermody-

namics applies at different degrees of wrapping. We consider a

single spherical NP of radius R being wrapped by cell membrane,

as shown in Fig. 1. Wrapping partitions the membrane into three

distinct regions: a small region of area Mb bound with the NP, an

impacted region of area Mz in the vicinity of the bound region,

and a remote region Mr~M{Mb{Mz for the rest of cell

membrane, where M is the total membrane area. We consider a

general stage of wrapping characterized by the degree of wrapping

g. Concentrating of receptors onto the NP surface rapidly depletes

the receptors in the region Mz i.e., jzvj0vjb, where jz is the

receptor density in the area Mz. The balance of receptor

potentials in the bound and impacted regions gives rise to

(Methods: system free energy of single NP-membrane interaction)

ĵj

1{ĵj
~em jz

1{jz

, ð3Þ

where ĵj~jb

�
jg. The pressure balance between the bound and

impacted regions yields

jg ln 1{ĵj
� �

zwg{ ln 1{jzð Þ~0: ð4Þ

At specified wrapping extent, ĵj and jz can be obtained by solving

Eqs. (3) and (4), yielding the distribution of the receptors.

Since jz%1, one has

jg mz ln jz

.
ĵj

� �h i
~wg: ð5Þ

Equation (5) may be interpreted as a ‘‘global’’ energy balance

criterion for wrapping between adhesion and membrane defor-

mation energies. In conjugation to the membrane deformation

energy density wg,

aS~jg mz ln jz

.
ĵj

� �h i
ð6Þ

is naturally defined as the adhesion strength. Here the subscript

‘‘S’’ stands for the case of a single NP-membrane interaction. The

adhesion strength is constituted of an enthalpic (ah~jgm) and an

entropic (ar~jg ln jz

.
ĵj

� �
) component, representing the local

and global aspects of adhesion, respectively. The entropic

adhesion strength varies with the distribution of the receptors; its

functional dependence on both the ligand density and particle size

is indicated from Eqs. (3) and (4). Note that j0 is typically on the

order of 1022. At jz~j0, from Eq. (3) ĵj&1, aS reaches its

maximum aS, max~jg mz ln j0ð Þ, and the particle radius reaches

its minimal value

RS, min~
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2k= aS, max{sð Þ

p
ð7Þ

for fixed jg.

Conservation of the receptors in the wrapping zone and the

impacted area specifies a characteristic length l [5,7,16], defined

by

l2~
K(jb{j0)

p(j0{jz)
ð8Þ

The endocytic time is then t,l2
�

D, where D is the diffusivity of

the receptors. Solving ĵj and jz at specified jg and R, and

substituting them into Eq. (8), the characteristic impact length

scale and hence the endocytic time can be obtained.

Figure 2 displays a phase diagram of l{2,1=(Dt) in the space of

particle radius and ligand density. For particles of small size or low

ligand density, wrapping consumes only a few receptors. Engulfment

of the NP thus hardly changes the overall distribution of the receptors

and the entropic penalty is nearly minimized, i.e., ĵj&1 and jz&j0,

yielding a very large endocytic time (l?[ fty). This extreme

condition corresponds to the lower boundary of the phase diagram

described by Eq. (8). Oppositely, at large particle sizes or ligand

density, wrapping the NP consumes significant number of receptors,

Figure 1. Schematics of endocytosis of a single NP. The
membrane is partitioned into three regions due to the wrapping: the
bound region of area Mb, the impacted region of area Mz, and the
remote region of area Mr .
doi:10.1371/journal.pone.0013495.g001

Figure 2. Phase diagram of l{2 (the inverse endocytic time) in
the space of particle size and ligand density.
doi:10.1371/journal.pone.0013495.g002
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and jz%j0. At this regime, increasing particle size or ligand density

simply increases the total number of receptors (Kjb) needed for

wrapping, and thus the endocytic time increases. There exists a

critical condition at which the receptors in the impacted region are

nearly depleted (jz?0); further wrapping involves significant

entropic penalty. As a result, the adhesion strength becomes too

low to overcome the deformation barrier. This critical condition

corresponds to an upper boundary of the phase diagram at which 1=t
diminishes. Between these two extreme conditions, there exists an

optimal condition at which the endocytic time minimizes, corre-

sponding to the ridge line in the phase diagram in Fig. 2.

3.2 Cellular uptake. We next analyze the cellular uptake of

NPs when immersing the cell in a solution with dispersed NPs of

bulk density Q. Driven by the chemical potential difference

between the adherent and suspended NPs, the many-NP-cell

system reaches a thermodynamic equilibrium with a steady-state

cellular uptake, as suggested by a set of prior experiments

[12,13,14]. We assume that in the thermodynamic equilibrium,

a certain number of NPs, N, are wrapped by cell membrane with

different degrees of wrapping [19,30]; some are internalized, as

shown in Fig. 3. At the thermodynamic equilibrium, the

membrane is partitioned into two parts: a free, planar

membrane region of area Mf and a curved membrane region of

area Mb~M{Mf bound to the NPs. Receptors in the planar

membrane region with a density jfvj0 are diffusible, while those

in the curved membrane region with a density of jb(j0vjbvjg)
are densely packed on the NP surfaces via ligand-receptor binding.

Denoting by nk the number of NPs whose wrapped area is k, one

follows N~
PK

k~0

nk and Mb~
PK

k~0

knk [30]. The balance of the

receptor potentials in the free and bound membrane regions gives

rise to (Methods: system free energy of multiple NP-membrane

interaction)

ĵj

1{ĵj
~em jf

1{jf

: ð9Þ

One notes the close similarity of Eqs. (3) and (9). The chemical

potential balance of the NPs in the bulk solution and on the cell

membrane gives rise to a Boltzmann wrapping size distribution, as

nk~MQ ek(aM {wg): ð10Þ

where aM is naturally defined as the adhesion strength, where the

subscript ‘‘M’’ stands for the case of multiple NPs interacting with

the cell membrane, and

aM~

jg mz ln (jf

.
ĵj)

h i
z(1{jg) ln (1{jf )&jg mz ln (jf

.
ĵj)

h i
:
ð11Þ

The approximation in Eq. (11) holds because the last term is

much smaller than the other two terms. The cellular uptake is

the number of particles that are fully wrapped, i.e., nK~

MQ e
K(aM {wg~1)

. Conservation of the receptors yields:

Mf jfzMbjb~Mj0, ð12Þ

Combining Eqs. (9)–(12), one finds the equilibrium densities of

bound and free receptors and the wrapping-size distribution, and

therefore the cellular uptake nK .

It is noteworthy to point out the close similarities of the adhesion

strengths aS and aM in these two cases, shown in Eqs. (6) and (11),

respectively, manifesting the universal role of the adhesion

strength. Taking Q~10{5,10{8, and M,106, the cellular

uptake nearly vanishes when aM~wg~1. This critical condition

coincides with the energy balance of adhesion and membrane

deformation. In the limit of very small particle size or ligand

density, wrapping hardly disturbs the receptors distribution, and

jf&j0 and ĵj~1. Under this extreme condition, the adhesion

strength reaches its maximum, aM, max~jg(mz ln j0). From

aM~wg~1, one derives a minimal particle radius,

RM, min~
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2k= aM, max{sð Þ

p
: ð13Þ

Interestingly, one notes that aM, max~aS, max, and hence

RM, min~RS, min.

Figure 4 plots the phase diagram of the cellular uptake in the

space of particle radius and ligand density. This phase diagram is

similar to that for the endocytic time in Fig. 2, indicating that the

uptake behavior of these two cases shares the same mechanism.

Based on Eqs. (7) and (13), the lower bounds of these two phase

diagram are exactly the same. As the particle size and ligand

density increase, increasingly more receptors diffuse toward the

wrapping sites, and the receptors in the free membrane regions are

nearly depleted, i.e., jf%j0. Under this condition, the entropic

penalty becomes significant and substantially lowers the adhesion

Figure 3. Schematics of receptor-mediated endocytosis of NPs.
doi:10.1371/journal.pone.0013495.g003
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strength. Corresponding to this entropic limit, an upper bound

exists at which the cellular uptake vanishes.

3.3 Uptake rate. The unified energy-balance framework of

adhesion and membrane deformation for the endocytic time and

the cellular uptake suggests that one may define the uptake rate as

H(R; jg)~
nK

t
!

nK

l2
: ð14Þ

Since both nK and l2 depend on particle size and ligand density, so

as the uptake rate H.

Figure 5 plots the phase diagram of the uptake rate in the space

of particle size and ligand density. Similar to the phase diagrams

for the endocytic time and cellular uptake, there exists a lower and

an upper bound for the phase diagram at which H&0. According

to Eq. (14), the lower and upper bounds can be reached at limiting

conditions nK?0 or t?[ fty or both. Our previous analysis

showed that at the same lower bounds, represented by Eqs. (7) and

(13), nK?0 and t?[ fty are simultaneously reached. The lower

bound corresponds to the enthalpic limit of the adhesion strength.

The upper bounds at which nK?0 and t?[ fty arrive are seemly

quantitatively different. However, the upper bounds are governed

by the same mechanism, i.e., they are set by the entropic limit of

the adhesion strength. Due to the competition for receptors among

NPs in the case of multiple NP-cell interactions, the entropic limit

of the cellular uptake is much easier to reach as compared to that

of the endocytic time. One thus follows that the upper bound of

the phase diagram for the uptake rate is due to the vanishing

cellular uptake (nK?0).

From the phase diagram of the uptake rate in Fig. 5, we

identified a small region at which the uptake rate reaches the

global maximum. This region corresponds R [ (25, 30) and

jg [ (0:8, 1�. The optimal range of particle size coincides with

the experimental data [10,13,14], and is also consistent with the

typical size of virus. The overall optimal range of ligand density

indicates that the maximal uptake rate is achieved when nearly

every ligand binds with a receptor. Previous analysis showed that

the density of bound receptors in virus budding is nearly saturated

[30], which indirectly supports our results.

The ridge line of the phase diagram in Fig. 5 represents the

optimal condition at varying particle size. Figure 6 plots the lower

bound and the ridge line extracted from Fig. 5. Recall that the

lower bound can be written as Kjg~ 8pkzKsð Þ= mz ln j0ð Þ.
Neglecting the membrane tension effect, the lower bound can be

approximated Kjg~8pk= mz ln j0ð Þ&30 (for k~m~20 and

j0~0:05). Figure 6 shows that the ridge line is fairly close to the

lower bound, suggesting that the optimal condition can be

approximated by Kjg~nopt, where nopt is the optimal number

of ligands that should be coated onto the NP surface. Indeed, we

found that the ridge line follows well a hyperbolic fitting

Kjg~nopt~36. It should be pointed out that this optimal number

is independent of the particle size.

Considering viruses as NPs optimized by nature via evolution,

the number of ligands decorated on the surfaces of viruses should

obey the optimal number: nopt&8pk=m. However, as discussed

later, in physiological conditions, both the bending rigidity and the

receptor-binding energy are subjected to change to certain extents.

Given the biophysically relevant ranges for membrane bending

rigidity (10–40 kBT) and receptor-ligand binding energy m (10–20

kBT), our model predicts that the optimal amount of ligands coated

onto viruses falls in the range 10–100 irrespective of the virus size.

The extensively studied model system, the Semliki Forest virus

(SFV), is about 35nm in radius, covered with 80 glycoproteins

Figure 4. Phase diagram of cellular uptake in the space of
particle size and ligand density.
doi:10.1371/journal.pone.0013495.g004

Figure 5. The phase diagram of uptake rate in the space of
particle radius and ligand density.
doi:10.1371/journal.pone.0013495.g005

Figure 6. The lower bound and the ridge line extracted from
the phase diagram of the uptake rate. The ridge line (optimal
condition) follows a hyperbolic fitting (Kjg~nopt~36).
doi:10.1371/journal.pone.0013495.g006
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(ligands) [32,33]. The SFV structures seem to agree with our

model predictions.

4. Effects of other biophysical parameters
In addition to the particle size and ligand density, many factors

may influence the phase boundaries of the uptake rate, as

presented below.

4.1 Effects of j0. Several factors affect the density of

receptors expressing on the cell membrane. First of all, receptors

internalized by NPs may be recycled back to the host membrane;

they may also be degraded in the endosomes and lysosomes. In

addition, new receptors may be produced and diffuse to the cell

membrane. The precise amount of receptors involved in

endocytosis is currently unknown. Figure 7 plots the lower and

upper bounds of the uptake rate at three different values of j0.

Due to the weak dependence of the lower bounds of the endocytic

time (Eq. (7)) and of the cellular uptake (Eq. (14)) on j0, the lower

bounds of the uptake rate are nearly the same at the three values of

j0. With increasing j0, the increasing population of receptors

lowers the entropic penalty for the receptors to bind with NPs.

This effectively increases the adhesion strength. Since the upper

bound of the uptake rate is entropically dominant, it shifts upward

with increasing j0, as shown in Fig. 7.

4.2 Effect of relative energy scale. In addition to ligand-

receptor binding, receptor-mediated endocytosis may be assisted by

specific proteins, such as clathrin or caveolin [34,35,36],

contributing to additional driving force to locally curve the

membrane. Nonspecific interactions [24], such as hydrophobic

forces, electrostatic forces, and van der Waals interactions, may also

contribute to additional adhesion energy. Lumping the specific and

nonspecific interaction together, one can determine an effective

ligand-receptor binding energy, meff . Bending rigidity represents the

energy scale that resists wrapping, which may also vary for different

cell types. When the cortical actin network plays a role in

endocytosis [37], the effective bending rigidity keff increases. We

define the relative energy scale by s~meff=keff , with which we

construct the phase diagram of the uptake rate, as shown in Fig. 8.

One notes that variation of the relative energy scale leads to the

change of the enthalpic component of the adhesion strength and/

or the membrane deformation energy density. As the lower bound

of the uptake rate is enthalpically governed, variation of the

relative energy scale modifies the lower bound of the phase

diagram. On the other hand, the upper bound is entropically

governed, and thus only weakly dependent on s, as shown in Fig. 8.

The weak dependence arises from the change of the membrane

deformation energy density relative to the adhesion energy density.

4.3 Effects of membrane tension and NP bulk

density. The bulk density of NPs in solution appeared as a

model parameter only for computing the cellular uptake. A high

bulk density yields a high surface concentration of NPs on cell

membrane, leading to intensified competition for receptors among

adhering NPs [20,31] and high entropic penalty for concentrating

receptors onto NP surfaces. This follows that increasing the bulk

density of NPs decreases the adhesion strength, and therefore shifts

the upper bound of the uptake rate downward. Since the bulk

density only affects the entropy of the receptors, the lower bound

of uptake rate is hardly affected, as shown in Fig. 9. Cells may

Figure 7. Increasing the receptor density j0 shifts the upper
bound of the phase diagram upward, but hardly affects the
lower bound.
doi:10.1371/journal.pone.0013495.g007

Figure 8. The relative energy scale s regulates the lower bound
of the uptake rate, but only weakly affects the upper bound.
doi:10.1371/journal.pone.0013495.g008

Figure 9. Membrane tension and the bulk density of NPs
regulate the upper bound of the uptake rate, but hardly affect
the lower bound.
doi:10.1371/journal.pone.0013495.g009
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actively modulate their membrane tension under different

physiological conditions through various mechanisms such as

membrane reservoir release, lipid molecules insertion into cell

membrane, interference from the cortical actin network [37], etc.

A high membrane tension corresponds to a high deformation

energy cost, and hence increases the endocytic time and reduces

the cellular uptake and uptake rate. We have pointed out that the

relative significance of the membrane tension and bending defines

a characteristic particle radius Rc~
ffiffiffiffiffiffiffiffiffiffiffi
2k=s

p
beyond (below) which

membrane tension (bending) dominates the physics. Thus, the

effect of membrane tension is negligible for small particles but

significant for large particles. This follows that membrane tension

primarily regulates the upper bound of the uptake rate, but hardly

affects the lower bound, as shown in Fig. 9.

Discussion

Through thermodynamic analyses, we revealed that the

endocytic time of a single NP and the cellular uptake when

immersing the cell into a solution with dispersed NPs are governed

by the unified framework of energy balance between adhesion and

membrane deformation. We established phase diagrams in the

space of particle size and ligand density for both the endocytic time

and the cellular uptake. We identified from the phase diagrams the

lower (upper) bounds below (beyond) which the endocytic time

goes to infinite or the cellular uptake vanishes. We further revealed

that the mechanisms governing the lower and upper bounds of the

endocytic time and the cellular uptake are the same: the lower

bounds correspond to the enthalpic limit of the NP-membrane

adhesion strength, while the upper bounds to the entropic limit.

The computed endocytic time and the cellular uptake allow us

to define the uptake rate. It should be mentioned that the uptake

rate defined here is different from what is typically measured in

experiments [13] since the complex dynamics of receptor binding

and debonding with NPs is not fully taken into account. However,

it may still serve as an important index to assess the uptake efficacy

of NP-based therapeutics. The optimal size at which the uptake

rate maximizes agrees with experimental data [8,13,14,18]. Our

model also predicts that, optimally several tens of ligands should be

coated onto the NP surface in order to achieve high uptake rate.

These findings are supported both by the experimental data and

the typical viral structures. The interrelated dependence of the

uptake rate on the particle size and ligand density predicted by our

analysis invites well-controlled experiments for further validation.

We further discussed the effects of other relevant biophysical

parameters on the uptake rate, including the receptor density, the

relative energy scale of ligand-receptor binding energy and membrane

bending rigidity, membrane tension, and the bulk density of NPs. All

the effects can be coherently interpreted by the variation of the

enthalpic and entropic adhesion strength. The phase diagram of the

uptake rate in the space of particle size and ligand density thus serves as

a design map that guides the rational designs of NP-based bioagents for

biosensing [38,39], bioimaging [40,41], and drug delivery [42,43].

Methods

1. System free energy of a single NP-membrane
interaction

We consider a general stage of wrapping at which an area of Mb

is wrapped by nb receptors. By definition, the receptor density in

the wrapping zone is jb~nb=Mb. The impacted region of area

Mz in the immediate vicinity of the wrapping zone with an

average receptor density is jz~nz=Mz, where nz is the

number of receptors in the region of area Mz. The free energy in

the area M~MbzMz can be written as:

ETotal~Mbjg ĵj ln ĵjz 1{ĵj
� �

ln 1{ĵj
� �h i

zMz jz ln jzz 1{jzð Þ ln 1{jzð Þ½ �{nbmzwgMb:

ðA1Þ

The first two terms in Eq. (A1) are the translational entropy of the

receptors in the bound and free membrane regions, and the other

two terms are adhesion and bending energies, respectively.

Considering the constraints of conservation of membrane area

M~MbzMz and conservation of receptors n~nbznz, the free

energy functional features two independent variables: nb and Mb.

Minimizing the energy functional with respect to these two

independent variables subject to these constraints gives rise to the

equilibrium conditions Eqs. (3) and (4). It should be noted that in

the case of jg~1 our free energy functional derives the

equilibrium conditions in the analysis of Bao and Bao [5].

2. System free energy of multiple NP-membrane
interaction

Corresponding to the wrapping-size distribution nk, a total free

energy functional for the system takes the following form:

W~Mf jf ln jfz 1{jfð Þ ln 1{jfð Þ½ �

zMbjg ĵj ln ĵjz 1{ĵj
� �

ln 1{ĵj
� �h i

z
X

nk ln nk=Mð Þ{1½ �{mnbz
X

nkWg{N ln Q:

ðA2Þ

The first three terms are entropic contributions: the first two terms

are the translational entropies of the bound and free receptors,

respectively; the third term accounts for the configurational

entropy of the 2D mixture of wrapped NPs, treated here as a

multi-component ideal gas. The next three terms are energetic

contributions: {mnb is the chemical energy release upon the

binding of nb ligand-receptor pairs. The second energetic term

lumps over the total deformation energy of the membrane. The

last term is the energy penalty involved in NP adsorption to the

membrane [17].

The thermodynamic equilibrium, expressed by Eqs. (10) and

(11), can be obtained by minimizing the free energy functional

with respect to its two independent variables, nb and nk. It has

been argued [17] that for a more general consideration the

wrapping size distribution should follow a two-dimensional

distribution nkl , which represents the number of NPs wrapped

by an area k using l receptors. In the present analysis, we assumed

that the density of receptors bound to NPs is independent of

wrapping size. This simplification does not affect the qualitative

conclusions drawn here.

Author Contributions

Conceived and designed the experiments: SZ. Performed the experiments:

HY CH SZ. Analyzed the data: HY CH SZ. Wrote the paper: HY CH SZ.

References

1. Goldstein JL, Anderson RGW, Brown MS (1979) Coated Pits, Coated Vesicles,

and Receptor-Mediated Endocytosis. Nature 279: 679–685.

2. Silverstein SC, Steinman RM, Cohn ZA (1977) Endocytosis. Annual Review of

Biochemistry 46: 669–722.

Nanoparticle Design Principles

PLoS ONE | www.plosone.org 7 October 2010 | Volume 5 | Issue 10 | e13495



3. Cevc G, Richardsen H (1999) Lipid vesicles and membrane fusion. Advanced

Drug Delivery Reviews 38: 207–232.
4. Alter MJ, Kruszon-Moran D, Nainan OV, McQuillan GM, Gao FX, Moyer LA,

Kaslow RA, Margolis HS (1999) The prevalence of hepatitis C virus infection in

the United States, 1988 through 1994. New England Journal of Medicine 341:
556–562.

5. Bao G, Bao XR (2005) Shedding light on the dynamics of endocytosis and viral
budding. Proceedings of the National Academy of Sciences of the United States

of America 102: 9997–9998.

6. Lerner DM, Deutsch JM, Oster GF (1993) How Does a Virus Bud. Biophysical
Journal 65: 73–79.

7. Yuan HY, Zhang SL (2010) Effects of particle size and ligand density on the
kinetics of receptor-mediated endocytosis of nanoparticles. Applied Physics

Letters 96: 033704.
8. Prabha S, Zhou WZ, Panyam J, Labhasetwar V (2002) Size-dependency of

nanoparticle-mediated gene transfection: studies with fractionated nanoparticles.

International Journal of Pharmaceutics 244: 105–115.
9. Nakai T, Kanamori T, Sando S, Aoyama Y (2003) Remarkably size-regulated

cell invasion by artificial viruses. saccharide-dependent self-aggregation of
glycoviruses and its consequences in glycoviral gene delivery. Journal of the

American Chemical Society 125: 8465–8475.

10. Osaki F, Kanamori T, Sando S, Sera T, Aoyama Y (2004) A quantum dot
conjugated sugar ball and its cellular uptake on the size effects of endocytosis in

the subviral region. Journal of the American Chemical Society 126: 6520–6521.
11. Rejman J, Oberle V, Zuhorn IS, Hoekstra D (2004) Size-dependent

internalization of particles via the pathways of clathrin-and caveolae-mediated
endocytosis. Biochemical Journal 377: 159–169.

12. Xing XL, He XX, Peng JF, Wang KM, Tan WH (2005) Uptake of silica-coated

nanoparticles by HeLa cells. Journal of Nanoscience and Nanotechnology 5:
1688–1693.

13. Chithrani BD, Ghazani AA, Chan WCW (2006) Determining the size and shape
dependence of gold nanoparticle uptake into mammalian cells. Nano Letters 6:

662–668.

14. Chithrani BD, Chan WCW (2007) Elucidating the mechanism of cellular uptake
and removal of protein-coated gold nanoparticles of different sizes and shapes.

Nano Letters 7: 1542–1550.
15. Jiang W, Kim BYS, Rutka JT, Chan WCW (2008) Nanoparticle-mediated

cellular response is size-dependent. Nature Nanotechnology 3: 145–150.
16. Gao H, Shi W, Freund LB (2005) Mechanics of receptor-mediated endocytosis.

Proceedings Of The National Academy Of Sciences Of The United States Of

America 102: 9469–9474.
17. Yuan H, Li J, Bao G, Zhang S (2010) Variable Nanoparticle-Cell Adhesion

Strength Regulates Cellular Uptake. Physical Review Letters 105: 138101.
18. Desai MP, Labhasetwar V, Walter E, Levy RJ, Amidon GL (1997) The

mechanism of uptake of biodegradable microparticles in Caco-2 cells is size

dependent. Pharmaceutical Research 14: 1568–1573.
19. Zhang S, Li J, Lykotrafitis G, Bao G, Suresh S (2009) Size-dependent

endocytosis of nanoparticles. Advanced Materials 21: 419–424.
20. van Effenterre D, Roux D (2003) Adhesion of colloids on a cell surface in

competition for mobile receptors. Europhysics Letters 64: 543–549.
21. Shi WD, Wang JZ, Fan XJ, Gao HJ (2008) Size and shape effects on diffusion

and absorption of colloidal particles near a partially absorbing sphere:

Implications for uptake of nanoparticles in animal cells. Physical Review E 78.
22. Garoff H, Hewson R, Opstelten DJE (1998) Virus maturation by budding.

Microbiology and Molecular Biology Reviews 62: 1171–+.

23. Deserno M, Bickel T (2003) Wrapping of a spherical colloid by a fluid

membrane. Europhysics Letters 62: 767–773.

24. Decuzzi P, Ferrari M (2007) The role of specific and non-specific interactions in

receptor-mediated endocytosis of nanoparticles. Biomaterials 28: 2915–2922.

25. Zhang SL, Zhu T, Belytschko T (2007) Atomistic and multiscale analyses of

brittle fracture in crystal lattices. Physical Review B 76.

26. Terdalkar SS, Yuan HY, Huang S, T. Z, Rencis JJ, Zhang SL (2010) Nanoscale

Fracture in Graphene. Chemical Physics Letters 494: 218–222.

27. Buehler MJ, Gao HJ (2006) Dynamical fracture instabilities due to local

hyperelasticity at crack tips. Nature 439: 307–310.

28. Freund LB, Lin Y (2004) The role of binder mobility in spontaneous adhesive

contact and implications for cell adhesion. Journal of the Mechanics and Physics

of Solids 52: 2455–2472.

29. Shenoy VB, Freund LB (2005) Growth and shape stabillity of a biological

membrane adhesion complex in the diffusion-mediated regime. Proceedings of

the National Academy of Sciences of the United States of America 102:

3213–3218.

30. Tzlil S, Deserno M, Gelbert WM, Ben-Shaul A (2004) A statistical-

thermodynamic model of viral budding. Biophysical Journal 86: 2037–2048.

31. Lamblet M, Delord B, Johannes L, van Effenterre D, Bassereau P (2008) Key

role of receptor density in colloid/cell specific interaction: a quantitative

biomimetic study on giant vesicles. European Physical Journal E 26: 205–216.

32. Garoff H, Simons K (1974) Location of Spike Glycoproteins in Semliki Forest

Virus Membrane. Proceedings of the National Academy of Sciences of the

United States of America 71: 3988–3992.

33. Strauss JH, Strauss EG (1994) The Alphaviruses - Gene-Expression, Replication,

and Evolution. Microbiological Reviews 58: 491–562.

34. Qaddoumi MG, Gukasyan HJ, Davda J, Labhasetwar V, Kim KJ, Lee VHL

(2003) Clathrin and caveolin-1 expression in primary pigmented rabbit

conjunctival epithelial cells: Role in PLGA nanoparticle endocytosis. Molecular

Vision 9: 559–568.

35. Sieczkarski SB, Whittaker GR (2002) Influenza virus can enter and infect cells in

the absence of clathrin-mediated endocytosis. Journal of Virology 76:

10455–10464.

36. Sun XJ, Yau VK, Briggs BJ, Whittaker GR (2005) Role of clathrin-mediated

endocytosis during vesicular stomatitis virus entry into host cells. Virology 338:

53–60.

37. Sun SX, Wirtz D (2006) Mechanics of enveloped virus entry into host cells.

Biophysical Journal 90: L10–L12.

38. Cao YWC, Jin RC, Mirkin CA (2002) Nanoparticles with Raman spectroscopic

fingerprints for DNA and RNA detection. Science 297: 1536–1540.

39. Elghanian R, Storhoff JJ, Mucic RC, Letsinger RL, Mirkin CA (1997) Selective

colorimetric detection of polynucleotides based on the distance-dependent

optical properties of gold nanoparticles. Science 277: 1078–1081.

40. Jaiswal JK, Goldman ER, Mattoussi H, Simon SM (2004) Use of quantum dots

for live cell imaging. Nature Methods 1: 73–78.

41. Michalet X, Pinaud FF, Bentolila LA, Tsay JM, Doose S, Li JJ, Sundaresan G,

Wu AM, Gambhir SS, Weiss S (2005) Quantum dots for live cells, in vivo

imaging, and diagnostics. Science 307: 538–544.

42. Davis ME, Chen Z, Shin DM (2008) Nanoparticle therapeutics: an emerging

treatment modality for cancer. Nature Reviews Drug Discovery 7: 771–782.

43. Panyam J, Labhasetwar V (2003) Biodegradable nanoparticles for drug and gene

delivery to cells and tissue. Advanced Drug Delivery Reviews 55: 329–347.

Nanoparticle Design Principles

PLoS ONE | www.plosone.org 8 October 2010 | Volume 5 | Issue 10 | e13495



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


