Front. Phys., 2014, 9(4): 519-522
DOI 10.1007/s11467-014-0412-6

RESEARCH ARTICLE

Dimensions of receptor-ligand complex and the optimal radius

of endocytosed virus-like particle

Yan-Hui Liu’?3*, Ying-Bing Chen?, Wei Mao?, Lin Hu?, Lin-Hong Deng??°, Hou-Qiang Xu®'

L Key Laboratory of Animal Genetics, Breeding and Reproduction in the Plateau Mountainous Region Ministry of Education,

College of Animal Science, Guizhou University, Guiyang 550025, China
2Soft Condensed Matter Laboratory, College of Science, Guizhou University, Guiyang 550025, China
3State Key Laboratory of Theoretical Physics, Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing 100190, China

4 Institute of Biomedical Engineering and Health Sciences, Changzhou University, Changzhou 213164, China

5Key Laboratory of Biorheological Science and Technology, Ministry of Education, Bioengineering College,

Chongqing University, Chongging 400044, China

Corresponding authors. E-mail: *ionazati@itp.ac.cn, Thougqiang0524@yahoo.com
Received December 6, 2013; accepted January 17, 2014

Recent experiments have pointed out that cellular uptake is strongly dependent on the physical

dimensions of endocytosed nanoparticles and the optimal radius of endocytosed virus-like particle

coated by transferrin is around 50 nm. As the same time, the dimensions of receptor-ligand complex

have strong effects on the size-dependent exclusion of proteins in cell environments. Inspired by these

experimental results, a continuum elastic model is constructed to resolve the relationship between
the dimensions of receptor-ligand complex and the optimal radius of endocytosed virus-like particle.

These results demonstrate that the optimal radius of endocytosed virus-like particle depends on the

dimensions of receptor-ligand complex and the dimension of receptor-ligand complex reduces the

depletion zone.
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1 Introduction

Many viruses and virus-like particles enter animal cells
via receptor and clathrin mediated endocytosis, but re-
cent experimental results show that influenza virus can
enter and infect cells in the absence of clathrin-mediated
endocytosis [1-3]. Therefore, the current theoretical
works on endocytosis only include the energy gained from
ligand-receptor complex, the elastic recoil of the biomem-
brane and the elasticity energy of biomembrane [4-6],
which encounter challenges from nano-experiments eluci-
dating the mechanism of endocytosis. These experiments
pointed out that the cellular uptake is strongly depen-
dent on the physical dimensions of endocytosed nanopar-
ticles, showing that the optimal radius of endocytosed
virus-like particle is around 50nm [7, 8]. After analyzing
the previous theoretical works, the common fact is that
the dimension of the ligand-receptor complex is not con-

sidered. An experiment [9] based on quantum dots has
demonstrated that the dimension of complex has strong
effects on the size-dependent exclusion of proteins. Its di-
mensions [10, 11] can compare with the size of some small
particles in cell environments. Thus, what is the relation
between the optimal radius of endocytosed virus-like par-
ticle and dimensions of receptor-ligand complex emerges.
For resolving the question, a continuum model based on
equilibrium mechanics is proposed, which includes the
effects of the dimension of ligand-receptor complex.

2 Theoretical model

As shown by Fig. 1, it is the endocytosis process of virus-
like particle. On virus-like particle adhesion to biomem-
brane, its adherence and engulfment at the adhesion zone
require specific and nonspecific binding interactions to
overcome the resistive forces that hinder particle uptake.
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In the continuum mechanics model, four energies are con-
sidered, i.e., (i) E1: The favorable energy from depletion
effects, which originates from entropy and is affected by
the dimension of ligand-receptor complex; (ii) F2: The
favorable energy of ligand-receptor complex; which is
proportional to the number of ligand-receptor complexes
in the adhesion zone; (iii) E5: The unfavorable distortion
energy of the biomembrane; (iv) E4: The unfavorable en-
ergy due to the deformation of the biomembrane. R, J,
h and r in the following equation are the radius of virus-
like particle, the dimension of receptor-ligand complex,
the engulfment of virus-like particle and the radius of
small bioparticle in cell environments, respectively.

For the case that the dimension (§) of the complex
of ligand on the virus-like particles and receptor on
biomembrane is not considered, while the virus-like par-
ticle approaching the biomembrane, a limit gap between
the virus-like particle and the biomembrane exits and its
length should be the diameter (2r) of small particles in
the cell environments. The volume between the virus-like
particle and biomembrane corresponding to the limit gap
is the depletion volume, while the virus-like particle ap-
proaches the biomembrane more closely, until it overlaps
with the biomembrane, the depletion volume disappears.
Therefore, the depletion volume should be the volume
difference of two spherical crowns with the radius being
R + 2r and R, respectively.
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Fig. 1 Representations of endocytosis process of virus-like parti-
cle and the effects of dimension of ligand-receptor complex on the
depletion effects. The green sphere is the virus-like particle and the
green sheet is the biomembrane which includes cytoskeleton.The
red and blue solid points represents ligand and receptor, respec-
tively. R, § and h are the radius of virus-like particle, the dimension
of receptor-ligand complex and the engulfment of virus-like parti-
cle, respectively.

For the case the dimension of the ligand-receptor com-
plex (0) is considered, the virus-like particle can not ap-
proach the biomembrane infinitely, there is a gap be-
tween the virus-like particle and biomembrane and its
length is the dimension of the ligand-receptor complex
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(0). Compared with the case that the dimension of the
complex of ligand on the virus-like particles and receptor
on biomembrane is not considered, the depletion volume
is reduced partially, which should be the volume differ-
ence of two spherical crowns with radius being R+2r—§
and R, respectively,

2mh
—  _[(R+2r-06>-R? 2
s [+ 2r =0~ B )
According to Van’t Hoff relation [11], the nonspecific
energy from depletion effects should be

B = %4(3 +or— §) — R (3)
Here c is the concentration of small bioparticle in cell
environments.

The surface ligand allows the virus-like particles to in-
teract with receptor on biomembrane specifically. At the
adhesion zone, the favorable contact energy between the
ligand and the receptor is proportional to the adhesion
area, the receptor — ligand binding energy f, the recep-
tor — ligand complex density p at the adhesion zone, the
favorable contact energy can be written as

By = —21fph(R + 6) (4)

Ultimately, these cooperative interactions above gen-
erate sufficient thermodynamic energy to overcome the
elastic recoil of the biomembrane including the bending,
stretching energy and elasticity energy of biomembrane.
The bending and stretching energy can be expressed by
Hefrich energy [12] as the following;:

_ drkh
" R+96

where k and A are bending rigidity, surface tension of the

+ TAh? (5)

3

biomembrane, respectively.

At the adhesion zone, the boundary of the overlapping
region between the virus-like particle and the biomem-
brane is treated as a circle, the virus-like particle and the
biomembrane are uniform and isotropic. The cell is much
larger than the virus-like particle, so the final resistive
energy from the elastic energy of biomembrane can be
written as [13]

27 (R + 0)Y°h2®
L
H 3 1705 1705 ol s 5
ere p = (=1 — —2), it is related to the Young’s

modulus and Poisson ratio of virus-like particle and
biomembrane. o1 and 1 are the passion ratio and Yang’s
modulus of virus-like particle, respectively, oo and &5
are those of biomembrane. The Young’s modulus of the
biomembrane is much less than that of virus-like parti-

. 1—0? 1—o2
cle, which makes - <=7

, so i is only determined

Yan-Hui Liu, et al., Front. Phys., 2014, 9(4)



RESEARCH ARTICLE

by o2 and e2. The Young’s modulus of the biomembrane
is on the order of 10 kPa or less and the Poisson ra-
tio of the biomembrane is taken to be 0.5, which make
w= %1;7% = 256.25. kpT is taken as the unit of all the
energies mentioned above, and the choice of the physical
constants in the energies is guided by experimental data.
The bending modulus of biomembrane is typically of the
order of 10-20 and the surface tension of the biomem-
brane is around 0.005/nm? [6]. The receptor-ligand bind-
ing energy is estimated to be of the order of 10-25 [14].

3 Results and discussion

Combing all the energies mentioned above, we obtain

— 2rh 3 3

E = —2rxfph(R+4) 3(R+5)C[(R+2T 5)° — R’]
drkh 5 2m(R+6)%5h%°

+R 3 TAR® + — 5. (7)

As shown by the curve groups I and II in Fig. 2, the
engulfment depth hg at the equilibrium state is the root
of the equation %—5 |no= 0. The total energy decreases
with the concentration of small particles increasing for
either of the curve groups, for the dimension of com-
plex reduces the depletion effects. With the dimension
of complex increasing from 10 nm to 40 nm, the total
energy increases, which originates from the reduction of
depletion volume caused by the increasing of dimension
of complex. Actually, the results in Fig. 2 reflect the com-
petition between the depletion effects and the dimension
of complex in the endocytosis process.
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Fig. 2 Total energy of the biomembrane-virus-like particle inter-
action as a function of the virus-like particle engulfment depth.
There are two curve groups I and II, both of which are with
the same concentration change ranging from 0.0008 nm~3 to
0.0012 nm—3, group I and group II are with different dimension of
complex, corresponding to 40 nm and 10 nm, respectively.

At the equilibrium state, the relation between R and
r can be identified by Eq. (8):
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As shown in Fig. 3, the transition point corresponds
to the optimum radius of virus-like particle, which de-
pends on the dimension of complex and increases with
the dimension of complex ranging from 30 nm to 44 nm.
While the dimension of complex is 40 nm, the corre-
sponding optimum radius of virus-like particle should be
around 25 nm, namely, the diameter is around 50 nm,
which coincides with recent experiments [7, 8]. These
experiments proved that intracellular uptake of different
sized transferrin-coated gold nanoparticles depends on
the dimension of the gold nanoparticle. In comparison to
other transferrin-coated gold nanoparticles, the one with
the radius being 50 nm has the maximum uptake number
per cell under the same conditions.
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Fig. 3 Contours of dimension of ligand-receptor J, as a function
of R and r, the radii of large particles and small particles, respec-
tively. (a) From bottom to top, dimension of ligand-receptor &
ranges from 30 nm to 40 nm. (b) Dimension of ligand-receptor §
ranges from 40 nm to 44 nm.

Comparing our theoretical results above with the ex-
perimental ones, one hypothesis that the dimension of
complex determines the optimum radius of virus-like
particle can be inferred, which can be proved by con-
firming whether the size of transferrin is around 40
nm. Recent measurement with dynamic laser light scat-
tering [15] showed that these nanoparticles have sizes
of 20.2 + 0.2 nm for Au alone and 96.7 £ 0.2 nm for
transferrin-derivatived Au-transferrin particles, so the
size of transferrin should be around 38.2 nm, which is
consistent with the dimension of complex (§ = 40 nm).

The depletion effects have been proved by many in
vitro experiments and thought to play key role in real
life. But in the real process of virus-like particle being
endocytosed, there are many free particles in cell envi-
ronments, such as non-adsorbing polymers, proteins or
dissolved ions, and their size ranges from nanometer or
less to few hundreds of nanometers. For some free parti-
cles, their sizes less than the dimension of ligand-receptor
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complex, they can swim freely in the gap between the
virus-like particle and biomembrane. Only for free par-
ticles, their size bigger than the dimension of ligand-
receptor complex, they can not enter the gap between
the virus-like particle and biomembrane, the depletion
effects work, but the depletion volume is reduced com-
pared with the condition without ligand-receptor com-
plex. So in real cell system, there is competition between
the depletion effects and the dimension of ligand-receptor
complex, and the depletion effects are reduced by the di-
mension of ligand-receptor complex.

Nanoparticles have been investigated as drug car-
rier for imaging and delivery therapeutic agents, to
enhance drug absorption, improve bioavailability, and
target agents to particular organs. But the maximum up-
take number of nanoparticles is related to their size and
the dimension of bioconjugates coated on the nanopar-
ticle as experiments [16] have been pointed out. Our
theoretical results show highlights into the nanoparticle
design, in which, the size of nanoparticle should match
with the dimension of bioconjugates such as proteins or
monoclonal antibodies coated on the nanoparticle, thus
the maximum uptake number of nanoparticles coated
with bioconjugates can be obtained.

Acknowledgements Acknowledgements are made to the Na-
tional Natural Science Foundation of China (Grant Nos. 11047022,
11204045, and 31360215), the Research Foundation from Min-
istry of Education of China (Grant No. 2012152), Guizhou Provin-
cial Tracking Key Program of Social Development (Grant Nos.
SY20123089 and SZ20113069), the Natural Science Foundation
of Guizhou Province (Grant No. J20122166) and the Visiting
Scholar Foundation from the Key Laboratory of Biorheological
Science and Technology of Ministry of Education (Chongqing
University).

References and notes

1. A. E. Nel, L. Madler, D. Velegol, T. Xia, E. M. Hoek, P.
Somasundaran, F. Klaessig, V. Castranova, and M. Thomp-
son, Understanding biophysicochemical interactions at the
nano-bio interface, Nat. Mater., 2009, 8(7): 543

2. M. Lakadamyali, M. J. Rust, and X. W. Zhuang, Endocyto-

522

10.

11.

12.

13.

14.

15.

16.

sis of influenza viruses, Microbes Infect., 1996, 6: 334

S. B. Sieczkarski and G. R. Whittaker, Influenza virus can
enter and infect cells in the absence of clathrin-mediated
endocytosis, J. Virol., 2002, 76(20): 10455

H. Gao, W. Shi, and L. B. Freund, Mechanics of receptor-
mediated endocytosis, Proc. Natl. Acad. Sci. USA, 2005,
102(27): 9469

H. Yuan, J. Li, G. Bao, and S. Zhang, Variable nanoparticle-
cell adhesion strength regulates cellular uptake, Phys. Rewv.
Lett., 2010, 105(13): 138101

S. X. Sun and D. Wirtz, Mechanics of enveloped virus entry
into host cells, Biophys. J., 2006, 90(1): L10

B. D. Chithrani and W. C. Chan, Elucidating the mecha-
nism of cellular uptake and removal of protein-coated gold
nanoparticles of different sizes and shapes, Nano Lett., 2007,
7(6): 1542

B. D. Chithrani, A. A. Ghazani, and W. C. Chan, Deter-
mining the size and shape dependence of gold nanoparticle
uptake into mammalian cells, Nano Lett., 2006, 6(4): 662
J. M. Alakoskela, A. L. Koner, D. Rudnicka, K. Kohler, M.
Howarth, and D. M. Davis, Mechanisms for size-dependent
protein segregation at immune synapses assessed with molec-
ular rulers, Biophys. J., 2011, 100(12): 2865

J. R. James, R. D. Vale, Biophysical mechanism of T-cell
receptor triggering in a reconstituted system, Nature, 2012,
487(7405): 64

P. Nelson and B. Physics, Energy, Information and Life, New
York and Basingstoke: W. H. Freeman, 2007

Z.-C. Ouyang, J.-X. Liu, and Y.-Z. Xie, Geometric methods
in the elastic theory of membranes in liquid crystal phase,
Singapore: World Scientific, 1999

L. D. Landau and E. M. Lifshitz, Theory of Elasticity, Ox-
ford: Pergamon, 1986

G. 1. Bell, Models for the specific adhesion of cells to cells,
Science, 1978, 200(4342): 618

P. H. Yang, X. Sun, J. F. Chiu, H. Sun, and Q. Y. He,
Transferrin-mediated gold nanoparticle cellular uptake, Bio-
conjugate Chem., 2005, 16(3): 494

M. P. Desai, V. Labhasetwar, E. Walter, R. J. Levy, and G.
L. Amidon, The mechanism of uptake of biodegradable mi-
croparticles in Caco-2 cells is size dependent, Pharm. Res.,
1997, 14(11): 1568

Yan-Hui Liu, et al., Front. Phys., 2014, 9(4)



