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In cell environments crowded with macromolecules, the depletion effects act and assist in the assembly of a
wide range of cellular structures, from the cytoskeleton to the chromatin loop, which are well accepted. But a
recent quantum dot experiment indicated that the dimensions of the receptor-ligand complex have strong effects
on the size-dependent exclusion of proteins in cell environments. In this article, a continuum elastic model is
constructed to resolve the competition between the dimension of the receptor-ligand complex and depletion
effects in the endocytosis of a spherical virus-like bioparticle. Our results show that the depletion effects do not
always assist endocytosis of a spherical virus-like bioparticle; while the dimension of the ligand—receptor complex
is larger than the size of a small bioparticle in cell environments, the depletion effects do not work and reverse
effects appear. The ligand density covered on the virus can be identified quantitatively.
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1. INTRODUCTION

Depletion effects are well known to lead to phase
separation in the bulk of colloids consisting of large
and small particles dominated by short-range repulsive
interactions [L—+]. Recently, a highlight experiment
demonstrated the depletion effects directly [3]. The
trace of a single polystyrene particle in a vesicle was
observed on a focal plane under microscopy. When
there are no small spheres in the vesicle, the single
polystyrene particle freely diffuses all available space
in the vesicle. When the vesicle also contains smaller
particles, one can see clearly that the larger particle is
attracted to the wall of the vesicle. Depletion effects
have been applied to nanoparticle-based nanotechno-
logy, such as nanoparticle separation. More recently,
Vaia and his colleagues ['6] demonstrated a robust and
efficient procedure of shape and size selection of Au
nanoparticle through the formation of reversible floccu-
lates by a surfactant micelle induced depletion interac-
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tion. Depletion effects are also effective in an assembly
of colloidal semiconductor nanorods in solution [i7]. By
tuning depletion attraction forces between hydropho-
bic colloidal nanorods of semiconductors, dispersed in
organic solvent, the nanorods could be assembled into
two-dimensional monolayers of closed-packed hexago-
nally ordered arrays directly in solution.

In cell environments, depletion effects also play an
important role, by assisting in the assembly of a wide
range of cellular structures, from the cytoskeleton to
chromatin loops and whole chromosomes, even the en-
docytosis of virus [§]. Recent review [0 outlined the
interactions that promote bionanoparticle wrapping at
the surface membrane: the promotive interactions in-
clude specific interaction binding, nonspecific binding,
and optimal particle size and shape. The depletion ef-
fects should be considered as nonspecific binding. Es-
pecially, the recent experiment in [:_f(j], based on quan-
tum dots, has demonstrated that the dimension of the
ligand-receptor complex has strong effects on the size-
dependent exclusion of proteins whose dimension is
comparable with the size of small particles in cell en-
vironments. By incorporating most of the interactions
that promote virus-like particle wrapping at the sur-
face membrane, we have found that the optimal par-
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ticle size and shape depend on the dimension of the
ligand-receptor complex and the depletion effects [:_1-1:]

All the reviews mentioned above prove that the de-
pletion effects always produce attractive force in diffe-
rent systems ranging from colloids to nanobioparticle,
even the real cell process. The question of whether
the depletion effects always produce attractive forces
emerges and deserves to be revolved, especially, under
the condition that the dimension of the ligand-recep-
tor complex can be comparable with the size of some
small bioparticles in cell environments. Here, a con-
tinuum elastic model I:_l-g,:_l-ij] recently proposed by us
is extended to resolve the relationship between the di-
mensions of the receptor-ligand complex and the de-
pletion effects in endocytosis of virus-like particles and
determine the ligand density on some spherical viruses.

2. THEORETICAL MODEL

The resistive and promotive interactions for the bio-
nanoparticle wrapped at the surface membrane out-
lined in recent review [g] mainly include specific binding
(ligand-receptor binding), nonspecific binding (deple-
tion effects), optimal particle size and shape, stretching
elasticity of the cell membrane, and so on. During
the endocytosis process, the resistive and promotive
interactions for the virus-like particle wrapping incor-
porated into our continuum model are as follows.

2.1. The promotive interactions

The ligand-receptor interaction and depletion ef-
fects correspond to the respective specific and nonspe-
cific interactions, both of which belong to the promo-
tive interactions. The interaction energy F4 caused by
the depletion effects originating from entropy is deter-
mined by the depletion volume v and the concentration
c of small bioparticles in the cell environment and can
be expressed as Fy = [ pdv, where p = ckpT [13], and
v depends on the dimension § of the ligand-receptor
complex and the radius r of the small bioparticle in
the cell environment.

As shown in Fig. :_Il:, when a virus-like particle is
approaching the biomembrane, if the dimension of the
ligand-receptor complex is not considered, the virus
particle overlaps with the biomembrane totally, and the
depletion volume should be

27h
V=S [(R+2r)° — RY].

Once the dimension § of the ligand-receptor com-

plex is considered, the virus-like particle cannot reach

Virus-like

Ligand
particle Q

Biomembrane O

Ligandeece—Igtor Complex

Fig. 1. Representations of the endocytosis process of a virus-li-
ke particle and the effects of the dimension of the ligand-re-
ceptor complex on the depletion effects. The virus-like particle
and the biomembrane including cytoskeleton. The respective
white and black circles represent the ligand and receptor. The
radius of the virus-like particle, the dimension of the receptor—
ligand complex, and the engulfment of the virus-like particle
are respectively indicated by R, ¢, and h

the biomembrane infinitely, and a limit gap appears
between the virus-like particle and the biomembrane,
with its size being the dimension § of the ligand-recep-
tor complex. Obviously, compared with the case where
the dimension of the ligand-receptor complex is not
considered, the depletion volume is partially reduced
and can be expressed as

2mh
=——[(R+2r-6)°-R?.
VS 3R (B R
The nonspecific interaction energy from the depletion
effects can be expressed as

E, = _3(]2%#—:—16)0 [(R+2r—6)°—R?], (1)
with kpT taken as the unit of Fy and all the energies
in the following sections, unless stipulated otherwise.

The specific ligand-receptor interaction is propor-
tional to the adhesion area at the adhesion zone, the
density p of the ligand-receptor complex, and the bin-
ding energy f of the ligand-receptor complex. The
ligand—receptor binding energy is estimated to be about
of 10-25 [:_1-4] The specific interaction energy is

Ey = —2nfph(R+ 9). (2)

2.2. The resistive interactions

The resistive energy consists of the elastic recoil of
the biomembrane (the bending, stretching energy of the
biomembrane) and the elastic energy of the biomem-
brane, which can be balanced by the thermodynamic
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energy generated by the cooperative interactions FEj
and F,. The elastic recoil of the biomembrane can
be described by the Hefrich energy [15]. The energy
difference before and after the engulfment can be ap-
proximately expressed as

_ drkh
" R+96

where k is the bending modulus of the biomembrane,
typically of the order of 10-20, and A is the surface
tension of the biomembrane, around 0.005/nm? [[[6].

During the process of the virus-like particle be-
ing engulfed, the boundary of the adhesion zone can
be treated as a circle. Under the condition that the
virus-like particle and the biomembrane are uniform
and isotropic, the elastic energy of biomembrane can
be written as [17]

27 (R + 6)0°h25
o
Young’s modulus and the Poisson ratio of the virus-like
particle and the biomembrane can be incorporated into
the parameter

MZZ(I—U%_1—03>7
€1 1<)

in which o; and e; are respectively the Poisson ratio
and Young’s modulus of the virus-like particle, and o9
and €9 are those of the biomembrane. Young’s modu-
lus of the virus-like particle is much larger than that of
the biomembrane, whence

1—0’%<<1—0'%

)

€1 €2

and therefore p is only determined by oo and es.
Young’s modulus of the biomembrane is of the order
of 10 kPa or less and the Poisson ratio of the biomem-
brane is taken to be 0.5, whence

1— 2
31701 os60s.
4 €1
3. RESULTS

3.1. Reverse of depletion effects

Combing all the energies Fy ~ E4, the total energy
can be expressed as

B 2mh 3 3
E = =27 fph(R+9) 3(R+6)c[(R+2r §)°—R’]+
drkh 5 2m(R+6)%Ph25
+R+6+7T)\h + 5 . (5

The second term in the right-hand side of Eq. (E).'),
indicating the free energy from depletion effects, de-
pends on the concentration and size of small bioparti-
cles in the cell environment and the dimension of the
ligand-receptor complex. Especially the expression

(R+2r—6)—R3 (5a)

indicates the competition between the dimension of the
ligand—receptor complex and the size of small biopar-
ticles in the cell environment, determining whether the
depletion effects work. When the diameter 27 of small
bioparticles in the cell environments is larger than the
dimension ¢ of the ligand-receptor complex, the de-
pletion effects produce attractive forces. As shown in
Fig. da (case I), the diameter of a small bioparticle in
the cell environment (2r = 30 nm) is larger than the
dimension of the ligand-receptor complex (§ = 20 nm),
which makes the term (Ha) to be positive. Hence, the
term

27h
—————c[(R+2r -0’ - R® 5b
SRt o) (B2 =07 -R] (D)
is negative, and the total energy E decreases with the
concentration of small bioparticles in the cell environ-
ment increasing.

Once the diameter of small bioparticles in the cell
environment is less than the dimension of the ligand-re-
ceptor complex (2r < §), the small bioparticles can
swim freely in the gap between the bioparticle and the
biomembrane, and therefore the depletion effects do not
work. As shown in Fig. da (case II), the diameter of a
small bioparticle in the cell environment (2r = 10 nm)
is less than the dimension of the ligand-receptor com-
plex (§ = 20 nm), which makes the term (5a) negative,
and hence the term (5b) is positive. Obviously, with
the concentration of small bioparticles in the cell envi-
ronment increasing, the total energy F increases.

The phenomena mentioned in Fig. ;Za can also be
found in Fig. -'_Qb7 where the diameter of a small biopar-
ticle is 2r = 50 nm and 2r = 10 nm, respectively for
cases I and II. For both cases, the dimension of the
ligand-receptor complex is 40 nm.

3.2. The determination of the ligand density on
some spherical bioparticles

The ligand density on a virus-like particle can be
determined by the equilibrium state of Eq. (&) and is
expressed as
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Fig. 2. Dependence of the total energy on depletion effects
and reversal of depletion effects. (a) In case I, the total ener-
gy decreases as the concentration of small bioparticles in the
cell environment increases, the diameter of the small biopar-
ticle is 2r = 30 nm; in case Il, the total energy increases as
the concentration of small bioparticles in the cell environment
increases, 2r = 10 nm. In both cases, the dimension of the
ligand—receptor complex is 20 nm. (b) In case |, the total
energy decreases as the concentration of small bioparticles in
the cell environment increases, 2r = 50 nm; in case Il, the
total energy increases as the concentration of small bioparti-
cles in the cell environment increases, 2r = 10 nm. In both
cases, the dimension of the ligand-receptor complex is 40 nm.
The curves 1, 2 and 3 correspond to ¢1 = 0.8 - 1072 nm™3,
c2=1.0-10"° nm® and c3 =1.2-10"° nm~?

_ c[(R+2r—48)* — R k
- 3f(R+6)2 - f(R+0)2
27 AR 15
- f(R+6) 2fu(R+6)95"

(6)

The surface ligand density on a virus-like partic-
le is an important factor that provides the specific
adhesion in the endocytosis. As shown in Figs. Ja
and '§'b, the ligand density strongly depends on the
radius of the virus-like particle, the dimension of the
ligand-receptor complex, and the ligand-receptor bin-
ding energy. Clearly, with the ligand-receptor binding
energy increasing, the ligand density decreases.

Figures :_ic and Bd correspond to the ligand density
covering the respective Semliki Forest virus and HIV-1
virus. The Semliki Forest virus is a tightly enveloped,
roughly spherical, animal virus 70 nm in diameter [:_1-§']
The virus is covered by 80 ligands, and therefore its lig-
and density should be 80/47R? = 0.005 nm~2. For the
HIV-1 virus particle, there are 219 gp120 proteins (sur-
face ligand) on its surface [[6]. Recent single molecule
experiment indicated that the diameter of the HIV-1
virus is about 100 nm [19], whence the density of the
surface ligand is 219/47R% = 0.007 nm—2.

According to the quantitative analysis above, two
main factors should be addressed. First, as shown in
Figs. '@.’c and 'l}’d, the ligand density on the Semliki Forest
virus and HIV-1 virus is consistent with the theoretical
results by the order of magnitude. Second, the quan-
titative analysis above can help identify the dimension
of the ligand-receptor complex; the dimensions of the
ligand—receptor complex corresponding to ligand densi-
ties 0.005 nm~2 and 0.007 nm~2 are 28 nm and 40 nm,
respectively, both of which fall into the interval between
10 and 45 nm outlined by recent experiment ﬂ_l-(_j]

4. CONCLUSIONS

Generally, depletion effects have been thought to
produce an attractive force, but this is not always
true. Our results indicate that whether the depletion
effects produce attractive forces in the endocytosis of
a virus depends on the comparison between the di-
mension of the ligand-receptor complex and the size
of small bioparticles in the cell environment. If the di-
mension of the ligand-receptor complex is less than the
diameter of the bioparticle in the cell environment, the
depletion effects work and are advantageous to endocy-
tosis; conversely, the depletion effects become reverse
and the endocytosis of a virus does not benefit from
depletion effects. These results will highlight the de-
sign of the protein corona coated on virus-like particles
that transport medicine or others to the target cell. In
order to make depletion effects work in the endocytosis
of a virus-like particle, the protein corona should be
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Fig. 3. The dependences of the ligand density in equilibrium on the (a—d) radius of a spherical virus bioparticle and (a,b) di-
mension of the ligand—receptor complex for the receptor-ligand binding energies (a) 20 and 25 (b) 19 and 23; the ligand density
covering (c) the Semliki Forest Virus of the radius 35 nm and (d) the HIV-I Virus of the radius 50 nm

designed less than the diameter of small bioparticles in
the cell environment.

As the same time, our results indicate that the
ligand density covered on a virus depends on the ra-
dius of the virus, the dimension of the ligand-receptor
complex, and the ligand-receptor binding energy.
From our results, the dimension of the ligand-receptor
complex corresponding to the definite ligand density
and the radius of the virus can be identified. But the
dimension should be proved by experiments further,
because the current virus morphology seldom provides
the dimension of the ligand-receptor complex.
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