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By analogy with virions, the binding of biologically-inspired nanoparticles (NPs) with ligands to the cellular
membrane containing receptors depends on the multivalent ligand-receptor interaction, membrane bending,
and cytoskeleton deformation. The interplay of these factors results in the existence of the potential minimum
and activation barrier on the pathway towards full absorption of a NP. Herein, I hypothesize and show
theoretically that the interaction of a NP, bound to one cell, with another cell can stabilize the potential
minimum and increase the corresponding activation barrier, i.e., NPs can mediate the formation of long-living

pairs of cells and aggregates containing a few cells inside blood and lymphatic vessels.

Nowadays, there are numerous efforts to use nanoparticles (NPs) in
various biomedical applications (reviewed by Lane, 2020). In particu-
lar, there are attempts to employ biologically-inspired NPs for e.g. de-
livery of drugs and vaccines (reviewed by Mitchell et al., 2021) or virus
targeting (reviewed by Jackman et al., 2020). In such applications,
NPs are often expected to be transported along blood and lymphatic
vessels. Although the corresponding chemical/biological physics has
already been explored to some extent (reviewed by Lane, 2020; Zh-
danov, 2021a; see also articles by Zhdanov, 2017a,b, 2019, 2021b, and
references therein), this area is still in the formative stage and open
for studies and discussions. The goal of this short Hypothesis Paper
is to argue and articulate that such NPs can induce dimerization and
aggregation of cells in blood or lymph and to clarify the underlying
physics.

In applications, biologically-inspired NPs [e.g., lipid NPs (Mitchell
et al., 2021)] are usually functionalized, and their size (~100 nm)
and structure are often similar to those of enveloped virions, i.e., as
already noticed in the abstract, their external protective layer contains
ligands which can be bound with receptors located in the external
membrane of cells. For this reason, the interaction of such NPs with
the cellular membrane can be rationalized by analogy with that of
virions (concerning virions, see e.g. models proposed by Sun and Wirtz,
2006; Zhdanov, 2013, 2015). In particular, the change of free energy
during a contact of a NP with the cellular membrane [Fig. 1(a)] can be
represented as a function of the engulfment depth (Zhdanov, 2017a)

AF(h) = AE,,(h) + AE,(h) + AE,(h), @

where AE, < 0 is the ligand-receptor interaction, AE, > 0 is the
membrane bending energy, and AE, > 0 is the deformation energy of
the cytoskeleton or, more specifically, actin filaments. Roughly, AE;,
and AE, are proportional to h. For spherically shaped NPs, for example,
these contributions to the free energy are given by (Sun and Wirtz,
2006; Zhdanov, 2013)

AE (h) ~ —2zahR and AE(h) ~4zkh/R, 2

where R is the NP radius, « is the ligand-receptor interaction per unit
area (or, in other words, a product of the ligand-receptor pair binding
energy and 2D concentration of ligand-receptor pairs), and « is the
lipid-membrane bending rigidity. In practical situations, the ligand-
receptor interaction is or can be designed to be sufficiently strong, so
that AE;. dominates. Thus, the sum of two terms in (2) can be expressed
as

AE, + AE, ~ —Ah, 3)

where A = 2zaR — 4zx/R > 0. The dependence of the cytoskeleton
deformation energy on 4 is stronger and can roughly be represented as

AE (h) ~ Bh", 4

where B > 0, and n is in the range from 2.5 to 4 depending on the
specifics of the model (Sun and Wirtz, 2006; Zhdanov, 2013). This
dependence is valid up to the critical value of the engulfment depth,
h < h,, and then AE_ drops with increasing 4 (Zhdanov, 2013). Below,
this drop is implied but not described explicitly.
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Fig. 1. Schemes of (a) engulfment of a NP into the host cell and (b) NP-mediated
formation of a pair of cells. The NP structure [panel (a)] corresponds to biomedical
applications.

Taken together, (3) and (4) allow one to rewrite (1) as
AF(h) = —Ah + Bh". 5)

With the specification above, this expression predicts the potential
minimum at 4 = h, = (A/nB)"/"=D and activation barrier at h = h,, >
h, on the pathway towards full absorption of a NP.

In the terms of the model outlined, the optimization of the NP
functionalization is a delicate process. The activation barrier for full
absorption of NPs should not be too low, because otherwise NPs will
be trapped just in the region of their injection and it may be not de-
sirable. On the other hand, the barrier should not be too high, because
otherwise NPs will be trapped just in the region of their injection as
well if the barrier for detachment is high or the spatial distribution of
NPs will be too wide if the barrier for detachment is low.

This situation is qualitatively similar to that with virions. In other
words, this means that a NP is expected to attach to the membrane of a
cell and to spend appreciable time before detachment or full absorption.
If during this period, this cell contacts another cell and the attached
NP is located in the contact region, it can interact with the latter cell
as well and form a bridge between the two cells [Fig. 1(b)], i.e., the
NP will mediate interaction between two cells so that they will form
a long-living dimer. The corresponding change of free energy can be
represented as a sum of the two terms describing the interaction on a
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Fig. 2. Profiles of AF,,, as a function of h; /R at 0 < h;/R < h. /R for (a) h,/R=0.6
and h,/R =09, (b) h,/R=0.8 and h,/R =13, and (¢) h,/R=1.1 and h,/R = 14.
In these examples, h,/R is kept constant, h,/R = h,/R, provided this is compatible
with a given value of h,/R. If this is not the case, h,/R is considered to be equal to
2—h,/R. The former and latter are shown by solid lines and open circles, respectively.

NP with the cells and defined by (1),
AFqa(hy, hy) = AF(hy) + AF (hy), 6)

where h; and h, (with h; + h, <2R) are the NP engulfment depths for
cells 1 and 2, respectively.

With the specification above, AF,(h,h,) given by (6) has a
minimum either at h, = h, = h, (provided h, < R) or at h; =
h, = R (provided A, > R). Depending on the relative values of these
parameters and A, there are following three scenarios of the interaction

of a NP with two cells, starting from the formation of a pair of cells with
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h; = h, = h, or h; = h, = R and its dissociation after the full absorption
of a NP by one of the cells:

(i) If the AF,, minimum is at h; = h, = h, < R and h, <2R - h,,
a NP plunged into one of the cells, e.g. cell 1, at »; = h, can plunge
deeper from h; = h, to h; = h, without perturbation of cell 2 which
can be at equilibrium with A, = h,. This process is energetically
unfavourable as in the case of the endocytosis during the interaction
of a NP with a single cell. Subsequent engulfment of a NP by cell 1
is energetically favourable, and at 2, > 2R — h,, this can compensate
the energy needed to decrease of the interaction with cell 2. Thus, the
full engulfment will occur with the nearly same rate as in the case of
a single cell. In particular, the potential barrier for the transition of a
NP from equilibrium at i, = h, to full engulfment will be

AU = AF(hy) — AF(h,). )

(i) If the AF,, minimum is at h; = h, = h, < Rand h,, >2R-h,,
a NP can plunge into one of the cells, e.g. cell 1, from A, = h, to
h, = h, only with perturbation of cell 2 which will in turn change
h, from h, = h, to 2R — h,. The latter costs energy, and the potential
barrier for the transition of a NP from equilibrium at 4, = A, to full
engulfment will be higher than that given by (7). In particular, it will
be given by

AU = AF(h,)+ AF(2R — hy,) — 2AF (h,). (8

(iii) If A, > R and the AF, minimum is at h; = h, = R, the
corresponding value of AF,, is equal to 24F(R). At h; = h, and
h, = 2R — h, the value of AF,, will be AF(h,)+ AF(2R — h.). The
potential barrier for the transition of a NP from equilibrium at 4, = h,

to full engulfment will accordingly be
AU = AF(h,) + AFQR — h,,) — 2AF(R). )

To illustrate items (i)-(iii) more explicitly, it is instructive to nor-

malize 4 by dividing by R and to rewrite (5) as

n

AF(h) = —A*% +B, (%) , (10)
where A, = AR and B, = BR" are the constants with the dimension
of energy. With these designations, the minimum of AF(h/R) is at
h/R=h,/R=(A,/nB,)"/"=D For example, let us consider that n = 3.
The typical profiles of AF,,(h,. h,) [Eq. (6)] calculated with this value
of n are shown in Fig. 2 as a function of i;/R. In these examples,
the desirable value of h,/R is determined by using the suitable value
of A,/B,, whereas the value of A, /R was introduced axiomatically.
h,/R is kept constant, h,/R = h,/R = (A, /nB,)"/"=D, provided this is
compatible with a given value of i /R. If this is not the case, h,/R is
considered to be equal to 2 — #,/R. In both cases, these prescriptions
result in minimization of AF,,,(h,,h,) at a given value of A, /R.

The situation with 4,/R = 0.6 and h,/R = 09 [case (i)] is
illustrated in Fig. 2(a) where the minimum of AF, ., (h,, h,)isat h;/R =
h,/R = h,/R = 0.6, and reaching the activation barrier at 4,/R =
hy/R = 0.9 is compatible with 4,/R = h,/R. The situation with
h,/R=0.8 and h /R = 1.3 [case (ii)] is shown in Fig. 2(b) where the
minimum of AF,(h;,h,) is at h;/R = h,/R = h,/R = 0.8, whereas
reaching the activation barrier at 4, /R = h, /R = 1.3 is accompanied
with the shift of 4, /R from 0.8 to 0.7. In the situation with 4, /R = 1.1
and h, /R = 1.4 [case (iii); Fig. 2(b)], the minimum of AF,,(h,,h,)
is at h;/R = h,/R = 1, whereas reaching the activation barrier at
hi/R = h,/R = 14 is accompanied with the shift of #,/R from 1 to
0.6.

Thus, the analysis above shows that NPs can induce the formation
of dimers of cells. The formation of larger aggregates of cells is also
possible. Concerning the stability of such dimers or aggregates, it is
desirable to estimate the values of the potential barriers for dimer
dissociation and for the full engulfment of a NP. The key parameters
here are a, x, B, and h,. The scale of a and « is now known,
whereas B and A, are related to the cytoskeleton deformation, and the
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corresponding accurate estimates are still difficult (Zhdanov, 2013). In
the context of this communication, a more direct conclusion about the
stability of dimers or aggregates can be drawn by (i) noticing that the
corresponding potential barriers for NPs can be comparable with those
for virions attached to the external membrane of cells and (ii) referring
to experiments indicating that under such conditions virions can often
be observed on the timescales from 1 min to 1 h (see, e.g., Ewers
et al, 2005; Liu et al., 2020). This is indicative that by analogy
with virions NPs can be long attached to the external membrane of
cells, their interaction with the membrane can be appreciable, and
they can induce the formation of dimers of cells. For viruses, the
formation of such dimers does not appear to be favourable from the
perspective of evolutionary biology, because it prevents penetration
of virions into cell and their replication there. For this reason, the
evolution of viruses was/is not expected to be in favour of inducing
the formation of dimers or aggregates of cells. With this reservation,
one can notice that, for example, influenza viruses are known to be
able to bind to red blood cells and cause their clumping referred to
as hemagglutination (Sanchez-Cano et al., 2021). Along this line, one
can also notice e.g. that rotaviruses can induce fusion of cells (Falconer
et al., 1995). The simplest mean-field kinetic model describing the
formation of dimers at the population level was long proposed by Lanni
and Lanni (1952). In the conventional kinetic models describing viral
infection at this level, such processes are usually not taken into account
(reviewed by Handel et al., 2020).

Thus, the above-formulated hypothesis that NPs can induce the
formation of dimers of cells or larger aggregates is based on the robust
physics, supported by the information available for viruses, and accord-
ingly expected to be correct. If the latter is the case, the phenomenon
predicted can be observed experimentally in academic studies and also
in vivo. In academic studies, one can form a monolayer of cells at the
floor of the chamber, expose these cells for a while to solution with NPs,
and then to solution with other cells. By varying the number of ligands
per NP, one can try to identify the conditions suitable for the formation
of dimers of cells. In vivo, one can inject NPs, use the number of ligands
per NP as a governing parameter as well, and then try to verify whether
it results in the formation of dimers of cells or larger aggregates. The
latter is of course not straightforward because the region/s where the
dimerization and aggregation are most probable is/are not known in
advance. Theoretically, the kinetics of the NP-induced aggregation of
cells can be described by using the equations similar to those employed
to interpret detection of biomolecules and biological NPs by means of
induced aggregation of larger nanoparticles (Wahlsten et al., 2019).
In the experiments aimed at detection, the concentrations of species
are typically constant. During NP-mediated aggregation of cells in vivo,
the concentration of NPs is expected to usually decrease due to their
spreading. Thus, the latter problem is mathematically more complex.

Concerning potential biological implications of NP-induced forma-
tion of dimers of cells or larger aggregates for safety etc., the first
expectation might be that this process is harmful. It may, however,
be neutral or, perhaps, even positive under certain circumstances. This
broad subject has now many uncertainties, and the related speculations
are beyond my present goals. I may just notice that the aggregation
of NPs is often briefly discussed in the context of safety of their use
(reviewed, e.g., by Ganguly et al., 2018; Zhao et al., 2019). The NP-
induced formation of dimers of cells or larger aggregates is, however,
usually not mentioned there.
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