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Lipid nanoparticles (LNPs) with size ~100 nm are now used for fabrication of a new generation of drugs
and antiviral vaccines. To optimize their function or, more specifically, interaction with cell membranes, their
composition often includes ionizable lipids which are neutral or cationic (after association with HT). Physically,
such LNPs represent an interesting example of mesoscopic nanosystems with complex and far from understood
properties. Experimentally, they can be studied at cell-membrane mimics. Herein, I analyze theoretically three
related aspects. (i) I describe how the extent of protonation of ionizable lipids located at the surface of LNPs
depends on the H* concentration by using the phenomenological Langmuir-Stern and Poisson-Boltzmann
models with continuum distribution of charges and the dipole model with discrete charges. In these frameworks,
the HT adsorption isotherms are predicted to be close to Langmuirian provided the fraction of ionizable lipids
is smaller than 0.5. (ii) I scrutinize the interaction between charged LNPs and their interaction with a supported
lipid bilayer (SLB) by using the phenomenological theory and lattice-gas model. The long-term association or
attachment is predicted provided the charges are opposite. The models make it possible to estimate the size of the
contact region (provided a LNP is not deformed) and the number of lipid-lipid bonds in this region. (iii) I briefly
discuss denaturation of a LNP during interaction with the SLB and argue that it may occur via a few stepwise

transitions.

DOI: 10.1103/PhysRevE.105.044405

I. INTRODUCTION

Nanoscience is now flourishing. In particular, there are
numerous efforts to use nanoparticles in various biomedical
applications (reviewed in [1-3]). In this area, 100-nm-sized
lipid nanoparticles (LNPs) have attracted appreciable atten-
tion in the context of fabrication of novel drugs and antiviral
vaccines based on RNA (mRNA or siRNA) delivery [4]. In
vivo, after penetration the outer cell membrane, LNPs are
often trapped and processed at anionic membranes of endo-
somes in a not fully understood manner [5,6]. One of the
practical problems here is that only a small amount of LNPs
appear to be able to escape from endosomes and to release
the content, and accordingly the endosomal escape is cru-
cial for efficient RNA delivery and function [4]. Experiments
with advanced cellular assays have allowed one to formulate
conceptual mechanisms of the endosomal escape (reviewed
in [7-9]). The proposed pathways include membrane fusion,
osmotic pressure effects, particle swelling, and membrane
destabilization [7]. The mechanistic details of such processes
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can be studied at cell-membrane mimics such as a supported
lipid bilayer (SLB) [10].

To influence and/or regulate the endosomal escape, LNPs
can be composed with participation of ionizable lipids which
are neutral at physiological pH and protonated, i.e., pos-
itively charged, at lower pH [4]. The former reduces the
interaction with the anionic membranes of cells. The latter
facilitates electrostatic interaction and fusion of LNPs with
negatively charged endosomal membranes, resulting in the
leak of mRNA molecules into the cytoplasm. Conceptually,
the leak can be interpreted in terms of the fusion-pore or
transient-pore models [8]. The specifics of such systems are
of interest from the perspectives of physics in general and
statistical physics in particular.

Some aspects of the function of LNPs have already been
clarified by using the corresponding biophysical models (see,
e.g., Refs. [11-21]). The models of this category focused
on LNPs containing ionizable lipids are, however, lacking.
Herein, I fill this gap to some extent. In particular, I first
describe how the extent of protonation of ionizable lipids lo-
cated at the surface of LNPs depends on the H* concentration
(Sec. II) and then discuss the interaction between positively
and negatively charged LNPs and their interaction with an
SLB (Sec. III). In addition, I briefly discuss the likely sce-
narios of denaturation of LNPs during their interaction with
a lipid bilayer (Sec. IV). These aspects are of interest in
the context of academic studies of LNPs at cell-membrane
mimics and some of them are relevant in the context of ap-
plications as well. From the perspective of statistical physics,
the problems under consideration are complex and can be
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tackled at different levels by using various approximations.
In Secs. II and III, I first use phenomenological models with
continuum (averaged) distribution of charges and then more
specific models with interaction between discrete charges lo-
cated at lipids. The LNP denaturation (Sec. IV) is discussed at
the phenomenological coarse-grained level.

II. EXTENT OF PROTONATION OF IONIZABLE LIPIDS

A. General remarks

LNPs containing RNA are spherically shaped aggregates.
At the coarse-grained level, depending on composition, their
structure may be different. The exterior part of a LNP is often
viewed as a lipid bilayer. The poorly ordered internal part
can (i) be reminiscent of multilamellar vesicles with solution
and RNA located between lipid leaflets [22], (ii) exhibit more
complex and less ordered domains of “cubic” phase, formed
by a lipid bilayer and containing water channels [23], or (iii)
exhibit “inverse hexagonal” phase [24]. Accurate description
of ionizable lipids in such structures is challenging. Suitable
models can be formulated but the corresponding full-scale
analysis can be done only numerically even in the simplest
case of combination of spherical shells representing lipid
leaflets and the regions between them. As the first step in
this direction, I analyze the extent of protonation of ionizable
lipids at the external surface of LNPs.

After protonation, the ionizable lipids become positively
charged. For global electroneutrality, the positive charges of
lipid heads are compensated by negative charges belonging
to the solution. Physically, it can be done in a different
way. One limit is when the positive charges of lipids are
balanced by negative charges continuously distributed in solu-
tion. This limit can be described by using combination of the
Langmuir-Stern model for HT -lipid-head association with the
Poisson-Boltzmann model for charge distribution in solution.
Another limit is when the positive charge of each lipid head
is balanced locally by a negative charge with well defined
relative location, so that these charges form a dipole. The latter
limit can be described by employing the dipole approxima-
tion. Focusing on the external surface of LNPs, I analyze both
these limits in Secs. I B and II C, respectively, because now
there are no clear indications in favor of one of them. In both
cases, the charges located inside a LNP, i.e., on the internal
lipid layers and solution between them, are ignored. The role
of the latter charges is briefly discussed later on in Sec. I D.

B. Langmuir-Stern and Poisson-Boltzmann models

The Langmuir-Stern model is one of the seminal models in
electrochemistry (reviewed in [25]). It is not, however, widely
used in general and was not used to describe LNPs with
ionizable lipids in particular. In this model, the probability that
a lipid is ionized, i.e., that its head contains H*, is given by

p = cyg+/[Kaexplep/kgT) + cu+], (D

where cy+ is the HT concentration in solution, e is the absolute
value of the electron charge, ¢ is the potential at the lipid head,
and K is the HT attachment-detachment constant at ¢ = 0.
This expression for p does not specify how the potential is
calculated and accordingly can be used in various situations.

In the context under consideration, it can be employed to
describe the external surface of a LNP. At this interface, the
surface concentration of the positive charge is given by

exp excy+

= , 2
K s{K, explep/ksT] + cy+}

where y is the fraction of the ionizable lipids and s = 0.6 nm?
is the surface area per lipid.

The electric field generated by the ionizable lipid near
the LNP-solution interface is 4w q/es, where €, = 80 is the
solution permittivity. The potential ¢ introduced above can be
identified with that at this interface. The double layer near the
interface can, on the other hand, be described by using the
Poisson-Boltzmann model. Under physiological conditions,
the radius of a LNP (~50 nm) is much larger than the Debye
length [§ = (eskgT/ 8me?e,)'/? ~ 1 nm], and accordingly the
interface can be considered to be flat. In this case, the electric
field at the interface is given by the the Grahame equation
(Section 13.3.2 in [26]),

4 32rkgTe, \'?
g _ (2<7RBLCo sinh [ -£% ’ (3)
€s €s 2kBT

where ¢, is the concentration of positive or negative charges
in solution (1:1 electrolyte).
Substituting (3) into (2) yields

X CH+ 2ekgTs%c, 172 h ey
= sin .
K. expleg/kgT] + cy+ me? 2k T
“4)

This equation allows one to calculate ¢ as a function of other
parameters. The probability that a lipid is ionized can then
be calculated by using Eq. (2). The results of such calcula-
tions are shown in Fig. 1 for the physiological value of the
electrolyte concentration, ¢, = 150 mM, and x = 0, 0.1, 0.3,
and 0.5. If x = 0, the double layer is negligible, i.e., ¢ = 0,
and Eq. (2) is reduced to the Langmuir adsorption isotherm.
With increasing x, the isotherm becomes non-Langmuirian.
If x is appreciable, e.g., 0.5, the deviation from the Langmuir
isotherm is well manifested.

C. Dipole model

The Langmuir-Stern and Poisson-Boltzmann models used
above are phenomenological. The conditions of their appli-
cability can be and were debated from various perspectives
(see e.g. [25,27-30]). One of the shortcomings of the Poisson-
Boltzmann model is that it does not take spatial constraints on
the arrangement of ions and can overestimate the local ion
concentration near the interfaces [27]. From this perspective,
the Poisson-Boltzmann model can be extended by using var-
ious approximations [27,29]. This shortcoming is important
in the case of strong electrolytes (large surface potentials)
and/or asymmetric ion charges and sizes. In biologically rele-
vant situations, electrolytes can usually be classified as weak,
and accordingly the role of spatial constraints is not central.
What can be more important is that the Poisson-Boltzmann
model implies that the surface charge as well as the charges
in solution near an interface are distributed continuously. In
the case of LNPs, the surface charge are, however, located
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Log,(cy /K,)

FIG. 1. (a) Normalized potential and (b) probability that an ion-
izable lipid is in the cationic state as a function of the normalized
H* concentration according to the Langmuir-Stern and Poisson-
Boltzmann models with T = 300 K, ¢, = 150 mM, and x =0, 0.1,
0.3,and 0.5.

at lipids and, strictly speaking, should be described by using
the corresponding models with interaction between discrete
charges located at lipids. It can be done at different levels
(see, e.g., [30]). To keep the analysis and results compact, |
employ one of the versions of the dipole approximation as it
was earlier used in the context in surface science [31].

In the framework of the dipole approximation, Eq. (1) is
replaced by

p = cu+ /Ky exp(Egqa/ksT) + cu+1, &)

where E,;; is the energy of the repulsive (positive) interaction

of a dipole with other dipoles. In the case of firm dipoles at a

flat interface, this energy is given by (see Eq. (11) in [31])
nd®N32 pd? 3 p?

Eqy = = , 6
ad - 52 (6)

where N = x p/s is the surface concentration of ionizable
lipids in the cationic state, d = el is the dipole moment (/ is
the corresponding length), and n = 22 is the dimensionless

Log,(cyy /K,)

FIG. 2. Probability that an ionizable lipid is in the cationic state
as a function of the normalized H* concentration according to the
dipole model with T = 300 K, / = 0.5 nM, and x =0, 0.1, 0.3, and
0.5.

numerical coefficient obtained after summation. Substituting
(6) into (5) results in

) ﬂd2X3/2P3/2
p = cyg+ /|:Kva exp <W + CH+ | - (7)

The isotherms predicted by this equation with physically rea-
sonable parameters are qualitatively similar to those given
by Eq. (2) [cf. Figs. 2 and 1(b)]. Quantitatively, however,
the deviation from the Langmuir adsorption observed with
increasing y is now slightly weaker.

D. Charges inside a LNP

In the analysis above, the focus is on the external surface
of a LNP. The charges located inside a LNP are ignored.
In reality, the latter charges may or may not be important
depending on H' concentration, other parameters, and the
type of arrangement of lipids inside LNPs. For example, these
charges can be ignored provided their location is spherically
symmetric and a LNP is globally neutral inside. In this case,
according to the Gauss theorem, the charges located inside
a LNP do not create an electric field at the external surface
of a LNP and accordingly do not influence the extent of
protonation of the ionizable lipids at the latter interface.

The role of the charges located inside a LNP is expected to
increase with increasing H* concentration. At very high H*
concentration, an appreciable part of ionizable lipids located
both at the external interface and inside is expected to be
protonated, and LNPs are expected to be unstable. From the
perspective of applications of LNPs, this limit is not of inter-
est, and attention should be focused instead on intermediate
H™ concentrations corresponding to partial protonation of ion-
izable lipids at the external interface. Under such conditions,
the driving force for protonation is modest, and the role of
protonation of ionizable lipids located inside may be minor
because the heads of these lipids are separated from the heads
of the lipids located at the external LNP surface by a dielectric
region with relatively low permittivity (compared to that of
solution), and accordingly the effect of the permittivity on the
electric field is there increased, the increment of the potential
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is increased as well, and the concentration of protonated lipids
is reduced as predicted, e.g., by Eq. (1).

To scrutinize the role of the charges located inside a
LNP, one can generalize the models described in Secs. IIB
and IIC. Although it can easily be done, the corresponding
equations are cumbersome and their numerical solution is
more or less straightforward only in the spherically symmet-
rical case. Physically, this means that that a LNP should be
viewed as a multilamellar vesicle and represented as a sphere
formed of shells mimicking lipid leaflets with solution be-
tween them. Then, one can combine the Langmuir-Stern and
Poisson-Boltzmann models (as in Sec. II B). The correspond-
ing analysis confirms the qualitative conclusions drawn above
[32].

III. LNP-LNP AND LNP-SLB INTERACTION

In the context of applications of positively and negatively
charged LNPs, it is instructive to know the specifics and
scale of interaction between them. The interaction with a
charged SLB is of interest as well from the perspective of
academic studies. Below, I present some estimations of these
interactions by using the conventional continuum DLVO-type
theory (Sec. III A) and the complementary lattice-gas model
(Sec. III B).

A. DLVO-type interaction

In the DLVO-type theory [33], named after Derjaguin,
Landau, Verwey, and Overbeek, the interaction between
nanoparticles or between a nanoparticle and the substrate is
represented as a sum of the double-layer (dl), hydration (h),
and van der Waals (vdW) parts,

U = Uy + Uy + Uygw, ()

and one can employ the Derjaguin approximation for calcula-
tion of Uy and Uy, and the Hamaker approximation for Uyqwy .
LNPs can be considered to be spherical, and the correspond-
ing counterparts of the interaction between them are given by
[33]

= OO exp(—d)s), ©)
r+n
27‘[?‘17‘214
U, = ———exp(—ad), 10
b= i) p( ) (10)
Uyaw = —Bo(r, r2,d)/6, with (11D
27‘]1‘2 2}"11’2

o(r1,m2,d) =

2(r1 + r)d + d?
2(ry + r2)d + d?
+ In ,
4riry 4+ 2(r1 + r)d + d?

where r; and r, are the LNP radii, d is the minimal LNP-LNP
distance, ¢; and ¢, are the potentials at the LNP surfaces, «
and A are the parameters determined via the energy of the hy-
dration interaction (per unit area) of the flat interfaces [U), =
A exp(—ad)], and B is the lipid-lipid Hamaker constant. Phys-
ically reasonable values of some of these parameters are § =
0.8 nm (for ¢, = 150 mM); A = 0.03 J/In2 ando = 3.8 nm™!
[34]; and B =10.5 x 1072°7 (or ~ 1.3kgT) [35]. The inter-
action between oppositely charged 80-nm-sized LNPs (r; =

4riry + 2(r1 + r)d + d?

(12)

2 hydration ]

U/ kT

(b) [ hydration

d (nm)

FIG. 3. (a) DLVO-type interaction between oppositely charged
80-nm-sized LNPs as a function of the minimal distance between
them. The double-layer, hydration, and van der Waals interactions
are shown by thin solid lines. The whole interaction is represented
by a thick solid line. (b) As (a) for the the interaction between a
positively charged 80-nm-sized LNP and a negatively charged SLB.
The parameters are given in the text.

ry = 40 nm) calculated by using the equations above with
these parameters and relatively weak potentials, ¢; = —¢@, =
ksT /e, is rather weak, ~7kgT [Fig. 3(a)]. With increasing the
potentials, e.g., up to ¢; = —@o = 2kgT /e, it will be about
four times larger.

In academic studies, an SLB is often fabricated on a SiO,
support. In this context, it is of interest that the SiO,-SiO,
Hamaker constant, B = 0.2 x 10720 [34], is comparable to
that corresponding to lipid (the value of the latter has already
been mentioned above). The lipid-SiO, Hamaker constant is
approximately equal to one half of the sum of these constants
and accordingly is close to the lipid-lipid Hamaker constant.
Under this condition, one can use the lipid-lipid Hamaker
constant for the lipid-SiO, Hamaker constant in order to sim-
plify calculations. The interaction of a LNP with the SLB can
then be described by employing Egs. (8)—(12) and associating
subscripts 1 and 2 with lipid and SiO,, r; with the given
LNP radius, and r, = oo with the radius corresponding to
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the SLB. With this specification, the interaction between an
80-nm-sized LNP and the SLB with ¢; = —¢, = kgT /e is
modest, ~14kgT [Fig. 3(b)]. This value is two times larger
than that in the LNP-LNP case [Fig. 3(a)]. With increasing
the absolute values of ¢ and/or ¢,, these interactions will be
larger.

In the case of oppositely charged LNPs or a LNP and SLB,
the potential defined by Egs. (8)—(12) can be used to describe
the LNP detachment events. In particular, the maximum ab-
solute value of this potential, |U,|, can be identified with the
detachment activation energy, E,, and the corresponding rate
constant can be represented as

ka = vexp(—E,/ksT) = vexp(—|Us|/ksT), 13)

where v is the properly defined preexponential factor. For the
LNPs under consideration, |U,| is determined primarily by the
double-layer and hydration interactions. Both these interac-
tions are proportional to 17, /(r; 4 ;). Thus, the detachment
activation energy is proportional to ryr,/(r; + 1) as well, i.e.,
it can be represented as

E =" F (14)

r +r 2

where F' is a function dependent on other parameters.

In the DLVO-type treatment, the attraction between op-
positely charged LNPs of the size under consideration or
between a LNP and SLB is related primarily to the double-
layer term or, more specifically, to ¢; and ¢,. These potentials
are considered as parameters. In applications of the theory,
these potentials are often identified with those corresponding
to separate LNPs or a LNP and SLB. In reality, the interaction
between LNPs or a LNP and SLB can be accompanied by
redistribution of ionizable or charged lipids (along the inter-
faces) and change of the extent of ionization of the former
lipids. The full-scale analysis of these effects is far from
simple. Some analytical results can be obtained by using the
lattice-gas model as described below.

B. Lattice-gas model

The LNPs under consideration are relatively large, and the
curvature of the lipid bilayer located at their surface is low.
The SLB is flat. In both cases, neutral and ionizable or charged
lipids forming the external leaflet can be viewed as a two-
component fully packed 2D lattice gas.

Let us first consider a separate LNP or SLB containing
neutral and charged (anionic) lipids. The external SLB leaflet
containing these lipid can be considered to be fully packed,
and each site of the corresponding lattice is occupied by one
neutral or charged lipid. The neutral lipids can be viewed as
a background for charged lipids. Thus, the latter lipids can
be described as a conventional lattice gas with the effective
chemical potential, 4. In the mean-field approximation, it
can be done at the level of a single site. In particular, the cor-
responding one-site grand canonical function is represented
as as a sum of two terms corresponding, respectively, to the
background and an anionic lipid,

Hal — Eq
Sa = 1+ex <—>, (15)
al p kBT

where E,; < 0 is the interaction of an anionic lipid with other
anionic lipids and charges in solution. According to the grand
canonical distribution, the fraction of anionic lipids, 6y, is
expressed via the chemical potential as

_E
O = exp (%)/Sl (16)

In combination with Eq. (15), this expression can be rewritten
in terms of the dependence of the chemical potential on 6,

Ha — Eq Oal
= . 17
exP( keT ) 1 — 6y {17

Second, let us consider a separate LNP containing neutral
and ionizable lipids. The neutral lipids can again be viewed
as a background. The ionizable lipids can be characterized
by the effective chemical potential, u;j. In this case, the one-
site grand canonical function is represented as as a sum of
three terms corresponding, respectively, to the background,
an ionizable lipid in the neutral state, and the latter lipid in
the cationic state (in association with HT),

Ell ) ’ (18)

i il + pUHr — £
Si=1+4exp <k,u_}) + exp (%
B B

where E; < 0 is the interaction of an ionized lipid with other
ionized lipids and charges in solution, and

pun+ = kgT In(cp+) + ¢ (19)

is the H* chemical potential (¢ is the corresponding properly
defined constant). The fraction of ionizable lipids, 6y, is ac-
cordingly given by

i —E
B = exp <k”“—‘T>[1 +exp (%)}/sl (20)
B B

In combination with Eq. (18), this expression can be rewritten

as
il n+ — Ey 0;
xp <kBT>[ +eXp< ke T >] —eg @

Let us now consider the situation when a spherically
shaped LNP containing ionizable lipids contacts a spherically
shaped lipid (with radii r; and ;) or flat SLB (r, = 00) con-
taining anionic lipids. In this case, the contact occurs primarily
via the formation of bonds between ionizable and anionic
lipids. These bonds can be viewed as relatively short flexible
tethers of length / which is much shorter than the LNP radius.
In this approximation, the radius of the contact region is given
by (the derivation is similar to that for Eq. (7) in [36])

2lrir 12
0= . (22)

r1—|—}’2

The area of this region and the number of lipids on its lower
or upper sides can accordingly be represented as

2 27‘[17‘17‘2

oc=np° = , 23
p rn+nr 3)
2ml
nzizﬂ, (24)
s s(ri+r)
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The statistics of lipids in the contact region can be
described by approximating this region by two adjacent frag-
ments of 2D lattices. In particular, a pair of adjacent lattice
sites (one belongs to the upper fragment and another one be-
longs to the lower fragment) can be in five states including (i)
both sites in the background state, (ii) one site with a neutral
ionizable lipid and another site in the background state, (iii)
one site with a neutral ionizable lipid and another site with
an anionic lipid, (iv) one site state with an ionized ionizable
lipid and another site in the background state, and (v) one site
state with an ionized ionizable lipid and another site with an
anionic lipid. States (i) and (ii) are neutral because the sites
do not contain charges. State (v) is neutral as well because the
charges of the charges of ionizable and anionic lipids balance
each other. For global neutrality, the charge of an ionizable or
anionic lipid in states (iii) and (iv) should be balanced by the
charge in solution. This is, however, energetically costly be-
cause the contact region is thin (! ~ 0.5 nm). For this reason,
the latter states can be neglected. With this simplification, the
two-site grand canonical function can be represented as as a
sum of three terms corresponding to states (i), (ii), and (v),

i i + — Econ
Scont = 1 + exp (:—;) +exp<ﬂal+ﬂl:l;H C°t>,
B B

(25)

where E.o < 0 is the pair interaction between ionizable and
anionic lipids. The probabilities of states (i), (ii), and (v) can
be obtained by dividing the corresponding terms in S¢on; by
Scont-

In the context under consideration, we need (see below) the
probability that there is no pair interaction between ionizable
and anionic lipids, i.e., that a pair of sites is in states (i) or (ii).
This probability is given by

Py = [1 +exp (]:;—'T)] / Seont- (26)

Using Egs. (25) and (26), one should take into account that
the fractions of ionizable and anionic lipids in the contact area
can be larger than those outside this area. This redistribution
of lipids, however, can hardly change the fractions of ioniz-
able and anionic lipids outside the area because the area of
the contact region [Eq. (23)] is much smaller than the LNP
external area. Practically, this means that the chemical poten-
tials in Egs. (25) and (26) describing the contact region are
determined by Eqgs. (17) and (21) obtained for lipids outside
the contact region. In other words, the chemical potentials in
Egs. (25) and (26) for the contact region can be considered as
external parameters (with respect to this region).

In the case of oppositely charged LNPs or a LNP and
SLB, Egs. (25) and (26) can be employed to describe the
LNP detachment events. In particular, we can consider that
the detachment rate constant is approximately proportional to
a product of the probabilities of rupture of all the bonds, i.e.,

kq o< Py. 27)

In fact, Pj determines the Arrhenius dependence of k4 [as in
Eq. (13)], and accordingly the detachment activation energy
can be represented as

E, >~ —nkgT In(F). (28)

250 [

3 LNP-SLB
200

150 -

- LNP-LNP
100

PR T R S R
30 35 40 45 50

r, (nm)

FIG. 4. Number of lipids on the lower or upper sides of the
contact between (i) LNPs of the same size and (ii) a LNP and SLB as
a function of the LNP radius according to Eq. (24) with / = 0.5 nm.

Taking into account that n is proportional to rir,/(r; + r2)
[Eq. (24)], E, is is proportional to rir,/(r; + r») as well and
can be described by Eq. (14). The applicability of Eq. (14) in
both cases is just a consequence of the fact that the contact
area is proportional to 17, /(r; + r2) [Eq. (23)].

If the H* concentration is low (pH is large), the H" chem-
ical potential is large and negative, and accordingly the third
term in Eq. (25) is negligible compared to the first and second
terms. In this limit, Py determined by Eq. (26) is close to unity,
the detachment activation energy [Eq. (28)] is low, and the
detachment rate constant [Eq. (27)] is high. With increasing
H™ concentration (decreasing pH), the role of the third term
in Eq. (25) increases, Py becomes smaller, the detachment rate
constant becomes smaller as well, whereas the detachment
activation energy becomes larger. These activation energy and
rate constant depend on n linearly and exponentially, respec-
tively. Typically, n is rather large (Fig. 4), and accordingly
the dependence of kg4 on the other parameters is extremely
strong (Fig. 5). At the attachment-detachment equilibrium,
this practically means that the population of LNP dimers
or aggregates in solution (in the case of oppositely charged
LNPs) or adsorbed LNP (in the LNP-SLB case) is nearly neg-
ligible due to rapid detachment as long as pH is sufficiently
large. Then, with increasing pH, the LNP attachment becomes
nearly irreversible, and this transition takes place in a very
narrow range of pH. This super selectivity is a general feature
of kinetic processes occurring with participation of reactants
with multivalent interaction [37-40].

IV. DENATURATION OF LNPs AT SLB

The interaction of LNPs containing ionizable (cationic)
lipids with an SLB containing anionic lipids is of interest
in the context of academic studies. The formation of bonds
between cationic and anionic lipids is energetically favorable,
attachment of such LNPs to SLB is favourable as well, and,
accordingly, under such conditions LNPs are expected to
be unstable, i.e., can be denaturated or disintegrated (these
terms can be used interchangeably). Although the available
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FIG. 5. Arrhenius factor of the detachment rate constant or, more
specifically, kq/v as a function of the probability that there is no
interaction in a pair of lipids in the contact region, according to
Eq. (27). The number of lipids on the lower or upper sides of the
contact region is indicated near the curves presented.

conceptual mechanisms of the endosomal escape (Refs. [7,8];
reviewed in the Inroduction) imply LNP denaturation (or
disintegration), the specifics of this process are now open
for debate. In general, the denaturation of such mesoscopic
particles as LNPs may occur via two alternative scenarios
depending on the amount of matter transferred during elemen-
tary events. One gradual scenario implies numerous acts of
transfer of small amount of matter. A typical example is disap-
pearance of small nanoparticles during Ostwald ripening via
evaporation and attachment of single atoms. Another stepwise
scenario includes one or a few activated events of reconfigu-
ration and denaturation of large counterparts of a nanoparicle.
The latter scenario is possible and likely provided a nanoparti-
cle is heterogeneous on the relatively large length scale which
is only three or four times smaller than the nanoparticle size.
As already mentioned in Sec. I A, the likely LNP structures
are of this category, and accordingly their denaturation is
expected to occur via the second scenario, i.e., via stepwise
reconfiguration and denaturation of their large counterparts.
Physically, each such “stepwise” subprocess is expected to
include slow nucleation including transfer of small amount of
lipids from a LNP to SLB and then rapid transfer of the main
part of lipids forming a part of a LNP.

Accurate full-scale simulation of the above-described
stepwise subprocesses is hardly possible at present. Phe-
nomenologically, one can distinguish here two alternatives,
with denaturation steps occurring in parallel or sequentially.
At the simplest level, both alternatives can be mimicked by
representing the whole process as a set of substeps of local
redistribution of lipid mass, Am;, from a LNP to SLB with rate
constants r;. Substeps with larger Am; are expected to occur
with smaller ;. In the case of substeps running in parallel,
this means that rapid substeps with smaller Am; are expected
to be followed by slower substeps with larger Am;. In the case
of substeps running sequentially, rapid substeps with smaller
Am; may occur after slower substeps with larger Am;. The
simplest three-state kinetics of these categories are shown in
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FIG. 6. Typical Monte Carlo kinetics of LNP denaturation af-
ter attachment to SLB calculated in the framework of the simplest
three-state model with Am; = 0.5mynp, Amy = 0.3mynp, Amy =
0.2mynp, 2 = 31y, and r, = 10r;. The LNP mass is shown as a
function of time which is normalized to the time, #;, corresponding to
the maximum stepwise transfer of the LNP mass, Am; = 0.5mynp,
to SLB (for arrays of such kinetics, one has (t;) = 1/r;). The whole
process occurs (a) in parallel or (b) sequentially. To naturally show
the kinetics, the difference between rate constants ry, r,, and r3 is
chosen to be not too large. In reality, it can be much larger, and
accordingly in experiments some of the stepwise transitions can be
smeared and/or not registered.

Fig. 6. More specific results illustrating the kinetics under
consideration can be obtained by using the Monte Carlo lat-
tice models or coarse-grained molecular dynamics (the latter
method is briefly reviewed in, e.g., [41]).

V. CONCLUSION

The key ingredients of and conclusions drawn from the
analysis presented above are as follows.

(i) I have described how the extent of protonation of ioniz-
able lipids located at the surface of LNPs depends on the H™
concentration by using the phenomenological Langmuir-Stern
and Poisson-Boltzmann models with continuum distribution
of charges and the dipole model with discrete charges. In both
approaches, with physiologically oriented parameters, the H™
adsorption isotherms are predicted to be close to Langmuirian
provided the fraction of ionizable lipids is smaller than 0.5.
If this fraction is larger, the isotherms become broader, but
not dramatically. These predictions are instructive because a
priori one could expect that the nonideality of the isotherms
becomes well visible at smaller fractions of ionizable lipids.
In particular, the results obtained allow one to understand why
the generic experiments (Fig. 2 in Ref. [42]) performed with
70-90-nm-sized LNPs containing 40 mole % of ionizable
lipids of four types indicate that the H* adsorption isotherms
are close to Langmuirian in all four cases.

(ii) I have scrutinized the the interaction between charged
~100-nm-sized LNPs and their interaction with SLB by using
the DLVO-type theory and lattice-gas model. In this case, the

044405-7



VLADIMIR P. ZHDANOV

PHYSICAL REVIEW E 105, 044405 (2022)

attractive van der Waals interaction is relatively weak, the
hydration interaction is repulsive, and these interactions alone
do not result in long-term association of LNPs or attachment
of LNPs to SLB. If the charges of LNPs and SLB are of
the same sign, the long-term association or attachment is
not likely either, and this is in agreement with the fact that
there are no experimental reports about observation of these
phenomena. If the charges are opposite, the association or
attachment is possible. It has been described at the DLVO and
lattice-gas levels. In particular, the results obtained allow one
to estimate the size of the contact region (provided a LNP
is not deformed) and the number of lipid-lipid bonds in this
region. This can be useful for interpretation of experiments
with LNPs at cell-membrane mimics.

(iii) I have briefly discussed denaturation of a LNP during
its interaction with an SLB and argued that it is expected to
occur via a few stepwise transitions. This conclusion is of
interest in the context of interpretation of experiments with
LNPs at cell-membrane mimics. Conceptually, the stepwise
scenario can be useful in the context of the LNP endosomal
escape as well. In the available literature (see, e.g., reviews
[7,8]), this scenario is not discussed.

All the subjects discussed and scrutinized above merit ob-
viously additional attention.
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