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Release of drugs or vaccine molecules from macro-, micro-, and nano-sized carriers is usually considered
to be limited by diffusion and/or carrier dissolution and/or erosion. The corresponding experimentally
observed kinetics are customarily fitted by using the empirical Weibull and Korsemeyer—Peppas expressions.
With decreasing size of carriers down to about 100 nm, the timescale of diffusion decreases, and accord-
ingly the release can be kinetically limited, i.e., controlled by jumps of molecules located near the carrier—
solution interface. In addition, nanocarriers (e.g., lipid nanoparticles) are often structurally heterogeneous so
that the absorption of molecules there can be interpreted in terms of energetic heterogeneity, i.e., distribu-
tion of energies corresponding to binding sites and activation barriers for release. Herein, | present a general
kinetic model aimed at such situations. For illustration, the deviation of the molecule binding energy from
the maximum value was considered to be about 4-8 kcal mol™ . With this physically reasonable (for non-

Received 23rd April 2023, covalent interaction) scale of energetic heterogeneity, the predicted kinetics (i) are linear in the very

Accepted 11th September 2023 beginning and then, with increasing time, become logarithmic and (i) can be nearly perfectly fitted by

DOI: 10.1039/d3cp01855€ employing the Weibull or Korsmeyer—Peppas expressions with the exponent in the range from 0.6 to 0.75.
Such values of the exponent are often obtained in experiments and customarily associated with non-Fickian

rsc.li/pccp diffusion. My analysis shows that the energetic heterogeneity can be operative here as well.

|. Introduction amount of released drug or vaccine, M(t)/M., (M., is the value

corresponding to ¢ — o), on time, ¢,

Release of molecules from macro-, micro-, and nanocarriers . Iy
. . . _M(1) 6 Dnem*t
is a very general phenomenon occurring in various branches of o(1) = Sy 1- Z = exp( 2 ), (1)
natural science and playing an important role in numerous * m=1
applications. One of the best practically important examples is
drug release. Usually, it occurs from macroscopic pellets
(reviewed in ref. 1-3). Nowadays, however, attention is shifted
to the fabrication of novel drugs and antiviral vaccines based,
e.g., on RNA (mRNA or siRNA) delivery by nanocarriers such as
100 nm-sized lipid nanoparticles (LNPs; reviewed in ref. 4-6). In e ( D ) 1/2 .
the corresponding experiments, one typically measures the ?= R ’
release kinetics. The interpretation and/or fitting of such
kinetics is customarily based on the use of the analytical
expressions predicted by generic models or validated empiri-
cally (reviewed in ref. 7-9; see also below). 6 Dt

@~ l—ﬁexp(— > (3)

where D is the drug diffusion coefficient, R is the carrier radius,
and m are integers corresponding to different eigenfunctions.
For the very initial phase of the release, the value of ¢ is
determined by many eigenfunctions, and the model predicts

whereas afterwards the eigenfunction with m = 1 dominates, and
(1) is reduced to

One of the key generic models implies that the release is "R
limited by Fickian diffusion of molecules towards the carrier-
solution interface. For spherically-shaped homogeneous carriers, A more universal empirical expression for ¢ is
the textbook solution of the corresponding diffusion equation =1 — exp(—B¢) ()
using the eigenfunction method (e.g., ref. 9 and 10) yields the ? P ’
following expression for the dependence of the normalized where B and « are parameters. This expression is usually
attributed to Weibull'* who proposed it in contexts not related

to drug release. In applications, one often has « < 1. The larger
“Section of Nano and Biophysics, Department of Physics, Chalmers University of 1 1 t ted 1 £ 12
Technology, Goteborg, Sweden. E-mail: zhdanov@chalmers.se values, o > 1, were sometimes reported as we (See ¢.g. ret. )

® Boreskov Institute of Catalysis, Russian Academy of Sciences, Novosibirsk, Russia. The most frequently apphed emplrlcal power—law expression
E-mail: zhdanov@catalysis.ru attributed often in the area under consideration to Korsmeyer
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and Peppas"® is obtained by the linear expansion of (4) at
Bt* « 1,

¢ = Bt". (5)

In experiments, ¢ often does not reach unity, and under such
conditions the difference between eqn (4) and (5) is minor.
Sometimes, however, eqn (5) is used to fit experimental data
up to ¢ ~ 1, i.e., beyond the applicability of the expansion of
eqn (4). From this perspective, eqn (4) and (5) can be consid-
ered to be independent and are customarily associated with
different names.

Often, the drug release can be limited by carrier dissolution
and/or erosion. For spherically-shaped homogeneous carriers,
the simplest shrinking core model describing this case predicts
(see, e.g., ref. 14)

¢=1—(R—viP/R, (6)

where R is the initial carrier radius, and v is the dissolution or
erosion rate.

In the literature, one can find many other models extending
and/or complementing those mentioned above. In particular,
diffusion-limited release was widely analyzed from various
perspectives. Many treatments were aimed at the situations
when the diffusion is Fickian whereas a carrier is either uniform
but non-spherical™®'® or spherically shaped but with a uniform
core and one or a few uniform shells."” ' There are treatments> >
aimed at explaining why the experimentally obtained exponent in
(5) is often not equal to that of ~0.5, expected in the case of Fickian
diffusion [eqn (2)]. The focus is there on the non-Fickian diffusion
related to the carrier structural heterogeneity on the length scale
much smaller than the carrier size, e.g., due to the fractal-like
carrier structure. The interplay of Fickian diffusion and carrier
dissolution and/or erosion®*?® and the release after rupture of
carrier particles® were analyzed as well.

Regarding the comparison of theoretical and experimental
release kinetics, one can note that the models usually imply
that the size or initial size of carrier particles is fixed whereas in
reality the kinetics are customarily measured at the ensemble
level and represent convolution of the kinetics corresponding
to the size distribution. From this perspective, the observed
kinetics and/or obtained parameters are apparent and may be
different compared to those corresponding to the fixed size.
This effect may be important if the size distribution is
appreciable'® as happens e.g. in the case of LNPs.

Taken together, the analytical expressions used to interpret
and/or fit the measured release kinetics are either empirical or
imply diffusion limitations of cargo and/or dissolution of
carrier. Physically, the diffusion limitations take place provided
the release of molecules located near the carrier-solution inter-
face is sufficiently fast compared to diffusion inside a carrier on
the length scale comparable to the carrier size.

In the case of nanocarriers, the condition formulated above
can be violated because the corresponding size is small (often
~100 nm) and accordingly the diffusion timescale is short.
An additional reason why this condition can fail in this limit
is that the surface of nanoparticles is often well ordered and
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accordingly the release of molecules located near the carrier-
solution interface may be slower compared to the diffusion
inside. In the case of LNPs, for example, the carrier-solution
interface typically represents a well-formed lipid bilayer.>°"*?
Under such circumstances, the diffusion limitations can be
negligible at least sometimes, and the release can occur in the
kinetically-limited regime. Another important factor is that
biologically-relevant nanocarriers are often highly heteroge-
neous inside on the length scale much smaller than their size.
For example, the poorly ordered internal part of LNPs (i) can be
reminiscent of multilamellar vesicles with solution and RNA
located between lipid leaflets®® or (ii) exhibit more complex and
less ordered domains of the “cubic” phase, formed by a lipid
bilayer and containing water channels® or (iii) an “inverse
hexagonal” phase.*” The structural heterogeneity of such car-
riers is expected to result in the complexity of the network of
local minima and transition states at the potential-energy
landscape for diffusion and release of molecules transported
by a carrier. The distributions of energies of these local minima
and transition states can be relatively broad. In other words,
such carriers are expected to exhibit appreciable energetic
heterogeneity. In the available kinetic models focused on
diffusion limitation (e.g, ref. 22-25), as mentioned above, the
structural heterogeneity is sometimes taken into account
whereas the energetic heterogeneity is ignored.

Referring to nanocarriers, I present herein an alternative generic
model implying kinetically limited release in the presence of
appreciable energetic heterogeneity. This heterogeneity is
described at the level of the already mentioned distributions
of energies of local minima and transition states available at
the potential energy surface (Section II). The diffusion of
transported molecules inside a carrier is considered to be rapid
(this condition corresponds to kinetically limited release) so
that their distributions over sites is close to canonical. Despite
this physical simplification, the corresponding general kinetic
equations are rather cumbersome (Section II.A). In some prac-
tically important situations, they can be mathematically sim-
plified (Section II.B) and used to illustrate the special features
of the kinetics under consideration (Section III) and to discuss
the relation of the results presented to what is observed in real
systems (Sections IV and V).

Il. Model

A. General equations

In the model under consideration, the local minima at the
potential-energy landscape for the location of drug or vaccine
molecules inside a carrier are identified with sites, and a carrier
is viewed as a set of sites. Each site can be occupied by one
molecule, and the corresponding energy of a molecule is desig-
nated as E. As mentioned in the introduction, carriers are assumed
to be energetically heterogeneous, ie., there is distribution of E
designated as F(E). The minimal and maximal energies are identi-
fied with 0 and 4. With this specification, E represents the
deviation of energy from the minimal value. The E distribution is

This journal is © the Owner Societies 2023
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normalized as

4
J F(E)dE = 1. (7)
0

The interaction between molecules is neglected and, as already
noted in the introduction, the focus is on the kinetically-limited
release when the jumps of molecules from occupied sites to
adjacent vacant sites are rapid so that the distribution of molecules
among sites is close to canonical. The corresponding probability
that a site is occupied depends on E and is designated as p(E). The
fraction of occupied sites is expressed as

4
7= | e ®)
For nanocarriers in solution, the canonical distribution is applic-
able, because the corresponding energy exchange is typically fast on
the timescale of the carrier release.

In practically important cases, the number of molecules in a
carrier is usually large (>1), and accordingly the canonical
distribution can be replaced by the grand canonical distribution,

expl(u — E)/kpT]
PlE) =1 +BXp[(u—E)/BkBT]’ ®)

where p is the chemical potential corresponding to a given value
of f. By definition [eqn (8)], ¢ and f are related in the form

4
= | e B T BN (0
The total number of molecules in a carrier is given by
n = Nf, (11)
where
N=Vh (12)

is the total number of sites, whereas V and v are the carrier total
volume and volume per site, respectively. For spherically-
shaped carriers, we have

N = 4nR*/3v,

(13)

where R is the corresponding radius.

The carrier volume per site, v, is introduced above formally
via eqn (12) for N, i.e., it can be read as v = V/N and considered
as the definition of v. In other words, a carrier is considered to
be formed of sites, and the total volume of sites is equal to the
carrier volume. The so-defined volume per site, v, is usually
appreciably larger than the geometrical volume of a molecule.

The release of molecules from a carrier is considered to
occur from some of the sites located near the carrier-solution
interface. These sites form a subset of the whole set of sites,
and the corresponding energy E of a molecule can also be in the
range from 0 to 4. As usual in the Arrhenius framework, the
release is described in terms of the transition of a molecule
along the potential energy surface so that E corresponds to the
local minimum. The rate constant of release depends on E and
also on the energy of a molecule in the activated state or, more
specifically, on the deviation of this energy from the minimal

This journal is © the Owner Societies 2023
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value. Designating this deviation as Ex, the release rate constant
is represented as

k(E, E.) = koexp[—(E.—E)/kgT], (14)

where k, is the rate constant at E = E. = 0. By analogy with E, the
minimal and maximal values of E. are identified with 0 and 4.
Thus, each site located near the carrier-solution interface and
allowing release is characterized by two parameters, £ and E-,
and their distribution is designated to be F(E, E.). By defini-
tion, F(E, E,)dEdE, is the fraction of sites with the parameters
in the ranges from E to E + dE and from Ex to E« + dE«, and the
corresponding normalization is as follows

A (A,
J J F(E,E.)dE,dE = 1. (15)
0Jo
With this specification, the release rate is given by
A 4.
W= NJ J k(E,E.)p(E)F(E,E,)dEdE, (16)
0Jo

where p(E) is the occupation probability defined by (9), and
N=S5/s (17)

is the number of sites allowing release (S is the interface area,
and s is the area per such a site). For spherically-shaped carriers,
we have

N =4nR*/s. (18)

By analogy with the definition of v in eqn (12) and (13), s has
been introduced above formally, i.e., eqn (17) can be read as
s = S/N and considered as the definition of s. Regarding s, I
can add that the carrier structure near the interface is typically
different compared to that inside. In addition, not all the sites
located at the interface are expected to allow release. For these
reasons, the formally defined s can be appreciably larger than
the average cross-sectional area of a site inside the carrier. With
this reservation, s is expected to be much smaller than S.

The kinetic equation for release is

dn/dt = —w. (19)
Substituting (11) and (16) into (19) yields
df A Ay
i —XJ J k(E,E.)p(E)F(E,E,)dE.dE, (20)
0Jo
where
r=N/N=Sv/sV. (21)

Eqn (20) for fin combination with (9), (10), and (14) for p(E),
f, and k(E, E.) describes the release kinetics in the model under
consideration. The right-hand part of this equation depends on
f implicitly via the dependence of p(E) on f[eqn (9) and (10)].
According to eqn (20), the shape of the release kinetics is
determined by the shapes of the distributions F(E) and

F(E, E,). For the timescale of release, the model yields
T oc 1/y oc VIS. (22)

For spherically-shaped carriers, this scaling is reduced to

Phys. Chem. Chem. Phys., 2023, 25, 28955-28964 | 28957


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp01855e

Open Access Article. Published on 25 September 2023. Downloaded on 11/10/2023 8:35:08 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

T oCc R. (23)

Regarding y in the equations above, I can add that biologically-
relevant nanocarriers can usually be classified as soft matter, and
with the release of cargo their size (or volume) and structure can
change. The analysis of such changes is interesting from various
perspectives. In the context under consideration, this means that
y can change with increasing time. If the heterogeneity of
nanocarriers is appreciable (as assumed in my analysis), its effect
on the release kinetics is expected to be much stronger than that
of the change of y. In addition to the heterogeneity itself, one of
the arguments in this favour is that the total volume of molecules
transported by a nanocarrier is often appreciably smaller than
that of molecules forming a nanocarrier, and the changes of the
size of a nanocarrier are frequently not expected to be dramatic.
For these reasons, all the structural parameters, R, V, v, S, and s,
used in the model are considered to be independent of time, and
accordingly y is independent of time as well. Physically, as already
articulated, y with its specification via V, v, S, and s is of interest in
the context of carrier geometry and scaling issues [e.g:, eqn (23)]. It
does not, however, influence the shape of the release kinetics.
Below, the presentation is focused on this shape, and accordingly
% is considered just as a model parameter.

B. Simplifications

In combination with (9), (10), and (14), eqn (20) is cumbersome.
To facilitate its applications and understanding of the kinetics
predicted, it makes sense to use three physically reasonable
simplifications which may work although not always [in the
latter case, one should use eqn (20)].

First, one can expect that the correlation in the distribution
of E and E-« is often not of central importance, and in such cases
this distribution can be factorized,

}—(E> E*) - (D(E)(p‘(E*) (24)

where ®(E) and @.(E.) are the partial E and E- distributions.
With this simplification and expressions (9) and (14), eqn (20)
can be rewritten as

dfidt = —ykoI I, exp(u/ksT), (25)
where
[ O(E)dE .
g s e s R
Ay
L= L exp(—E. /ksT)®,(E.)dE,, (27)

and ¢ is the occupation of the sites located near the carrier-
solution interface. The second integral introduced above is
independent of f and ¢ and accordingly does not influence
the shape of the release kinetics. For this reason, it can be
included into y. Then, substituting (26) into (25) yields

dfidt = —zko(1 — B)exp(uiksT)

In this equation, ¢ is determined by @(E) and p [eqn (26)], and p
is in turn determined by F(E) and f[eqn (10)].

(28)

28958 | Phys. Chem. Chem. Phys., 2023, 25, 28955-28964

View Article Online

PCCP

The role of the energetic heterogeneity is appreciable if the
distribution F(E) is broad. Such situations are of interest in
the context of this study. In this limit, the dependence of the
exponential term in eqn (25) on fis much stronger than that of
1 — ¢, and accordingly 1 — ¢ can be safely replaced by 1 — f
[this replacement is fully correct provided F(E) = ¢(E)]. With this
(second) simplification, eqn (28) is modified as

dfidt = —yko(1 — flexp(u/ksT).

In this equation, as already indicated, u is determined by F(E)
and f[eqn (10)].

Regarding eqn (28) and (29), I can repeat that they are valid
provided factorization (24) of F(E, E.). In this case, the role of
the E. distribution is reduced to the change of the timescale of
the release, and it does not influence the shape of the kinetics.
This case is sufficient in order to illustrate below the main
special features of the kinetics under consideration. For more
special goals, one can employ eqn (20) in combination with (9),
(10), and (14).

If the distribution F(E) is narrow and can be neglected, the
dependence of p on fis well known to be

1= kgTIn[f/(1 — f)].

Substituting this expression into (29) yields, as expected, the
conventional first-order equation,

dfidt = —ykof. (31)

As already declared, I am interested in the opposite situation.
In the latter case, expression (9) for p(E) can safely be replaced
by the stepwise approximation,

(29)

(30)

p(E) = exp[(u — E)/ksT) for E < p,

1
l+exp[(,uE)/kBT}_{0 for E>H7’

(32)

With this (third) simplification, the relationship (10) between u
and fis reduced to

JZF(E)dE =f.

(33)

Thus, eqn (29) can be solved provided the dependence u on fis
determined by (33). This approach is used in the examples
below. To compare the results of calculations with those men-
tioned in the introduction, the corresponding figures show the
normalized amount of released drug (or vaccine),

M() _f(0) —f(1)

o0 =3 = o)

(34)

I1l. Results of calculations

The specifics of the kinetics predicted by the model under
consideration can be illustrated by employing the simplest
uniform E distribution,

F(E) = 1/A. (35)

In this case, eqn (33) yields

This journal is © the Owner Societies 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp01855e

Open Access Article. Published on 25 September 2023. Downloaded on 11/10/2023 8:35:08 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP
w=f4, (36)
and accordingly eqn (29) is specified as
dfidt = —yko(1 — flexp(fd/kgT). (37)

In the situations of interest, the distribution F(E) is broad
(4 » kgT). In this limit, as already indicated, the dependence of
the exponential term in eqn (37) on f is much stronger than
that of 1 — f; and accordingly 1 — f can be dropped in order
to explain the key features of the kinetics, i.e., eqn (37) can be
simplified,

dfidt ~ —yk,exp(fd/ksT), (38)
and then easily integrated as
Say (S04 _ akotd
xp < ksl )~ P\ kg7 ) T kyT (39)
or
_ ksT f(0)4 1kotA
fl) = v In {exp ( ko T + T | (40)

The latter expression explicitly illustrates that the release
kinetics are roughly linear in the very beginning provided
ykot < (kgT/A)exp(—f(0)4/kgT) and then, with increasing time,
become to be logarithmic. These conclusions imply that the
energy distribution is relatively broad (4 > kgT). In this case,
both factors, kz7/4 and exp(—f(0)4/ksT), in the condition just
above are small, and accordingly the initial linear regime,
occurring at ykot « 1, is short.

If 1 — fis kept in eqn (37), it can be integrated numerically.
The corresponding results are presented in Fig. 1. In particular,
Fig. 1(a) shows the release kinetics for 4/kgT = 10 and f(0) = 0.3,
0.5, and 0.7. With increasing f(0), the number of sites involved
in the release increases, the range of E corresponding to these
sites increases as well, and accordingly the time interval
corresponding to the transition from the linear to logarithmic
kinetics becomes shorter. The kinetics for f(0) = 0.5 and 4/kpT =
7, 10, and 13 are exhibited in Fig. 1(b). Here, the time interval
corresponding to the transition from the linear to logarithmic
kinetics becomes shorter with increasing 4/kgT. This is further
illustrated [Fig. 1(c)] by using a very wide energy distribution
with A/kgT = 20. In this case, the initial phase of the kinetics
(up to @ = 0.4) is very rapid and appears to be apparently stepwise.

The linearly-increasing or decreasing E distribution can be
represented as

A 21— AE

A A2 (41)

where A is the corresponding parameter. Substituting this
expression into the left-hand part of eqn (33) and calculating
the integral there yields

Ap (1=
ate 42)
or
=R - WA (- AP ). (@3)
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Fig. 1 Kinetics of release of molecules from a carrier according to
egn (37) in the case of uniform distribution of sites over energy
legn (35)] for (a) 4/kgT = 10 and f(0) = 0.3, 0.5, and 0.7; (b) f(0) = 0.5
and 4/kgT = 7, 10, and 13; and (c) f(0) = 0.5 and 4/kgT = 20.

The release kinetics calculated by using eqn (29) in combi-
nation with (43) are presented in Fig. 2 for f(0) = 0.5, A/kgT = 10,
and A = 0.7, 1, and 1.3. Here, with increasing 4, the range of E
corresponding to the sites involved in the release decreases,
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Fig. 2 (a) Monotonously increasing, uniform, and monotonously

decreasing distributions of site energies [eqn (41) with A/kgT = 10 and
A =07, 1 and 1.3, respectivelyl, and (b) the corresponding kinetics of
release of molecules from a carrier for f(0) = 0.5 according to eqn (29) in
combination with (43).

and the time interval corresponding to the transition from the
linear to logarithmic kinetics becomes longer.

To link the results presented with those available in the
literature, the two kinetics shown in Fig. 2 (for A = 0.7 and 1.3)
have been fitted (Fig. 3) by employing the Weibull expression
[eqn (4)]. The fit is nearly perfect in the whole range of ¢
provided the exponent « is set to 0.60 and 0.72, respectively.
In fact, the difference between the curves is smaller than the
typical error bar in the corresponding experimentally measured
kinetics (for the latter, see e.g. Section IV below). Thus, the
model proposed and the Weibull expression are formally
equivalent in the context of fitting the experimentally observed
kinetics. The Weibull expression is, however, axiomatic,
whereas the model proposed can help to clarify the physics of
the systems under consideration.

The conclusions above are applicable also to the fit by the
Korsmeyer-Peppas expression [eqn (5)] which can be obtained
by expansion of the Weibull expression and accordingly can
safely be used provided ¢ is not too close to unity. In the whole
range of ¢, the accuracy of the Korsmeyer-Peppas expression is
somewhat worse compared to that of the Weibull expression.

28960 | Phys. Chem. Chem. Phys., 2023, 25, 28955-28964
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Fig. 3 Fit of the two kinetics shown in Fig. 2(b) with A = 0.7 (a) and 1.3
(b) by using the Weibull expression [egn (4)] with « = 0.6 and 0.72,
respectively.

0.0 ==
0.000

0.125

Regarding this aspect, I can add that in experiments the range
of ¢ is typically somewhat smaller than that shown in Fig. 3.
One of the reasons might be that due to the logarithmic
slowdown the kinetics cannot always be tracked up to ¢ = 1.
In such situations, the accuracy of the Korsmeyer-Peppas
expression is somewhat better. If the time interval in the model
kinetics shown in Fig. 3 is reduced, their fit by employing the
Korsmeyer-Peppas expression provides a values slightly smaller
or larger than those corresponding to the Weibull expression.
Concerning the obtained exponents, o« = 0.60 and 0.72, I can
add that the two kinetics shown in Fig. 2 and used for fitting in
Fig. 3 were calculated with 4/kgT = 10. With increasing A/kpT, o
will be smaller.

The fact that the kinetics predicted by the model under
consideration can be well fitted by using the Weibull or
Korsmeyer-Peppas expression (Fig. 3) is a consequence of the
choice of the energy distributions which are relatively broad
and monotonous. The corresponding kinetics (Fig. 2 and 3)
have been calculated by using eqn (29) in combination with
(43). The model in its general form [eqn (20) in combination
with (9), (10), and (14)] or more simple eqn (29) in combination

This journal is © the Owner Societies 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp01855e

Open Access Article. Published on 25 September 2023. Downloaded on 11/10/2023 8:35:08 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

with (10) or (33) are applicable to other energy distributions
as well.

For example, the simplest alternative distribution is that for
sites of two types with energies E;= 0 and E, = 4, so that eqn (10)
is reduced to

_ Orexp(u/ksT)
14 exp(u/kT)

0, expl(u— A4)/ksT)
1 +exp[(u—4)/ksgT)

f (44)
where 0; and 0, are the fractions of these sites (0; + 0, =1). Ifa
system is heterogeneous and the difference between these
energies is about 5kgT or larger, the model will predict very rapid
release corresponding to one energy followed by much slower
release corresponding to another energy (Fig. 4). The important
point is that these two subkinetics are nearly separated because
the corresponding time scales are very different, and accordingly
the fit by the Weibull or Korsmeyer-Peppas expression will not
work. If the energy distributions are relatively broad and mono-
tonous as considered in my analysis above (e.g., Fig. 2 and 3), the
separation of the kinetics at high and low occupation of sites (i.e.,
in the regimes with domination of sites with low and high binding
energies, respectively) is smeared by the kinetics at an intermedi-
ate occupation of sites (i.e., in the regime with domination of sites
with moderate binding energies), and mathematically this results
in logarithmic features.

Of note, the logarithmic kinetics related to a broad distribution
of kinetic parameters were previously experimentally observed
and theoretically analyzed in various branches of natural sciences.
For example, I refer to the studies focused on the kinetics of
adsorption on and desorption from heterogeneous surfaces with
distribution of binding and activation energies,*® electron trans-
port in nanocrystalline semiconductor films,** and electron tun-
neling at low temperatures in arrays of immobile donors and
acceptors or arrays of donors-acceptor pairs with appreciable

0.2 .
Sites of two types
0.0 L 1 L 1 " 1 L 1 "
0.0 0.2 0.4 0.6 0.8 1.0

1kt

Fig. 4 Kinetics of the release of molecules from a carrier containing
absorption sites of two types with £y = 0 and E, = 4, according to
egn (29) and (44) with f(0) = 0.8, 6, = 6, = 0.5, and 4 = 5 and 7kgT. In
both cases, the initial phase of the kinetics (up to ¢ = 0.4) is very rapid. For
A = 7kgT, this phase is apparently stepwise [as in Fig. 1(c)l. These kinetics
are poorly fitted by the Weibull and Korsmeyer—Peppas expressions.
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distribution of distances between donors and acceptors.>> To
some extent, the description of adsorption on and desorption
from heterogeneous surfaces is similar to what I present. The
difference is that these processes occur exclusively at surface sites,
whereas the release under consideration occurs from the sites
located near the interface and the occupation of these sites is, in
fact, dictated by the occupation of sites located inside a carrier.
For this reason, the details of the math are different. For instance,
the key general equation derived in my work is (20). I have
simplified it down to (37) for the calculations shown in Fig. 1.
For qualitative illustration, I have further simplified (37) down to
(38). The latter equation is eg similar (except the sign and
designations) to eqn (1) presented in ref. 33 for describing the
kinetics of adsorption. The corresponding kinetics (eqn (40) in my
case and eqn (2) in ref. 33) exhibit similar logarithmic features.

IV. Related experimental results

Regarding the comparison of the model predictions with the
results of available experiments, I can repeat (¢f the introduction)
that the Weibull and Korsemeyer-Peppas expressions were/are
very widely employed for fitting the observed release kinetics.
Many suitable examples can be found with the corresponding
references e.g. in the review published in 2019 by Mircioiu et al.”
(see Tables 1, 2 and 4 for micro- and nano-sized carriers).
The range of the exponents collected there is rather large, 0.45
< a < 0.85.

Aiming at more recent experiments, one can employ “Kors-
meyer-Peppas” as search words in e.g. Sci. Cit. Ind. It yields a
few hundred examples of the use of the corresponding expres-
sion for fitting the observed kinetics of release from various
carriers. Several relevant recent studies (ref. 36-47) reporting
typical values of o are as follows.

Alinavaz et al.*® explored magnetic carboxymethylcellulose/
chitosan bio-nanocomposites of ~50 nm size for smart co-
delivery of sunitinib malate anticancer compound and saffron
extract. o is reported to be in the range from 0.30 to 0.60.

Altoom et al.>” used cellulose fibers/zeolite-A biocomposites
of ~100-200 nm size as a carrier of oxaliplatin drug. « is
reported to be in the range from 0.53 to 0.70.

Ge et al.*® studied magadiite-sodium alginate drug carrier
composites of different shapes and sizes. o is reported to be in
the range from 0.40 to 0.66.

Gilani et al.*® explored osimertinib nano lipid carriers of
~150 nm size. « is reported to be 0.43.

Haseli et al.*® used release of curcumin from chitosan-based
carriers of ~100 nm size. « is reported to be 0.78 and 1.01.

Luo et al.** explored sorafenib-loaded LNPs of ~100 nm size
for in vitro and in vivo studies in the context of topical ocular
therapy of corneal neovascularization. o is reported to be 0.44
and 0.97.

Ozkahraman et al”®> employed N-vinylcaprolactam and
methacrylic acid based hydrogels (with the heterogeneity on
the scale of ~1 um) in the context of drug release. « is reported
to be in the range from 0.40 to 0.56.
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Qiao et al.*® used silk fabric decorated with hydrogel (with
the heterogeneity on the scale up to ~10 um) for sustained
release of paracetamol. « is reported to be 0.66 and 0.68.

Truong et al.** employed ~150 nm-sized LNPs as carriers
for Capsicum oleoresin. « is reported to be 0.86.

Truong et al.*® also used ~250 nm-sized chitosan-coated
LNPs for transdermal delivery of tetrahydrocurcumin. o is
reported to be 0.36 and 0.66.

Velez-Pena et al.*® employed mesoporous mixed oxides of
~700-1100 nm size as drug delivery carriers for methotrexate.
o is reported to be in the range from 0.49 to 0.62.

Yildirim and Dogac*” studied the release of 5-fluorouracil
from magnetic MnFe,0O,/alginate beads in the context of cancer
drug delivery. o is reported to be in the range from 0.43 to 62.

In agreement with the previous studies reviewed by Mircioiu
et al.,” recent studies (ref. 36-47) focused on various cargos and
carriers show that o is often in the range from 0.45 to 0.85. As I have
illustrated in Section III, the Weibull and Korsemeyer-Peppas
expressions with this range of « can easily be reproduced by using
the model under consideration with appreciable heterogeneity.
Thus, this model can be used to fit numerous experimentally
measured kinetics and the fit will obviously good. This means that
the model is formally applicable to the corresponding real systems
and can be potentially applicable to many other systems.

V. Conclusions

The kinetics of drug or vaccine release from carriers are of high
interest from various perspectives. With decreasing the carrier
size down to ~100 nm and using the biologically-inspired soft-
matter carriers, the timescale of diffusion of drug or vaccine
molecules is shortened, and the release kinetics are likely to be
kinetically limited. I have presented the generic kinetic model
describing this regime of release and allowing one to take the
energetic heterogeneity into account (Section II). In the absence
of heterogeneity, the model is reduced to the first-order equation
resulting in exponential kinetics. In the calculations illustrating
the effect of heterogeneity on the corresponding kinetics
(Section III), the deviation of the molecule binding from the
minimal value was considered to be ~7-13ksT (4-8 kcal mol %).
Roughly, this is about one third or fourth of the likely activation
barrier for release. With this physically reasonable (for non-
covalent interaction) scale of heterogeneity, the predicted kinetics
(i) are linear in the very beginning and then, with increasing time,
become logarithmic and (ii) can be nearly perfectly fitted by using
the empirical Weibull or Korsmeyer—-Peppas expressions with the
exponent o in the range from 0.6 (or somewhat lower) to 0.75.
Taken together, the result obtained (Section III) indicates that in
terms of the conventional empirical expressions the kinetics
predicted by model I use can formally be characterized by « in
the range from 0.6 (or somewhat lower) to 1. The values of «
obtained here for energetically heterogeneous carriers [from 0.6
(or somewhat lower) to 0.75] are usually associated with non-
Fickian diffusion. The model presented shows that the energetic
heterogeneity can be operative in these cases as well.
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The range of the values of a predicted by the model under
consideration is in agreement with that observed in experi-
ments (Section IV). From this perspective, the model is practi-
cally relevant. Whether or not the model is really applicable and
whether or not it is preferable compared to the other available
models should be clarified e.g. by exploring the specifics of the
structure of micro- or nanocarriers and simultaneously measuring
the rate of diffusion of drug or vaccine molecules inside and
comparing the diffusion time scale with that of release. Such
measurements are challenging and now lacking (see, e.g, the
already mentioned recent studies®**).

Regarding the applicability of the model to the biologically-
inspired soft-matter nanocarriers, one should bear in mind that
it operates with a fixed number of sites and distributions of
energies of molecules bound at sites. Soft-matter nanocarriers
(e.g., LNPs) are expected to be dynamic and the number of sites
and distributions of sites over energy can vary in the course of
release. The model is applicable provided the corresponding
variations are modest.

The model does not take the interaction between molecules
into account. At the mean-field level, this interaction is well
known to be described by introducing the linear term, Cf(C is a
constant proportional to the interaction energy), into the
chemical potential. If needed, this modification can easily be
incorporated into the equations presented in Sections II and III.
Often, this is a matter of redefinition of some of the parameters.
At a higher level, the inclusion of the interaction between
molecules should be made in parallel with that of the correlation
between the location of sites with different energies, and it
results in cumbersome equations which can be analyzed only
numerically.

Finally, I add two general remarks in order to extend slightly
the scope of the discussion above:

(i) The kinetic models briefly outlined in the introduction
were originally proposed primarily in the context of drug
release from macroscopic pellets. The model treated in my
work has been motivated by referring to biologically-inspired
nanocarriers. It is expected to be applicable to experiments
performed both in vitro and in vivo. The situations in vivo can be
much richer than those described by the models mentioned.
For example, the intracellular release from LNPs may occur
during their interaction with lipid membranes (e.g., at anionic
membranes of endosomes). The corresponding concepts are
now available*®*® whereas the suitable kinetic models are
lacking in fact (see e.g. the discussion in ref. 29).

(ii) with minor modifications the treatment presented in
this study can be used to describe systems which were not
mentioned above. In nanoscience, for example, the release of
hydrogen from alloyed metal nanoparticles attracts nowadays
attention from various perspectives.’® In the context of hydro-
gen absorption, such particles are energetically heterogeneous.
The H, release occurs via associative desorption of hydrogen from
the surface, whereas the hydrogen surface coverage is controlled
by hydrogen absorbed inside. The corresponding absorption
isotherms have already been analyzed theoretically,> whereas
the treatment of the release kinetics taking the heterogeneity into
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account is still lacking. With some modifications, it can be done

by

using the formalism presented.
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