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We employ a theoretical approach to predict bio-corona-induced uptake of nanoplastics (NPLs) across
plasma membranes (PMs). A lattice self-consistent field theory (SCFT) is used to model the formation of
bio-coronae, which are composed of biopolymers adsorbed on NPLs. As the NPL approaches the PM,
we show that weak monomer—PM attractions allow the adsorbed biopolymers to redistribute between
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the two surfaces. This rearrangement can reduce crowding in the bio-corona and induce an effective
attraction between the NPL and the membrane. Using the theory of elasticity for lipid membranes, we
show that a weak effective attraction enables NPLs to bind to cell membranes, generating excess stress
and increasing elastic free energy in the biological barrier. When the effective NPL-PM interactions are
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1 Introduction

Microplastics (MPLs) and nanoplastics (NPLs) are either intention-
ally manufactured small plastic particles’ or formed from dis-
carded plastics through chemical and mechanical degradation.”
These small particles may enter the human body via ingestion,
inhalation, or skin contact, posing potential health risks.>™ For
instance, a recent study indicates that exposure to MPLs and NPLs
may increase the risk of cardiovascular diseases.® However, the
interactions of MPLs and NPLs with biological systems at the
molecular level remain poorly understood. To develop a mecha-
nistic understanding of the fate of NPLs in the human body and
assess their potential health impacts, quantifying the interactions
between MPLs/NPLs and plasma membranes (PMs), which serve
as barriers that prevent small plastic particles from entering cells,
is essential.”

Experimentally characterizing the interactions between
MPLs/NPLs and plasma membranes is challenging. Most pre-
vious experimental studies demonstrating the cellular uptake
of these particles have relied on model colloidal polystyrene
(PS) spheres with surface charges.® Yet, model PS particles may
not capture the wide range of physicochemical properties
exhibited by MPLs and NPLs, such as semicrystallinity and
hydrophobicity, that may influence particle-membrane inter-
actions. Moreover, characterizing the molecular interactions of
MPLs and NPLs with PMs, particularly for small nanoparticles,
remains challenging.”'® Extrapolating results obtained from
model colloidal PS particles to smaller NPLs with different
molecular structures requires further validation.
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sufficiently strong, nanoplastics can be spontaneously internalized by cells within a short time.

The spatiotemporal resolutions of atomistic simulations
can provide valuable insights into the NPL-PM interactions.
Although such simulations can accurately describe the physi-
cochemical properties of MPLs, NPLs, and PMs, they remain
limited in accessible length and time scales."* Thus, atomistic
simulations are only feasible for investigating small NPLs (with
diameters on the order of nanometers) in the vicinity of PMs.

To model larger particles, coarse-grained (CG) approaches
are required. Popular CG molecular dynamics models, such as
the MARTINI,'>™** however, do not always reproduce the phy-
sicochemical properties of MPLs and NPLs accurately. Misre-
presentations of NPLs/MPLs properties, such as the absence of
crystalline order, can introduce artifacts in the effective inter-
actions between plastic particles and PMs."?

Existing CG simulation models also employ resolutions that
are not coarse enough to simulate large-scale phenomena,
which could be critical for NPLs uptake. In our previous work,
we showed that passive diffusion of bare NPLs across lipid
membranes requires local bilayer fracture, leading to a high
free energy barrier even for the cellular uptake of small NPLs
(3-5 nm in size)."® If NPLs exhibit sufficiently strong attraction
to PMs, they can adsorb onto the lipid surface, become
wrapped by the membrane, and eventually be pinched off into
the cell. Such a budding process of adsorbed particles repre-
sents a viable cellular uptake mechanism for colloidal particles,
including the nucleocapsids of animal viruses.'® Still, this
passive uptake pathway remains difficult to simulate using
conventional CG approaches.

In this work, we apply a theoretical approach to predict the
effective attraction between a nanoplastic and a plasma
membrane, induced by biomacromolecules adsorbed on the
NPL surface. Indeed, the adsorption of NPLs of commodity
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plastics could depend on the degree and type of degradation,
which may strongly modify the surface chemistry of the
particles. Still, bare particles of commodity polymer, such as
polyethylene (PE), do not adhere to lipid membranes.'®> None-
theless, organic species, such as humic and fulvic acids, and
biopolymers, including proteins and alginate, can adsorb onto
NPL surfaces to form the so-called ‘“‘eco-corona” or ‘bio-
corona”.'”'® This adsorbed layer of organic molecules can
induce effective attraction between NPLs and PMs. Together
with the theory of elasticity for lipid membranes, we use the
theoretical model to show how the bio-corona-induced interac-
tions impact the adsorption of NPLs onto PMs and facilitate
their subsequent cellular uptake.

Our paper is organized as follows. (1) In the Methods
section, we first introduce a lattice version of self-consistent
field theory (SCFT) to describe the adsorption of biopolymers
onto NPL surfaces and the formation of the bio-corona. (2)
Based on the predicted density profile of the bio-corona, we
show how to estimate the effective attraction between an NPL
and a lipid membrane. In our model, we consider polymers to
experience short-ranged attraction towards the NPL and PM
surfaces and exhibit excluded volume interactions in solutions
and adsorbed layers. (3) We then describe a theoretical
approach, combining the predicted attraction with the elastic
free energy of lipid membranes, to estimate NPL adsorption
and passive uptake. Readers less interested in the technical
details of our approach could refer directly to the Results
section. (4) In the Results section, we apply our approach to
demonstrate how the molecular properties of polymer layers
affect the adsorption and uptake of NPLs in a model NPL-PM
system. (5) Finally, in the Discussion section, we outline how
our theoretical model can be integrated with atomistic simula-
tions to predict the effects of realistic biomacromolecules on
NPL adsorption and uptake.

2 Methods

2.1 Predicting biopolymer adsorption and bio-corona
formation

We employ a lattice-based self-consistent field theory (SCFT) to
estimate the adsorption of biopolymers, such as intrinsically
disordered proteins and polypeptides, onto NPLs. Similar
approaches have been used to investigate the self-assembly of
block copolymers'®?' and adsorption of telechelic polymers
onto colloidal particles.*”

Considering the biopolymers near the NPLs to be in the
marginal regime, the interactions between polymer segments
are governed by pairwise, excluded-volume interactions:*

PFin = %ch(r)zd%, (1)

where f§ = 1/kT, v is the excluded volume (which enforces that
two segments cannot occupy the same space), and c(r) is the
local concentration of polymer (Kuhn) segments of length b. In
the marginal regime, satisfied when v/b*> « 1, a polymer chain
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Absorbing BC: g(/;,1,n) =0

Reflecting BC: g(h; 1, 1) = gq(h;, n)

Fig.1 (a) Discretized lattice used to calculate adsorbed biopolymers
around a spherical NPL of radius a. (b) Discretized lattice for adsorbed
biopolymers confined between NPL and PM (red) surfaces.

behaves as a random walk of N Kuhn segments of length b at all
length scales.

We compute the distribution of biopolymers near an NPL of
radius a by discretizing the space around the particle into a
pseudo-one-dimensional lattice {k;} with lattice spacing b
(Fig. 1a), such that the radial distance from the particle surface
is AH = hb. A local chemical potential field W(k,) biases the
polymer random walks and is governed by the excluded-volume
interactions between Kuhn monomers and a short-ranged sur-
face attraction &:

pW(hi) = ve(hi) + e(hi) (2)

in which the short-ranged attraction ¢ acts only on monomers
located in the surface layer adjacent to the NPL:

e(hy) = {gl

where ¢, quantifies the weak attraction between a monomer
and the NPL surface.

The conditional Boltzmann weight (propagator) for placing
the first monomer in a lattice layer is

if h; = hy (surface layer next to NPL) 3)
if hi#h

q(hi1) = e 7 4)
which evolves according to a recursion relation, discretized as:
q(hi,n) = {4-q(hi—1,n — 1) + Aog(hi,n — 1)

(5)
+ Aiq(hipr,n — 1)}e P00

The transition probabilities 4_, 44, and 4, correspond to the
displacement of the nth Kuhn segment from monomer n — 1 to
layer i, originating from layers i — 1, i, and i + 1, respectively.>*

When the size of the NPLs is much larger than that of the
polymer, the surface can be approximated as a flat wall. In this
case, 4_, Ao, and A, take the values 1/6, 4/6 and 1/6, respectively,
reflecting the fractions of nearest neighbors on the cubic lattice
in each of the three layers where the next Kuhn step may reside.
For polymers whose sizes are comparable to that of the NPL, we
place them on a spherical lattice. In this case, the transition
probabilities 1_, 1o, and A, depend on the radial distance from
the particle center and are given by: (a + h; — b)/(6(a + h,)), 4/6,
and (a + h; + b)/(6(a + h;)), respectively. This variation arises
because the number of sites differs across lattice layers.

This journal is © The Royal Society of Chemistry 2026
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To evolve the propagators, we impose a non-penetration
boundary adjacent to the NPL and a reflecting boundary at the
outer lattice, such that

Q(hO: n) = q(hL) n)’ (6)

where L denotes the number of lattice layers.
The Boltzmann weight for the nth chain segment to occupy
the ith layer is

Q(hi’ n]

0 and g(hp, n) =

= q[hiv n)q(hly N-n+ 1)e/jW(hi) [7)

We use the exponential term in eqn (7) to cancel the double-
counting of the local chemical potential e ") in the two
propagators for placing the nth monomer at 4, The single-
chain partition function Z is thus the sum of Boltzmann
weights for all chain configurations in which the nth monomer
occupies any lattice layer:

L

Z =" A(h)Q(hi,n) (8)

i=1

where A(h;) is the number of sites in the ith lattice layer. On a
spherical lattice, A(h;) = 4n(a + h;)*, whereas on a cubic lattice,

A(h;) is constant for all A;. The density distribution c(%;) is then

calculated as:

N

c(hy) = %ZQ(’H,”), )

n=1

where C is chosen such that c¢(h;) = ¢, which represents the
bulk concentration of the biopolymers. The concentration
distribution c(h;) is iteratively updated, as it determines the
local chemical potential field W(%,), until self-consistency is
achieved—that is, when the input and output concentration
distributions are identical.

The local concentration profile includes contributions
from both adsorbed chains and free polymers. To characterize
the bio-corona, we compute the Boltzmann weight distribu-
tion Qaqs(hy, 1) for the adsorbed chains, defined as those for
which at least one monomer resides in the first lattice layer
adjacent to the NPL. To this end, we evolve the propagator
Grree(f;, ) Of free chains in the known chemical potential field
W(h;) after obtaining the self-consistent concentration profile
c(h;). The first lattice layer A, is then treated as an absorbing
boundary, while the reflecting boundary is retained at the
outer lattice:

qfree(hly I’l) =0 and qfree(hbrly I’l) = qfree(hLy I’l).

(10)

The initial condition for the free chain propagator is

qfree(hi; 1) = eiﬁw(hi) (l > 1);

(11)

and the Boltzmann weight for placing the nth segment of a free
chain at #; is given by

eree(hiy n) = qfree(hiy n)qfree(hiy N-—-n+ 1)eﬂW(hi)-
(12)

This journal is © The Royal Society of Chemistry 2026
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With this, the Boltzmann weight for the adsorbed chains is

Qaas(;, 1) = Q(hy n) — Qgee(hs, 1), while the concentration
profile of the free chains is:

hl Z eree h”I’l

Ctree( L (13)
where C again ensures that cgee = o at large L. The concen-
tration profile of the adsorbed chains is then given by:

ngs(hi) = C(hi) - Cfree(hz') (14)

2.2 Estimating bio-corona-induced NPL-PM attraction

We assume that free chains are washed away when NPLs are
transported in biological systems, leaving the adsorbed chains
to form the bio-corona. As we demonstrate in the Results
section (Section 3), peeling off an adsorbed chain is relatively
difficult. To obtain the shape of the unperturbed bio-corona
concentration c,qs, we remove the free chains near the NPL and
re-equilibrate the adsorbed chains with a total number of
monomers:

L

J= ZA(hi)ngs(hf)

i=1

(15)

We compute the conditional Boltzmann weight Q.qs(%;, 1) for
the adsorbed chains, from which the new partition function
and concentration profile of the bio-corona are:

ads Z A

Qads /’l,, }’Z) (16)

and

N
caas(hi) = zJ — ; Quds (hi,n) (17)
where J/N is the total number of chains.

After finding the self-consistent concentration field c,q5(%),
the free energy per chain for the unperturbed bio-corona is:

BFads = —In Zags — —ZA A {caas(h)} + In? (18)
ads N
where the second term cancels the double-counted pairwise
excluded-volume interactions, and the third term accounts for
the indistinguishability of the adsorbed chains.

To estimate the effective NPL-PM attraction induced by the
bio-corona, we consider an extreme scenario in which a PM is
forced to fully wrap around an NPL (Fig. 1b). In this configu-
ration, the bio-corona is confined between the surfaces of the
NPL and PM. This confinement, together with a polymer-PM
interaction, perturbs the concentration distribution and free
energy of the biopolymers. To obtain the new concentration
profile, we convert the outer lattice layer, representing the lipid
membrane surface, from a reflecting boundary to an adsorbing
boundary,

(19)

qads(hL+19 I’l) = 0.

Soft Matter, 2026, 22, 1141-1150 | 1143
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Thus, monomers in the Lth layer now experience a short-
range attraction J, from the PM:

01 if h; = hy (surface layer next to NPL)
e(h;)) =< 0, if h; = hy, (surface layer next to PM)
0 ifhi#h,hg

(20)

which modifies W(%;) when the confinement is sufficient for the
PM to contact the outer surface of the bio-corona.

We re-equilibrate the biopolymers between the two attractive
yet impenetrable surfaces to obtain a new concentration profile
and free energy of the bio-corona. This is achieved by evolving
the propagator g.qs(%;, 1) from the initial condition in eqn (4)
via the recursion relation in eqn (5). From g.qs(%;, 1), the new
Boltzmann weight Q,gs(%;, 1) (eqn (7)) can be computed, from
which the new partition function (eqn (16)), concentration
profile (eqn (17)), and free energy (eqn (18)) of the biopolymers
confined between the NPL and PM are obtained. By varying the
confinement L, we identify a minimum in AF* = Fq; — Fogs at
L*, induced by the bio-corona, where F4s is the free energy of a
biopolymer chain in the unperturbed bio-corona. The attrac-
tion per unit area between the NPL and PM can then be
estimated as

JAF*
4n(a+ bL*)*N

w= (21)

2.3 Free energy of PM wrapping around an NPL

Nanoplastics (NPLs) generated from the degradation of com-
modity plastic products can exhibit various shapes. To simplify
the problem, we model an NPL as a rigid spherical particle with
radius a. The formation of a bio-corona makes the particle
slightly bulkier, giving it an effective radius a* = a + bL*.
Nonetheless, we expect that polymer-coated NPLs do not
deform significantly upon contact with the lipid membrane.
Therefore, the wrapping process can be treated under cylind-
rical symmetry,>*** and we divide the lipid membrane into two
regions: an adhesion region, where the NPL interacts with the
membrane, and an outer free region, where the membrane
bends to accommodate the NPL-induced deformation in the
adhesion region (Fig. 2).

To describe the adhesion region and quantify the degree of
NPL wrapping, we introduce a contact angle o, which defines
the point where the lipid membrane begins to detach from the

Local tangent of arc length s
~

y

Outer region

a

Adhesion region

Fig. 2 Schematic of an NPL of radius a* wrapped by an initially flat PM.
The adhesion region (purple) is described by a contact angle «, while the
outer stretched region (red) is modeled by the tangent angle y along the
arclength s, measured with respect to the horizontal axis r.
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surface of the spherical particle (see Fig. 2). By varying o, we
control the degree of wrapping, expressed as

z=(1 — cosa)/2, (22)

which ranges from zero (no wrapping) to unity (full wrapping).

The free energy of the wrapped region includes the stretch-
ing and bending contributions associated with deforming an
initially flat membrane. Assuming the PM has an interfacial
tension ¢ and that its relative area change is negligible, we
estimate the stretching free energy cost from the excess area
pulled toward the wrapping site, Ad., = 4na**z>, as:>*

Fatreteh = Aexo = 4na**2%c, (23)

where AA., represents the difference between the NPL cap area
covered by the PM and the projected area of the NPL (a disk) on
the PM."

The bending free energy cost is governed by the bending
modulus x and the NPL cap area covered by the PM (adhesion
region) A,q = 4na*’z:">>*

1 /2
Foend = =Kk (—) Aaq = 8Kz
2 \a*

(24)
The interactions between the bio-corona and the PM con-
tribute an adhesion energy Fpo:

Fpio = WAuq = 4mwa*’z (25)

in which w is the adhesion energy per unit area of nanoparticle
induced by the adsorbed bio-macromolecules. The total free
energy of the adhesion region of the membrane is thus given by

Fl = Fstretch T Foend + Fbio (26)

By introducing the dimensionless interfacial tension ¢ = ca’/k
and the dimensionless adhesion strength 1 = 2wa*/x, the dimen-
sionless free energy of the adhesion region can be written as

F
Fr="L=452+ (8 +2w)z

-~ (27)

To fully describe the free energy of NPL wrapping, we next
solve for the shape profile and the associated elastic energy 7,
(normalized by mx) of the outer region of the membrane (see
Fig. 2). Following the approach of Deserno,>* we write:

~ S . .

P = Ld.;-LQp, Dors i, ), (28)
where the dot denotes a derivative with respect to the arclength
s, § = 0 corresponds to the contact point of the outer membrane
with the NPL, s = S is a reference point far from the NPL-PM
adsorption region, and the functional L is

L ,,{ <¢ n Sij¢)2+2&(1 - cosw)}

+ 2, (7 — cos ) + Ay (h — sinyy)

(29)

The terms in the curly brackets in eqn (29) represent the
bending (quadratic) and stretching free energy, while 4, and 4,

This journal is © The Royal Society of Chemistry 2026
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are Lagrange multipliers enforcing the parametrization con-
straints of the outer membrane shape, as defined in Fig. 2. The
term X denotes dx/ds, and the length parameters r, &, and s are
normalized by a*.

Minimization of the elastic free energy functional F,,>°

oL d(OL\ _ 0

ox ds\ox)
where x =, np', T, Ary An, yields the following system of ordinary
differential equations:

(30)

. py siny
wi_w_—7

=3, p (31a)
i = cosy, (31b)
h = siny, (31¢)
Py = %Cos ¥+ (267 + p,) siny, (31d)
Dby = &(@ — M) +26(1 — cos ), (31e)
r \ 4r r
where
oL . sin
v =—=2r{ Y+ , 32a
n=oz=2(i+ ) (522)
oL
pe= = (32b)

At s = 0, we impose three boundary conditions that can be
identified from Fig. 2 and summarized in eqn (33). Far from the
NPL and PM contact, s =S — oo, the membrane should remain
unperturbed and asymptotically flat. By allowing the profile
variables r and 7 to vary freely during minimization, Deserno>*
showed that this condition is satisfied by setting y(S) = y/(S) = 0,
and by applying eqn (30) for x = 7 and / at S, which yield

¥(0) =«

r(0) = sina

h(0) = —cosa (33)
py(S)=0

pr(S) =0

Applying eqn (30) to the remaining variable x = 4 and similarly
for x = & at the boundary S (as above) implies /; = 0 everywhere.

The system in eqn (31), together with the boundary condi-
tions in eqn (33), defines a boundary value problem that we solve
using a collocation algorithm.?” Alternatively, the system in
eqn (31) can be solved by converting the boundary value problem
into an equivalent initial value problem. Deserno®* employed
this approach with the following initial boundary conditions:

Y(0) =2
r(0) = sino
h(0) = —cosu

po(0) =20 (i0) + 1) (34

2.(0) = 2—”(1_2){1 + 45z — [l/}(O)]z}

T 1-2z

This journal is © The Royal Society of Chemistry 2026
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In this approach, the initial boundary condition ¥(0) is
unknown and must be iteratively adjusted so that y(S) — 0 at
a sufficiently large value of S, a procedure known as the
shooting method.?”

For a given ¢ and contact angle o (or equivalently, wrapping
degree z (eqn (22)), we numerically solve for the shape of the
outer membrane region, obtaining , r, h, p, and p,. The
derivative  is then extracted from p, using eqn (32a). With
these shape functions, we compute F, in eqn (28) using
Simpson’s rule.*®

Combining the elastic free energy of the outer region
(eqn (28)) with the adhesion free energy (eqn (27)) yields the
total dimensionless free energy,

AF = F,(W, 6, 2) + F,(G, 2). (35)

Because F, is independent of 1, it only needs to be com-
puted once to obtain AF profiles for a fixed ¢ and z while
varying w. To highlight the elastic free energy of PM induced by
NPL adsorption, we set W = 0 in eqn (35) and write

AF. = F4(0, 6, 2) + Fy(6, 2). (36)

3 Results

To demonstrate our computational framework, we consider
biopolymers composed of N Kuhn segments of length b =
1 nm adsorbed onto an NPL of radius a = 50 nm. The bulk
biopolymer concentration is ¢y = 0.1673, and the excluded
volume parameter is v = 0.1b°. Using the lattice SCFT model,
we compute the density distribution of polymer segments
around the spherical NPL (Fig. 3a). For the rather large NPL
here, we consider the polymer-NPL and polymer-PM interfaces
to be flat. Large NPL radius only leads to a negligible difference
(less than b/a) between the transition probabilities 4, and /_ in
a spherical lattice for curved interfaces and those in a cubic
lattice for flat interfaces. As expected, adsorbed loops and tails
accumulate near the NPL surface, depleting the free, non-
adsorbed chains in the bio-corona. The adsorption layer
becomes thicker with increasing chain length N (Fig. 3b), as
longer chains can form more extended loops and tails around
the particle. Increasing the polymer-NPL attraction d; also
produces a denser adsorption layer (Fig. 3c).

To obtain the shape of the unperturbed bio-corona, we
remove the free chains near the NPL and re-equilibrate the
adsorbed chains. The concentration profile of the bio-corona
remains largely unchanged (Fig. 4a and b). In a marginal
solution, the adsorbed polymer chains behave approximately
as ideal random walks, neither swelling nor collapsing when
additional solvent enters the corona to replace the free chains.
Therefore, we assume the thickness of the bio-corona L* is
governed by the polymer molecular weight and scales as L* ~
N'2, the characteristic size of Gaussian chains.?®

We can assess the stability of the bio-corona by “peeling off”
an adsorbed polymer chain. Because the absorbed chains
behave as ideal random walks at all length scales in the

Soft Matter, 2026, 22, 1141-1150 | 1145
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Fig. 3 (a) Concentration profiles of the total, adsorbed, and free biopo-
lymers with N = 100 and excluded volume v = 0.1b% around an NPL.
Polymer—NPL attraction §; = —0.2. (b) Adsorbed polymer concentration
profiles for chains of different lengths at §; = —0.2. (c) Adsorbed polymer
concentration profiles for chains with N = 100 at various attraction
strengths 6;. Concentrations are plotted as a function of radial dis-
tance from the NPL surface. Bio-coronae formed in solutions with
co=0.1p""
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Fig. 4 (a) Concentration profiles of unperturbed bio-coronae for different
adsorbed polymer chain lengths N. Polymer—NPL attraction ¢; = —0.2. (b)
Concentration profiles of unperturbed bio-coronae (N = 100) for different
polymer—NPL attraction strengths §;. Concentration profiles of adsorbed
polymers in the presence of free chains (dashed curves). Concentrations
are plotted as a function of radial distance from the NPL surface. Bio-
coronae formed in solutions with co = 0.167>.
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marginal regime, we assume the peeled chain adopts nearly the
same configuration as the adsorbed molecules, except that
none of its monomers are in contact with the NPL surface.
This configuration corresponds to the maximum free energy of
the detached chain, as its monomers no longer experience the
attractive interaction with the NPL surface but still experience
excluded volume interactions within the crowded bio-corona.
Accordingly, we estimate the mean free energy barrier for
detaching an adsorbed chain as
ﬁAFdetach ~ _514nazcads(hl)bN/], (37)

where c,q5(1)b represents the number of adsorbed monomers
per unit area and J/N is the total number of chains. We assume
that c,q5(4) is approximately uniform across the layer #;. The
detachment free energy barrier increases with both polymer
molecular weight and monomer-NPL attraction (Fig. 5). For
sufficiently long adsorbed chains, fAFgetach can reach many k7,
indicating that the adsorbed polymers remain stable even after
the free chains are washed away.

To estimate the bio-corona-induced attraction between the
NPL and PM, we allow the PM to fully wrap the polymer-coated
NPL with a varying confinement parameter L (Fig. 1). For each
value L between the NPL and PM, the distribution of polymer
segments is re-equilibrated. A weak polymer-PM attraction J,
results in a more uniform polymer density around the NPL
across different confinements (Fig. 6a).

Tuning the confinement L varies the interaction between the
coated NPL and the PM. For sufficiently large L, the additional
polymer-PM attraction allows polymer segments to redistribute
and reduce their crowding near the NPL surface, which increases
their translational entropy and lowers fiF,qs (Fig. 6b). However,
even with this added attraction, decreasing L increases confine-
ment and forces the polymer segments into a more crowded
state. This strengthens excluded volume interactions and reduces
translational entropy, therefore increasing [F,qs. As a result,
compressing the bio-corona generates repulsive forces between
the NPL and PM. We thus assign an effective size a* = a + bNY? to
a bio-corona-coated NPL. This effective size is then used to
calculate the surface attraction w (eqn (21)) that drives NPL
uptake.

We calculate the dimensionless surface attraction 1 that
drives the NPL adsorption and uptake using eqn (21) and the

251 .
20 o N=64
m N=100 ¢ .
.
3100 @ N=tas . .
e o
§ 10 . ] °
- L]
5’* .
ok ‘ ]
0.20 0.25 0.30 0.35 0.40
[64]

Fig. 5 Detachment free energy barrier for an adsorbed chain in a bio-
corona BAFgetach Vs. monomer—NPL attraction strength || (egn (37)). Bio-
coronae formed in solutions with co = 0.167°.
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Fig. 6 (a) Concentration distributions in bio-corona (N = 100 and
d; = —0.2) between an NPL wrapped by a PM with a polymer—PM attraction
J, = —0.15. Unperturbed bio-corona (dashed) and concentration distributions
as a function of radial distance with a varying confinement (colors). Purple
corresponds to a system with the closest distance between NPL and PM
surfaces. (b) Free energy change per adsorbed chain fAF = fFags — [}ngs Vs.
degree of confinement (in number of lattice layers L) for polymers
of different lengths; J, = —0.15. Bio-coronae formed in solutions with
co=01b"

conversion described in Section 2.3. The value of W increases
with the polymer-surface interaction strengths ¢, and o,
(Fig. 7a). The polymer-NPL interaction J; enhances the density
of the bio-corona, and together with the polymer-PM attraction
05, a denser bio-corona leads to a stronger effective attraction
between the NPL and PM. Longer chains also lead to a stronger
effective attraction w (Fig. 7b).

Using the predicted W, we compute the free energy for a PM
wrapping around an NPL (Fig. 8a). We consider a representative
biological membrane with an interfacial tension ¢ = 0.02 dyn
per cm and a bending stiffness x = 20k7>* at room temperature
(T = 300 K). By solving the membrane shape equations for a
given wrapping degree z (eqn (22)), we obtain the total free
energy of the NPL-PM system by summing the elastic free
energy of the membrane and the effective attraction induced by
the adsorbed biopolymers (eqn (35)). A sufficiently strong NPL—-
PM attraction (W > 4) is required for the NPL to adhere to the
lipid membrane and become partially wrapped. In the partially
wrapped state, the bio-corona-induced attraction balances the
PM’s stretching and bending elastic energies.

As the bio-corona-induced NPL-PM attraction strengthens,
the partial wrapping degree z (eqn (22)) grows, as evidenced by
the shift of the global minimum in total free energy (Fig. 8a).
For each z corresponding to the global minimum, we compute
the PM elastic free energy (eqn (36)) arising from NPL adsorp-
tion (Fig. 8b). Greater wrapping leads to larger elastic deforma-
tion of the lipid membrane, enhancing local mechanical stress.
Such deformation can destabilize the PM, shortening the life-
time of the biological barrier and potentially triggering cellular
or tissue inflammation.*
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Fig. 7 (a) Effective interactions induced by bio-corona, consisting of
polymers with N = 100, vs. polymer—NPL and polymer—PM interactions.
(b) Chain length dependence of W for fixed polymer—NPL attraction d; =
—0.2 and various polymer—PM interactions J,. All bio-coronae formed in
solutions with co = 0.1673.

Further strengthening the attraction W shifts the global
minimum of the free energy to the fully wrapped state (z = 1),
ultimately enabling spontaneous NPL uptake. The phase
boundary for spontaneous uptake can be determined by find-
ing the critical w at which the fully and partially wrapped states
are equally stable (W &~ 5.86). By correlating this critical W with
the molecular properties of the adsorbed polymers in the bio-
corona, specifically the interaction strengths J; and J,
(eqn (20)), we construct a phase diagram describing NPL-PM
interactions (Fig. 8c). To facilitate NPL adsorption or uptake,
the polymer-PM attraction must be sufficiently strong to over-
come the membrane’s elastic energy.

The free energy model also permits the estimation of the
characteristic time scale of NPL internalization. To do so, we
consider the NPLs and lipid membranes to be immersed in
water. We thus write the translational (tt) resistance coefficient
of the spherical NPL as & = 6mna* and the corresponding
translational diffusion coefficient as Dy, = kT/&, where n = 0.854
mPa s is the dynamic viscosity of water at T = 300 K.>**? Using
resistance and diffusion coefficients and the free-energy of NPL
wrapping (Fig. 8(a)), the mean first-passage time (MFPT) t for
the particle to reach a specific vertical location # = 2a*z satisfies
the following boundary value problem,'”

1 OAF dz d2t _

= — =1,

& on dan TPt (38)

for which the boundary conditions are: (1) an absorbing
boundary at the value of % corresponding to a given wrapping
degree z, such that t(k) = 0; and (2) a reflecting boundary at & =
0, given by dz(0)/dA = 0.

By solving the MFPT equation, we show that a sufficiently
large W is indeed necessary for the NPL uptake. When the fully
and partially wrapped states are equally stable (W ~ 5.86), the
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Fig. 8 (a) Free energy of a typical PM wrapping around a model NPL vs. bio-corona-induced attraction i ranging from —4 to —7 (eqn (35)). (b) Elastic

free energy of the PM induced by NPL adsorption (egn (36)), corresponding to the global minimum in (a), vs. polymer-induced adhesion strength |W]. (c)
Phase diagram for the model NPL and lipid membrane. Effective NPL radius a* = 60 nm. Bio-corona consists of polymers of length N = 100 and a Kuhn
length b = 1 nm, formed in a solution with co = 0.1b=>. PM has an interfacial tension ¢ = 0.02 dyn per cm and a bending stiffness k = 20kT at room

temperature (T = 300 K).
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Fig. 9 (a) Mean first-passage-time for an NPL to reach the wrapping

degree z. Different colors correspond to the free energy of wrapping in

Fig. 8(a) with W ranging from —5.86 to —7. (b) Characteristic time of NPL

internalization vs. w.

uptake barrier (Fig. 8a) prevents internalization as indicated by
the diverging MFPT for the system to reach a moderate wrap-
ping degree z. As the attraction 1 increases, the NPL can be
internalized by the cell within hours (W = 6.5) or even in less
than one millisecond (W = 7) (orange and red symbols in Fig. 9a,
respectively). Nevertheless, by computing t|,-,, we show that
the characteristic time of NPL internalization decreases rapidly
with increasing bio-corona-induced NPL-PM attractions
(Fig. 9b).

4 Discussion

We expect the theoretical model presented here to be particu-
larly useful for studying interactions between moderately sized
NPLs and PM. The spatiotemporal resolution required to
characterize the cellular uptake of such NPLs often exceeds
the capabilities of conventional simulation techniques, includ-
ing both atomistic and coarse-grained molecular dynamics.

148 | Soft Matter, 2026, 22, 1141-1150

The input parameters of our model comprise well-
documented elastic properties of the PM, such as interfacial
tension and bending stiffness, but also include phenomenolo-
gical interaction parameters used to estimate the NPL-PM
adhesion strength w (eqn (21)). These phenomenological para-
meters (eqn (20)) play a critical role in the adsorption and
uptake of NPLs. Sufficient biopolymer-NPL attraction J, is
required to form a dense bio-corona around the nanoparticle,
while a sufficiently strong biopolymer-PM attraction J, is
needed to redistribute adsorbed chains between the two sur-
faces, enhancing their translation entropy and inducing the
NPL-PM attraction.

The parameters J, and J, depend on the molecular structures
of biomacromolecules and the compositions of membranes. To
quantify their values, we suggest combining atomistic simula-
tions with free energy sampling techniques, such as umbrella
sampling and metadynamics.*® Atomistic simulations could
accurately capture the properties of various commodity plastics
and lipid membranes, including semicrystallinity">>* and elasti-
city parameters.®>® Free energy sampling methods could then be
used to compute the binding free energy of a biopolymer on a flat
surface, such as a polymer or PM surface. Using metadynamics,
Qi and Pfaendtner’” recently demonstrated how to calculate
solid-binding energies of peptides from the binding energies of
their residues. We expect that a similar approach could provide
reliable estimates of §; and o, for our theoretical model.

Because the lattice SCFT permits the specification of mono-
mer sequences during propagator evolution, the sampled inter-
actions d; and J, from atomistic simulations can be directly
incorporated into our model. Our current model ‘“coarse-
grains” polymer chains into random walks of Kuhn segments,
which are not equivalent to monomeric units such as amino
acids. However, our lattice SCFT for flexible polymers can be
readily extended to a lattice of semiflexible worm-like chains,
where each monomer represents a chemically well-defined
moiety.’® The bending stiffness governing local orientational
correlations between adjacent monomers along the semiflex-
ible backbone could then be directly obtained from atomistic
simulations. Thus, we expect simulations and free energy
calculations based on small systems, such as monomers near
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NPL and PM surfaces, could provide quantitative input para-
meters for the lattice model. Investigating how polymer struc-
ture and the surface properties of both the NPL and PM
influence adsorption and cellular uptake will be an important
direction for future work.

Of course, our simple model here only considered excluded
volume interactions and short-ranged interactions for biopoly-
mers. However, proteins are often charged and coordinated by
nearby water molecules. To accurately model the adsorption
behaviors of biopolymers near NPL and PM surfaces, we will
need to incorporate the Poisson-Boltzmann equation into the
theoretical framework to account for the electrostatic interac-
tions, which are modulated by added salt in the solution. The
polymer physics community has developed self-consistent field
theories and scaling arguments to model polyelectrolyte
adsorption onto different surfaces,®® which can serve as the
foundation of further refinement of our current approach.
Theoretically modeling water-mediated protein-protein inter-
actions, which are governed by the specific amino acid
sequence, is challenging. A possible approach to approximate
the water-mediated interactions is to perform osmotic pressure
simulations®® of a protein solution. By varying the concen-
tration of proteins in the simulations, one may fit the
concentration-dependent osmotic pressure to approximate a
two-body effective excluded volume for our model. Testing and
validating such an approach are warranted in our future work.

Finally, we would also like to remind the reader that once
the NPLs enter the human body, other biological molecules can
further modify the surface chemistry of the particles, and in
turn, impact their interactions with PMs. For example, the
inhaled NPLs and MPLs can be encapsulated by pulmonary
surfactants.’ These bio-coronae formed by lung surfactants
can induce attraction between NPLs and PMs and cause lung
injury.** Thus, we expect the complex molecular environment
in biological systems to result in the formation of complex and
heterogeneous bio-coronae around NPLs. Quantitatively mod-
eling such adsorption layers around NPLs remains a challenge
and is beyond the scope of this paper.

5 Conclusion

By combining the theory of membrane elasticity with polymer
physics, we developed a computational framework to predict
how the bio-corona influences the adsorption and uptake of
moderately sized nanoplastics (NPLs). A lattice-based self-
consistent field theory (SCFT) model enables the prediction of
bio-corona formation resulting from the adsorption of biopo-
lymers onto an NPL from bulk solution.

Our SCFT model predicts an induced effective attraction
between the NPL and PM after re-equilibrating the adsorbed
chains between their surfaces. Because bare NPLs composed of
commodity plastics such as PE and polypropylene (PP) are
repelled by the polar head groups of lipid membranes, this
bio-corona-induced attraction is essential for NPLs to adhere to
and translocate through the PM.
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When the bio-corona induces a sufficiently strong effective
attraction, NPLs can adsorb onto PMs and become partially
wrapped. The adsorption of NPLs can locally stretch and bend
the lipid membrane, potentially generating excess stress and
triggering inflammation. Further increasing the effective attrac-
tion allows NPLs to be spontaneously internalized by cells, as
they become fully wrapped and pinched off. The characteristic
time of NPL translocation is strongly affected by the bio-corona-
induced NPL-PM interactions and can be estimated using a
mean first-passage time analysis (eqn (38)).

Bio-corona-induced attraction depends on polymer proper-
ties, including monomer-surface affinity and polymer molecu-
lar weight. Although the monomer-NPL and monomer-PM
interactions in our current model are phenomenological, we
outline how low-cost atomistic simulations and free energy
calculations can be used to obtain these input parameters.
Indeed, our model here only considers coarse-grained biopoly-
mers as the constituents of bio-coronae. Other molecules in
complex biological systems could also adsorb onto NPLs and
modify their surface chemistry and interactions with PMs. Still,
we expect this work to provide a better understanding of NPL-
PM interactions, aiding in the assessment of the potential health
impacts of these ubiquitous particles in our environment.
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