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Abstract

Development of effective strategies for the internalization of nanoparticles is essen-

tial in many applications, such as drug delivery. Most, if not all, previous studies are

based on equilibrium considerations. In this work, inspired by the recent development

of a pro-drug delivery strategy based on reversible esterification, we consider a non-

equilibrium transport mechanism for nanoparticles of a 6 nm diameter across the lipid

membrane. We divide the transport process into insertion and ejection steps, which

are studied with coarse-grained models using free energy and reactive Monte Carlo

simulations, respectively. The simulations show that the non-equilibrium transport ef-

ficiency is relatively insensitive to the fraction of reactive surface ligands once a modest

threshold is surpassed, while the distribution pattern of different (hydrophilic, reactive

and permanent hydrophobic) ligands on the nanoparticle surface has a notable impact

on both the insertion and ejection steps. Our study thus supports a novel avenue for

designing nanoparticles that are able to be efficiently internalized and provides a set

of relevant guidelines for surface functionalization.
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1 Introduction

Due to rapid progress in synthesis and surface functionalization, nanoparticles have emerged

as promising materials in various bioimaging and biomedicine applications, such as drug

delivery.1,2 In many such applications, an important challenge is to design strategies that

facilitate the transport of nanoparticles across the cell membrane, which constitutes a ma-

jor barrier for the internalization of molecular and macromolecular species.3,4 Accordingly,

considerable research efforts have been focused on understanding how various properties

of nanoparticles impact the transport process, including the effects of size,5–9 shape,7,9–14

surface ligand charge and flexibility15–19, mechanical stiffness20,21 and co-operativity22–25 of

nanoparticles. Modification of nanoparticle surface that might favor membrane wrapping

and therefore transport across the membrane has also been extensively analyzed. 26–29

Most, if not all, of the previous analyses, however, were conducted in an equilibrium

framework, by considering, for example, the competition between membrane bending free

energy and membrane-nanoparticle adhesion.30–32 In nature, many cellular internalization

processes are non-equilibrium in character. Chaperon-assisted translocation of peptide chains

is a representative example.33–35 When a peptide chain initiates the translocation through a

pore in the cell membrane, chaperone proteins are attached to the protein, preventing the

peptide from detaching from the pore. The attached chaperone acts as a thermal ratchet to

bias the translocation of the peptide across the pore while overcoming the free energy barrier

that mainly originates from conformational entropy.27,36–43

Motivated in part by the thermal ratchet mechanism, the Raines group has developed

an ingenious chemical biological approach for transporting proteins (pro-drugs) across cell

membranes.44–47 The approach esterifies anionic groups (aspartates and glutamates) on the

protein surface, which helps to reduce the anionic charges that hamper the protein from

approaching and being partitioned into the cell membrane; functional groups used in the

esterification can be selected (e.g., in terms of hydrophobicity) to fine-tune the partitioning

of the protein into the cell membrane. Once the modified protein is in the membrane, some
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of the esterified groups are accessible to the cytosol, which contains enzymes that convert

them back to the anionic carboxylates, leading to a barrier for the protein to diffuse back

to the exterior of the cell. In other words, progressive de-esterification forms a “thermal

ratchet” that helps to bias the protein to translocate into the cytosol, following a mechanism

reminiscent of that for the chaperon-assisted peptide translocation across the membrane.

Ejection

Reactive hydrophobic
Permanent hydrophilic

Converted charged

Permanent hydrophobic
Insertion

Figure 1: A schematic illustration for the non-equilibrium transport of nanoparticle across
the lipid membrane. When reactive hydrophobic ligands (red) become exposed to the “cy-
tosolic” side of the membrane (shaded dark yellow), they are converted into hydrophilic
ligands by enzymes, leading to an energetic barrier for the nanoparticle to diffuse back to
the “extracellular” side of the membrane. As more reactive ligands undergo the conversion,
the nanoparticle preferentially translocates into the cytosol.

Inspired by the work of Raines and co-workers on protein transport,44–47 we explore a

similar strategy for facilitating nanoparticle transport across the membrane (Fig. 1). By

installing esterified carboxylate (or other reversibly reactive) surface ligands, we anticipate

that the thermal-ratchet mechanism will serve as a novel pathway for nanoparticle inter-

nalization. The minimal set of design parameters in this context includes the fraction of

esterified carboxylate surface ligands and their spatial distributions. Indeed, it might be

challenging to install a large number of esterified carboxylate ligands on the nanoparticle

surface,47 thus establishing the sensitivity of the transport efficiency to the fraction and

distribution of such reactive ligands will provide valuable guidance to the design. Moreover,

the mechanistic insights we glean will also be instructive to the further development of the
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approach for protein internalization.

In this work, we explore the problem using coarse-grained models so as to focus on the

most salient physical features and principles. In particular, we divide the process into two

steps: insertion (partitioning) of the nanoparticle into the lipid membrane, and transport

(“ejection”) of the nanoparticle to the inner side of the membrane (see below) via the ratch-

eting mechanism. The insertion step is modeled with the popular coarse-grained MARTINI

model,48 while the ratcheting ejection step is analyzed using reactive Monte Carlo and a fur-

ther simplified representation of the membrane. We find that the non-equilibrium transport

efficiency is relatively insensitive to the fraction of reactive surface ligands once a mod-

est threshold is surpassed, while the distribution pattern of ligands has a notable impact

on both the insertion and ejection steps, highlighting the importance of rational design of

surface functionalization.

2 Computational Models and Methods

We employ coarse-grained models (Fig. 2) to investigate the non-equilibrium transport mech-

anism of the nanoparticle across the membrane. For simplicity, the surface functionalization

pattern is represented by the different parameter types of the surface beads. In general, we

distinguish two types of surface beads: hydrophobic and hydrophilic, which favor membrane

interior and bulk solution, respectively. We assume that the esterified ligands are hydropho-

bic in nature, and converted to be hydrophilic following the reaction (see below). We vary

the fraction and distribution of reactive hydrophobic groups to mimic different esterification

patterns of surface ligands (Fig. 2c, d).

The transport process is separated into two steps: insertion of the nanoparticle from the

“extracellular” side into the membrane, and ejection of the nanoparticle via the thermal

ratchet process into the cytosolic side. During the insertion step (Fig. 2a), no reaction is

considered and thus we only distinguish two types of surface beads, hydrophobic (colored

4
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white) and hydrophilic (colored green), and we characterize the insertion process by free en-

ergy simulations using the MARTINI model, which describes both lipid molecules and water

explicitly. For the ejection step (Fig. 2b), we employ reactive Monte Carlo simulations 49 and

a further simplified (implicit) treatment of the membrane and water (see below). During

these simulations, some of the hydrophobic beads (colored red) are converted to hydrophilic

ones (colored blue) once they become accessible to the cytosolic side, which is meant to

mimic the de-esterfication process catalyzed by enzymes present in the cytosol.47

2.1 Insertion: MARTINI simulations

The MARTINI 2.2 force field model50 is used to describe the insertion process of nanoparti-

cles with different surface functionalization patterns. The nanoparticle has a diameter of 6

nm, similar in size to proteins46,47 and various nanoparticles19,21 studied in recent work, and

is constructed with harmonic constraints between neighboring beads (using a force constant

2000 kJ mol−1 nm−2) to maintain the structural integrity. To further ensure the rigidity of

the nanoparticle, we also introduce virtual beads at the center of the hollow nanoparticle.

The distance between the virtual bead and each surface bead is harmonically constrained

with a force constant of 3000 kJ mol−1 nm−2. Since no reaction is considered in the inser-

tion step, only hydrophobic (white) and hydrophilic (green) surface beads are considered,

which are described with the C1 and Qd MARTINI beads, respectively. The fraction of

hydrophilic beads is fixed to be 36.4% for all particle types, leading to 202 hydrophobic and

117 hydrophilic beads, respectively; the fraction 36.4% is chosen based on the remaining

number of negatively charged surface residues after esterification in the protein studied by

Raines and co-workers.47 For the random and Janus nanoparticles, the hydrophilic beads

are distributed randomly around the entire nanoparticle (random) and around a hemisphere

(Janus), respectively. Hydrophilic beads are partially charged with -0.1e (114 beads) or -0.2e

(3 beads) to make the total charge of the nanoparticle an integer; the small magnitudes of

the partial charges were chosen to attenuate the limited accuracy of coarse-grained models
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Figure 2: Illustration for the computational models and methods explored in this work for
the analysis of nanoparticle translocation. Coarse-grained simulation snapshots of (a) the
insertion (lipids and water not shown for clarity) and (b) reactive “ejection” steps of the
translocation process. The insertion step is studied with the MARTINI model, and the
ejection step is studied with reactive Monte Carlo (rMC) and a further simplified treatment
of membrane. Different distribution patterns of surface ligands are studied for both the
(c) insertion and (d) ejection steps. For insertion, random, equatorial, polar, and janus
distributions of hydrophilic (green) and hydrophobic (white) ligands are studied; for ejection,
the four distributions are for the reactive (red) and non-reactive (white) hydrophobic ligands.
(e-f) Key components of rMC simulations: once accessible to the cytosolic side of the implicit
membrane slab, the reactive (red) hydrophobic ligands are allowed to convert into hydrophilic
ones (blue); the ligands (beads) experience z-dependent potentials, which describe their
energetic preferences to water or the membrane interior. While most simulations are done
with the parameters shown in panel (f), other values are also explored (see discussion in
text).
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in treating highly charged nanoparticles51. Four different distributions (random, equatorial,

polar, and Janus) of hydrophilic beads are studied (Fig. 2c).

The lipid bilayer contains anionic (DPPS) and zwitterionic (POPS) lipids with a molar

ratio of 2:8. Lipid membranes are generated by using the MARTINI maker module of

CHARMM-GUI.52–54 The system is neutralized by adding ions (Na+ and Cl−) along with

MARTINI water beads; additional salt ions are added to reach a physiological concentration

of 0.15 M. The simulation boxes typically have the dimension of 17nm× 17nm× 15nm, and

contain ∼ 970 lipid molecules, ∼ 28, 000 water beads, and ∼ 600 neutralizing ions.

The system is simulated using the Gromacs 2018.3 package.55 Molecular dynamics tra-

jectories are propagated using the leap-frog algorithm56 and a time step of 0.02 ps. During

equilibration, v-rescale thermostat57 and the Berendsen barostat58 is used to maintain tem-

perature and pressure, respectively. For the production simulations, the Parrinello-Rahman

barostat59 is applied. We calculate the potential mean force (PMF) for nanoparticle inser-

tion using the distance between the nanoparticle and the membrane center of mass as the

reaction coordinate. Umbrella sampling simulations are carried out with 60 (58 for the ran-

dom distribution) consecutive biasing windows with an interval of 1Å and a force constant

of 1000 kJ mol−1 nm−2. Each window is simulated for 100 ns and the PMF is constructed

using WHAM;60 three independent PMF simulations are carried out to estimate statistical

errors.

2.2 Ejection: reactive Monte Carlo simulations

For the analysis of the ejection process, we perform reactive Monte Carlo (rMC) simula-

tions49 using the Faunus Monte Carlo simulation package.61,62 In those rMC simulations,

the nanoparticle is also modeled with a diameter of 6 nm and contains 319 beads. Similar to

the MARTINI simulations, four different distributions of the surface ligands (random, equa-

torial, polar, and Janus) are analyzed; in the rMC simulations, however, the distributions

concern the reactive hydrophobic residues (Fig. 2d). For each type of distribution, we also

7
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vary the number of reactive beads, which is characterized by the fraction of surface beads

being reactive (freact); the value of freact explored is typically between 0.01 to 0.6.

The cellular membrane and solvent are modeled implicitly by defining position-dependent

(along z, the membrane normal direction) potential energies for the beads; the thickness of

the implicit membrane is taken to be ∼4 nm, which is the typical thickness of the hydrophobic

segment of a lipid bilayer. As shown in Fig. 2f, the potential favors the hydrophobic beads to

be in the membrane interior, while it penalizes the hydrophilic beads in the membrane interior

relative to the bulk solution. The order of magnitude of the energetic biases is approximately

based on the insertion PMFs computed for amino acid sidechains into a zwitterionic lipid

bilayer,63 although we also explore the impact of varying the energetic bias of hydrophobic

beads (2kBT or 7kBT ).

At the beginning of the rMC simulations, the nanoparticle has two types of surface

beads: permanent (white) hydrophobic beads and reactive (red) hydrophobic beads. During

the rMC simulations, in addition to translation and rotation moves of the nanoparticle, the

red hydrophobic beads are stochastically converted to hydrophilic ones (blue) when they are

located in the “cytosolic” region (i.e., z < −20Å, see Fig. 2e). Such reaction is sampled

during the rMC with a large equilibrium constant of lnK = 100, thus making the reaction

effectively irreversible.

For each nanoparticle system, 103 independent rMC simulations are performed for each

freact value to evaluate the translocation efficiency. Each rMC run contains ∼105 MC steps,

and for each MC step, the possible moves include nanoparticle translation (with a step size

of 2 Å), rotation (with a step size of 0.1 radian), and reaction.

Finally, we also probe the effect of mixing a fraction of permanent hydrophilic ligands,

which are expected to reduce the stabilization of the nanoparticle in the membrane interior

and therefore might facilitate the ejection step. The energetic preference of the hydrophilic

bead to the bulk solvent is varied over a range of 1 to 15 kBT .
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3 Results and Discussion

3.1 Insertion free energy depends on surface polar ligand distri-

bution

The insertion potentials of mean force (PMFs) for the nanoparticles with four surface polar

ligand distributions are shown in Fig. 3, which show significantly different qualitative and

quantitative trends.

With a random distribution of hydrophilic surface ligands, the insertion PMF is up-

hill with a significant penalty (>200 kJ/mol) for the partition of the nanoparticle into the

membrane. This is expected due to the burial of a large number of hydrophilic beads in the

membrane interior. Throughout the simulations, no significant deformation of the membrane

or reorientation of the nanoparticle is observed (Fig. 3d).

When the hydrophilic beads are distributed in the two polar regions, the insertion PMF

is largely downhill with modest barriers and a very shallow intermediate that corresponds

to a partially inserted nanoparticle. In the fully inserted state (snapshot iv in Fig. 3b),

the nanoparticle is oriented in the membrane similar to a typical transmembrane protein,

with the hydrophobic region buried in the lipid tail region while the polar hydrophilic beads

being solvent exposed. During the insertion process (snapshots i and iii in Fig. 3b), signifi-

cant membrane deformation is induced whenever there is a major change in the amount of

hydrophobic surface in contact with the membrane.

With the hydrophilic beads limited to the equatorial belt (Fig. 2c), the insertion PMF

features a modest insertion barrier and a relatively shallow intermediate, which is followed

by another barrier (∼100 kJ/mol) before reaching another local free energy minimum that

corresponds to a fully inserted nanoparticle. The fully inserted state is slightly more favorable

in free energy than when the nanoparticle is in the bulk solution, likely due to the fact that

there is a larger number of hydrophobic surface beads that help stabilize the nanoparticle in

the membrane interior.
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(d) Random
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Figure 3: Insertion free energy profiles and snapshots for nanoparticles with different hy-
drophobic (white)/hydrophilic (green) surface ligand distributions (Fig. 2c). (a) Computed
insertion potentials of mean force (PMFs) with statistical errors shown as shaded regions;
the PMFs for different systems are shifted so that the fully inserted state is considered as
the common reference value. Selected snapshots from different stages of insertion are shown
in (b)-(e) for the different surface ligand distributions; considerable local membrane defor-
mations are noted in many cases.
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Finally, when the hydrophilic beads are distributed on one face of the Janus particle,

there is a deep free energy minimum that corresponds to the state where the hydrophobic

face of the particle is fully immersed in the membrane while the hydrophilic part remains

largely solvent exposed (snapshot iii in Fig. 3e). Therefore, there is a significant penalty for

the nanoparticle to be fully inserted, due to the burial of a significant number of hydrophilic

beads in the lipid tail region.

The trends in the computed insertion PMFs suggest that the nanoparticles with hy-

drophilic ligands being limited to the polar or equatorial regions can readily reach the fully

inserted state without any inhibiting energetic penalty. Once in the fully inserted state, the

hydrophobic ligands become accessible to the “cytosolic” side of the membrane and there-

fore potentially be able to initiate the thermal-ratchet driven transport. With randomly

distributed hydrophilic ligands or the Janus particle, however, there is a significant energetic

penalty to reach the fully inserted state; as a result, when the particle size is modest, the

hydrophobic ligand may not be accessible to the “cytosolic” side. Therefore, to enable the

non-equilibrium transport with these two types of polar surface ligand distributions, it is es-

sential that either the particle size is large (compared to the thickness of the bilayer) or the

reactive hydrophobic ligands are sufficiently long so that they are accessible to the cytosolic

side even when the particle is only partially inserted into the lipid membrane.

3.2 Non-equilibrium transport depends on reactive ligand cover-

age and distribution

To illustrate the non-equilibrium transport process, we first present two different scenarios of

rMC simulations on a nanoparticle: successful and unsuccessful ejections. Here the nanopar-

ticle model contains 319 surface beads and contains 50 reactive monomers with a random

distribution. The diameter of nanoparticle is 6 nm, slightly larger than the thickness of the

implicit membrane (4 nm). No hydrophilic surface beads are included here because their

presence will make it easier for the particle to be ejected out of the membrane (vide infra).
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Figure 4: Illustration of different translocation trajectories from rMC simulations. Two
distinct scenarios, which describe (a) successful and (b) unsuccessful ejections during rMC
simulations. In both scenarios, we track the number of reacted monomers (blue) and the z
coordinate of the nanoparticle center of mass (red) throughout the simulations. The dashed
lines indicate the locations of the implicit membrane boundary, which has a thickness of 4
nm. The successful ejection from the implicit membrane is defined if the shortest distance
from the membrane boundary and any of the monomer bead of the nanoparticle is greater
than 2 Å.

As the rMC simulations proceed, we track the number of surface beads that get converted

into hydrophilic ones and the z position of the nanoparticle’s center of mass (Fig. 4). The two

different scenarios exhibit rather different behaviors. For an unsuccessful ejection (Fig. 4b),

both the number of reacted hydrophobic beads and the z location of the nanoparticle reach a

plateau rather quickly, after ∼103 MC steps, and they remain largely constant for ∼105 MC

steps. In other words, the particle remain trapped inside the membrane. By contrast, for the

successful ejection (Fig. 4a), the number of reacted surface beads undergoes a rapid increase

around ∼5 × 103 MC steps; accordingly, the z location of the nanoparticle decreases in value

rapidly, representing the ejection of the particle into the cytosolic side of the membrane.

The distinct behaviors of the two different fates of the nanoparticle highlight that the

fraction of reactive surface ligands plays an important role in determining the probability of

successful non-equilibrium transport. Without a sufficient number of converted hydrophilic

surface ligands, the nanoparticle is trapped inside the membrane by the favorable burial

of hydrophobic surface groups. As discussed below, this can be alleviated by including a

fraction of permanently polar surface ligands.

Following this initial illustration, we analyze more systematically the effects of the frac-
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Figure 5: The probability of successful translocation Ptrs as a function of the fraction of
reactive surface hydrophobic beads, freact when the free energy stabilization for a hydrophobic
monomer inside the membrane is (a) 2kBT and (b) 7kBT . The value of Ptrs for each type of
particle and freac is determined based on 103 independent rMC simulations, each of which
includes ∼ 105 MC steps. The typical ejection mechanisms are shown in (c)-(f) for the four
different reactive ligand distributions.
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tion and distribution of surface reactive ligands and the free energy stabilization of the

hydrophobic monomers. We compare four distributions: random, equatorial, polar, and

Janus (Fig. 2d); note again we focus in this section on the distribution of reactive and per-

manent (non-reactive) hydrophobic ligands on the nanoparticle surface, and no hydrophilic

ligands are included at the start of the rMC simulations. For each ligand distribution, we

also vary the fraction of reactive ligands freact from 0.01 to 0.6. To compare the translocation

efficiency, we perform 103 independent rMC simulations for each particle type; the probabil-

ity of successful translocation Ptrs is calculated by counting the fraction of rMC simulations

that leads to ejection of the nanoparticle to the cytosolic side (Fig. 5). The precise value of

freact is affected by parameters in the simulation setup such as the thickness of the implicit

membrane, threshold z position for defining the successful ejection, and transfer free energies

of different bead types (Fig. 2e-f, see discussion below). Nevertheless, comparing the trends

in Ptrs for the different nanoparticles helps identify the features of surface ligands that most

significantly impact the translocation efficiency.

Most nanoparticles exhibit the sigmoidal trend for Ptrs as a function of freact (Fig. 5).

This is qualitatively expected, as a larger fraction of reactive surface ligands leads to a larger

driving force for the nanoparticle to be ejected from the membrane interior towards the

cytosolic side. The precise threshold, however, is dependent on he spatial distribution of

the reactive surface ligands regardless of the transfer free energy of the hydrophobic beads.

With a random distribution, for example, freact ≃ 0.35 and freact ≃ 0.08 when the transfer

free energy is 7kBT and 2kBT for Ptrs to reach 50%, respectively.

Nanoparticles with reactive surface ligands limited to the polar regions fail to get ejected

for all freact values explored here (freact ≤ 0.5). This is not unexpected since even after all

the reactive surface ligands in the bottom of the particle get converted into the hydrophilic

type, there are significantly larger number of hydrophobic surface ligands that stabilize the

particle in the membrane interior. For the reactive surface ligands on the top of the particle

to access the cytosolic side, the nanoparticle needs to overcome a high free energy barrier of
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rotation, which is necessarily unfavorable due to bringing (reacted) hydrophilic ligands into

the membrane interior. As a result, the ratchet mechanism works poorly for nanoparticles

with polar distribution of reactive ligands (Fig. 5e).

The similar accessibility issue of reactive surface ligands also applies to the case when

these ligands are limited to the equatorial region of the particle, although to a lesser extend

than the case of polar distribution. As depicted in Fig. 5d, the nanoparticle with an

equatorial distribution of reactive ligands undergoes two significant rotations. Initially, at

the early stage of ejection, the nanoparticle rotates in a direction that enhances the exposure

of the reactive and reacted monomers. Subsequently, upon completing the ejection process,

it undergoes another rotation, during which the hydrophobic monomers in one of the polar

regions become stabilized, which makes the ejection of equatorial distribution less efficient

than random distribution. Nevertheless, the probability of a successful ejection is higher

compared to the polar distribution, given the same number of reactive monomers. As seen

from Fig. 5ab, to reach a Ptrs value of 50%, a slightly higher value of freact ≃ 0.11 or

freact ≃ 0.38 is required, when the free energy stabilization is 2kBT and 7kBT , respectively.

By contrast, the Janus distribution is efficient for ejection with a single global rotation

for a large number of surface ligands to react and get converted to hydrophilic ones (Fig. 5f).

Since the reactive monomers are concentrated on one half of the surface region, it is more

efficient compared to the random case. Even the hydrophobic monomers on the other half get

stabilized inside the membrane, the nanoparticle readily gets ejected out of the membrane.

To reach a Ptrs value of 50% with the Janus reactive ligand distribution, a freact value as

low as 0.08 and 0.17 is required, for 2kBT and 7kBT free energy stabilization, respectively.

Evidently, the ratchet mechanism is particularly efficient for such a ligand distribution.

As mentioned in the beginning of this section, for the rMC simulations of the ejection

step, we focus mainly on nanoparticles that have a combination of reactive and permanent

hydrophobic surface ligands. We also examine four models of nanoparticles that incorporate

permanent hydrophilic surface beads (see Fig. 6). We consider two distributions of reactive
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Figure 6: rMC simulations to probe the impact of the permanent hydrophilic monomers
with an equatorial distribution (a,c) or a polar distribution (b,d). Reactive monomers are
distributed either randomly (a,b) or with a Janus pattern (c,d). The transfer free energy of
the permanent hydrophilic monomers (green) ranges from 1kBT to 15kBT .
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particles (random and Janus) that are efficient for the ejection stage, as well as two distri-

butions of permanent hydrophilic monomers (polar and equatorial) that are advantageous

for the insertion stage.

As expected, the impact of reactive monomer distribution remains consistent in the pres-

ence of permanent hydrophilic monomers. Irrespective of the arrangement of permanent

hydrophilic monomers, nanoparticles with Janus reactive monomers exhibit greater ejection

efficiencies compared to the random distribution of reactive ligands. However, the impact of

permanent hydrophilic monomers significantly depends on their distribution. In the equa-

torial case, nanoparticles are ejected more effectively from the membrane as the free energy

penalty of burying the hydrophilic monomers in the membrane increases. Nanoparticles

with equatorial hydrophilic monomers cannot be stabilized within the membrane; therefore,

a higher free energy penalty facilitates their ejection. Conversely, a polar distribution of

permanent hydrophilic monomers enables nanoparticle stabilization within the membrane,

leading to inefficient ejections.

3.3 Discussion: design guidelines for non-equilibrium transport

To design the surface pattern of nanoparticles for the non-equilibrium transport process,

several considerations come to mind. First, the particle needs to insert into the membrane

sufficiently deeply such that a considerable number of reactive ligands are accessible to the

cytosolic side of the membrane to initiate enzyme catalyzed transformation of these ligands

to the charged state. In this regard, the insertion PMF results (Fig. 3) suggest that even

with a modest (∼40%) fraction of hydrophilic beads, nanoparticles with random or Janus

distribution of hydrophobic and hydrophilic surface ligands likely experience considerable en-

ergetic penalty for deep insertion. Therefore, if these functionalization patterns are pursued,

either the particle size needs to be sufficiently large (compared to the membrane thickness)

or the reactive surface ligands need to be sufficiently long so that they are accessible to the

cytosolic side even with partial insertion of the nanoparticle into the membrane. For the
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polar and equatorial distributions, the insertion process is energetically favorable, although

the ejection step also needs to be carefully tuned (see below).

With the rMC simulations (Fig. 5), we are able to explore how the transport (ejection)

efficiency depends on the distribution of reactive and permanent hydrophobic ligands, once

the particle is inserted into the membrane. The results clearly show that the polar reactive

ligand distribution with a permanent hydrophobic equatorial belt is to be avoided, while

both the Janus and random distributions are better than the equatorial distribution of re-

active ligands. As expected, the required fraction of surface reactive ligands depends on the

energetic stabilization of hydrophobic residues by the membrane interior; a stronger stabi-

lization requires a higher fraction of surface reactive ligands (Fig. 6a). The energetic bias

can be experimentally tuned by altering the degree of hydrophobicity of surface ligands, or

by mixing in hydrophilic ligands, which effectively modulate the stabilization of the particle

by the membrane interior. Indeed, we see that the ejection process is influenced by the dis-

tribution of permanent hydrophilic monomers in different ways. A polar distribution tends

to make the ejection inefficient, whereas an equatorial distribution facilitates the ejection.

Therefore, by combining insights from the analysis of both insertion and ejection steps,

we suggest that to balance these steps, the following design rules are worthwile considering.

(1). Random and Janus distributions of hydrophilic and hydrophobic surface ligands should

be avoided unless the particle is large in size and/or the reactive ligands feature extended

conformations; (2). Polar distribution of reactive surface ligands with a hydrophobic equa-

torial region should be avoided. (3) Effective functionalization patterns could be to mix

hydrophilic and hydrophobic ligands with the former in the polar (Fig. 7a) or equatorial

(Fig. 7b) regions, while reactive ligands are distributed in a Janus-like pattern in the hy-

drophobic region. With these functionalization patterns, the particles are expected to be

partitioned into the membrane without major energetic penalties, and in the inserted state

(shown schematically in Fig. 7), the reactive ligands are readily accessible to the cytosolic

region of membrane to initiate the ejection process.
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Figure 7: Examples for recommended surface ligand distributions that balance both inser-
tion and ejection steps during the non-equilibrium driven transport. Green indicates perma-
nent hydrophilic ligands, while red and white indicate reactive and permanent hydrophobic
ligands, respectively. The snapshots illustrate the expected inserted configuration of the
nanoparticles, and the schematics on the right indicate the motion of the nanoparticles as
the reactive groups undergo chemical transformations that drive the translocation.
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3.4 Discussion: limitations of the current models

The primary focus of our study is to establish the key physical principles that govern the

efficiency of the non-equilibrium transport mechanism. Therefore, we chose to employ highly

simplified models for the functionalized nanoparticles, which do not capture molecular fea-

tures of the surface ligands such as volume and flexibility, which have been shown in previous

studies to contribute to the interaction with lipid membrane.15–19 However, incorporating

the chemical nature of ligands explicitly in the rMC simulations poses significant computa-

tional challenges, as it would necessitate additional parameterization and including various

complex Monte Carlo moves, rendering it impractical for long simulations; for the similar

consideration, an implicit membrane model was used in the rMC simulations. By focusing

on a minimalist coarse-grained representation of the nanoparticles, we are able to probe

the effects of surface ligand (both reactive and non-reactive) distributions on the transport

efficiency, without convoluting contributions from factors such as ligand volume, shape and

flexibility. To further verify the observed trends here, more complete models for functional-

ized nanoparticles can be developed and explored at least for the insertion step, similar to

previous studies.15,29,51 Further analysis of the ejection step with more complex models for

the nanoparticle and membrane remains computationally challenging and is perhaps best

conducted with experimental studies, provided that the relevant ligand distributions can be

realized.64

4 Conclusions

Most, if not all, design strategies for nanoparticle internalization are based on equilibrium

considerations. Biological transport, however, often relies on non-equilibrium processes. In

this study, motivated by recent studies of Raines and co-workers on protein delivery based

on bioreversible esterification,47 we use computational models to explore the effectiveness of

a similar non-equilibrium transport mechanism for nanoparticles across the lipid membrane.
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With coarse-grained models, we demonstrate that the non-equilibrium mechanism can be

robust. Moreover, we explore a few basic parameters related to the properties and distri-

butions of surface ligands to identify relevant design rules that govern the efficiency of the

transport.

We divide the transport process into insertion and ejection steps, which are studied

with different coarse-grained models using free energy and reactive Monte Carlo simulations,

respectively. For the non-equilibrium transport to be effective, both steps need to be con-

sidered. Our simulations show that the transport efficiency is relatively insensitive to the

fraction of reactive surface ligands once a modest threshold is surpassed, while the distri-

bution pattern of different (hydrophilic, reactive and permanent hydrophobic) ligands has a

notable impact on both the insertion and ejection steps. For example, random and Janus

distributions of hydrophilic and hydrophobic surface ligands, or polar distribution of reactive

surface ligands with a hydrophobic equatorial domain are not expected to be effective due

to potential difficulties associated with insertion and ejection steps, respectively. On the

other hand, it is likely effective to mix hydrophilic and hydrophobic ligands with the former

in the polar or equatorial regions, while the reactive ligands being distributed in a Janus-

like pattern in the hydrophobic domain. Our study thus highlights the value of rational

design of surface functionalization for efficient non-equilibrium transport and provides a set

of relevant guidelines. With additional extensions, such as more realistic treatment of the

membrane environment, the computational framework established in our work can be used

to analyze the non-equilibrium transport of biomolecules and nanomaterials across complex

membranes.
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