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been at the forfront of research for the design of efficient drug-delivery mechanisms, nanotechnol-

ogy and biomedicine. Establishing a consistent picture of how the transit mechanism depends on
the physiochemical property of a NP is ritical to understanding what approach may be the most
effective for nanomedicine design. In this study, using molecular simulation techniques, we have
analyzed the key properties of a NP that may affect the mechanism of transit - the effect of size
and hydrophobicity. By using a continuum model of a NP based on the Hamaker potential, we
have created NP of tunable hydrophobic properties. The effect of hydrophilic, hydrophobic, and
mixed properties of the NP is analyzed against a biomimetic bilayer - we show that this model
can illustrate three distinct properties - where the hydrophilic type shows rupture of the bilayer,
the hydrophobic type showing a entrapment of the NP around the hydrophobic tailgroups of the
bilayer, and the mixed type showing a distinct, direct translocation type mechanism. Increasing
the NP size shows different effects for each type of NP, and hence, may provide insight into the
design of NPs with these types of mechanisms involved.

1 Introduction

The self-assembly of nanoparticles (NPs) and amphiphilic macro-
molecules offers a powerful route to generate functional soft ma-
terials with controllable structure and properties. At the most ba-
sic level, polymeric vesicles are liquid-containing sacs and have
a compartmentalised enclosed volume shielded from the out-
side liquid environment by a bilayer commonly composed of
amphiphilic molecules. The tendency of surfactants to aggre-
gate into large vesicular structures allows polymeric amphiphiles
to be used as a model to emulate properties of more complex
biomembranes. As a result, numerous studies with representa-
tions of complex bilayers have been attempted - biomembranes
contain numerous heterogeneous components and factors such
as the presence of membrane proteins, varying rigidity of the
lipids and varying charge density near the headgroups, to name
a few't. These factors control the curvature, diffusive properties
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and mechanisms of translocation through a bilayer. Given the
need to allow selective permeation of molecular species, the ad-
ditional mechanisms biolipid systems have evolved involve com-
plex mechanisms which allow passive and active diffusion, con-
trolled by a concentration gradient or an energy-input driven
process respectively. Despite the complexity of the systems in-
volved, recent successes in particle delivery, such as the develop-
ment of inhalable insulin®, amongst others, has highlighted the
possibilities of NPs as novel agents in clinical applications. Dif-
ficulties remain, however, in determining which component-by-
component interactions are responsible for phenomena ranging
from the direct translocation of a NP to the rupture of the bi-
layer. Questions remain with regards to the mechanism of how
foreign particles can interact near the bilayer interior - what
properties dictate the mechanism of transit? Passive transloca-
tion processes for example, do not require an external energy
input, which would imply that the surface functionalization of
the NP primarily dictates the mechanism of membrane translo-
cation®. The purpose of this work is to provide an overview
of the mechanism of transit of a NP with respect to it’s surface
composition. To address this challenge, we have investigated the
mechanisms by which NPs of varying size and hydrophobicity in-
teract with and cross biomimetic polymer membranes. To this
end, we have simulated a polyoxyethylene-glycol (PEG-PEO) sur-
factant bilayer; this surfactant provides a large variety of phase
transitions depending on the temperature, concentration and on
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structural properties, and computationally intensive coulombic
potentials are not taken into account, which alleviates the MD
computation. We have developed nonspecific model NP-bilayer
systems which comprised a coarse-grained poly(ethylene)6-block-
poly(ethylene oxide)2 (C,E;) bilayer in water and a generic NP
of 1.0 or 2.0 nm radius (R) with hydrophilic, hydrophobic or
mixed character (Hence, nine different systems to analyze in to-
tal). Similar continuum style models, targeting the efficiency
through the use of generic parameters have been studied before
using DMD/LME simulations of hydrophilic models®. However,
using similar continuum models to tune the hydrophobicity has
not been attempted before. We show that by adjusting this con-
tinuum model of a NP, we can reproduce many of the properties
of hydrophilic/hydrophobic NPs and also show that NPs of mixed
hydrophobicity can undergo a direct translocation. From our sim-
ulations, we have identified three distinct, size-dependent mech-
anisms - where the hydrophilic NP forms a pore like deformation
of varying sizes, depending on the radius of the NP. For the mixed
character type, we show that this NP models a direct penetration
through the bilayer, with minimal disruption in the bilayer, cou-
pled with a flattened free energy profile. With the hydrophobic
NP type, we show that the hydrophobic groups within the bilayer
wraps around the NP to maximise the hydrophobic interactions
its hydrophobic components.

2 Simulation Methodology

2.1 Coarse-grained model

We have useed the Shinoda-DeVane-Klein (SDK) CG model®®
which was recently expanded to the SPICA model”. The model
has been parameterized against thermodynamic properties (den-
sities, interfacial tensions, transfer free energies) and has been
applied successfully by itself or as a model to study a range of
soft matter systems®19 and recently extended to include rep-
resentations of amino acid residues and rigid molecules such
as cholesterol. A brief description of their coarse-graining ap-
proach follows here - within this model 3-5 heavy atoms are
represented by a single interaction site or "bead" (one water
bead represents three water molecules). The system in this
study consisted of a single NP, a non-ionic surfactant bilayer
consisting of 2000 poly(oxyethylene) (denoted Cj,E;) surfactant
molecules and 57312 water beads. The surfactant molecule was
described using four CG bead types: OA (-CH,OH) and EO (-
CH,0OCH,-) which represent the hydrophilic head group and CM
(-CH,CH,CH;-) and CT2 (CH3CH;CH,-), which represent the hy-
drophobic tail groups. A schematic of the atomistic to CG map-
ping is given in Figure[I] The non-bonded interactions between
the surfactant molecules and between the surfactant molecules
and water were described using the Lennard-Jones-like formulae

Ura-4(r) = 3?8 [(g)n* (%)4] (1a)
o= ZE -]
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Fig. 1 Coarse-grained mapping of the surfactant C,E; used in this study.
The EO and OA groups constitute the hydrophilc headgroups, while the
CM and CT2 beads represent the hydrophobic tailgroups
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Fig. 2 The side and top views of the polymeric bilayer we will be using
for this simulation. The dimensions of the expanded bilayer (a) are 16 x
16 nm?2, while the thickness of the bilayer is approximately 3.6 nm

where ¢ is the well depth (the numerical factors in the prefactor
are chosen such that the minimum value of the potential is —¢)
and U(o) =0, following a standard Lennard-Jones model. The
first (LJjp_4) form is only used for interactions involving water
(W) beads. The intra-molecular interactions were described using
a molecular mechanics force field:

Ubond = ke (£ —€0)? (2a)
Uangle =kg (9 - 90)2 (2b)

where k; and kg are the bond stretching and bending force con-
stants and £y and 6, are the equilibrium bond lengths and angles
respectively. Parameters for both the bonded and non-bonded
interactions are taken from parameters published by Shinoda et
al™ and are tabulated in supplementary information for com-
pleteness. Rather than explicitly model the NP as a rigid col-
lection of interaction sites, the particles are modelled as spheres
composed of uniformly distributed interaction sites i.e. the parti-
cle was treated as a surface-to-molecule potential, which is the ap-



proach taken by Chiu et al, which itself is based upon Hamaker’s
model for modelling the non-bonding potential of surfaces’413,
Using Hamaker’s model allows us to concentrate on the bulk prop-
erty of the NP rather than its individual constituents, and since
we are primarily interested in the effect of the surface proper-
ties of the NP, it fits this study. To represent the hydrophilic and
hydrophobic NPs, the interaction sites were taken to be of type
W and CT2 respectively. The interactions between the NP and
CG beads were derived from integrating the interaction potential
between a CG bead and an interaction site within the NP over
the particle’s volume. Assuming that the interaction between a
CG bead and single interaction site can be described through the
modified LJ functions above (Equations [Ia] and the interac-
tion between a NP and a CG bead may be written as:

_ 2/371pec!?R? SRO+45R*r? + 63R?r* + 151

12-4
UNP (r7R) - 15 (r2 7R2)9
4 4 _
_ 3mpec’R  3V3mpeo wl7—R (33)
r2—R? 2r r+R
3R* +42R** +351*  9mpecOR3
9-6 _ 953

Uxp (,R) =9mpec”R 3502 —R2)6 R (3b)

where p is the density of the NP and R is the NP radius. The den-
sity of the NP was taken to be 1.0 kg m~3 (based on the density
of water). Full derivations of these formulae are given in the sup-
plementary information. The parameters € and ¢ are the Van der
Waals parameters for the W (hydrophilic) or CM (hydrophobic)
CG beads. As well as purely hydrophilic and hydrophobic NPs we
also consider a NP of mixed hydrophobicity; in that case the in-
teraction potential between the NP and solvent bead is taken as
a simple interpolation of the hydrophilic and hydrophobic poten-
tials:
pPhle=(URE U

NPproperty = Uyp ()=(UR" )+ (1-2)UR™

yed()=(UE" () +(1-0Uf™
NP

where 0 < x < 1. The plots of the interaction potentials of each
NP are provided in the supplementary information. Two R values
were used for creating the NPs - R = 1.0 and 2.0 nm. The 1.0 nm
radius NP represents a NP that is comparable to the tailgroup (CM
and CT2) length of the amphiphile, while the 2.0 nm radius NP
represents a NP with a width that is comparable to the thickness
of the bilayer. The schematic for each type of NP is shown in

Figure

Initial configuration of the bilayer

All simulations were performed using the LAMMPS simulation
package!®. To generate the initial configuration of the bilayer,
3500 CG-beads of the Ci,E, were used to arrange a bilayer in
a simulation box ranging from dimensions 80 A x 80 A x 200
A with the rest of the box being filled with 14328 water beads.
This system was equilibrated using a NVT ensemble for 1 ns sim-
ulation time with increasing timesteps to ensure the overlaps be-

y

(a) Hydrophilic

(b) Mixed (c) Hydrophobic

Fig. 3 Color Schematic for each NP. Two values of radiuses (R) for each
NP was designed - R = 1.0 and 2.0 nm

tween molecules were resolved and to ensure the system did not
fluctuate substantially. To reduce the likelihood of finite size ef-
fects, the simulation box was replicated once in each of the x and
y directions, meaning that the simulation box was expanded from
80A x 80 A x 200 A to 160 A x 160A x 200A. 14000 CG beads of
the C»E, were used to construct the larger bilayer, which equals
to 2000 molecules. This new system was also subjected to 1 ns of
NVT equilibration in the same manner as the smaller bilayer. To
insert the NP, the water beads were removed, the simulation box
dimension in the direction normal to the bilayer (z-direction) was
set to 200 A and the NP was inserted into the system 100 A above
the centre of mass of the bilayer followed by re-solvation.

Simulation setup for NPT production runs

The system was simulated in the NPT-ensemble, with tempera-
ture and pressure set to 303 K and 1 atm respectively. The temper-
ature and pressure were controlled using a Nosé-Hoover thermo-
stat and barostat1>"Z, both with relaxation times of 0.2 ps. The
equations of motion were integrated using the rRESPA multiple-
timestep algorithm''® with a 2.0 fs inner (bonded) and 10.0 fs
(non-bonded) outer timesteps. Non-bonded interactions were
truncated at rey = 15 A. Periodic Boundary Conditions (PBCs)
were set in the x and y directions. A production run of 200 ns
was run to ensure that the surfactant bilayer had reached con-
sistency in it’s properties with past experimental and simulation
results.

3 Free energy calculations - Umbrella Sam-
pling (US)

In order to get a complete picture of NP translocation energetics,
we have implemented the Umbrella sampling method (US)12, A
spring constant of k = 50.0 kcal mol~!' was used to anchor the
NP along the bilayer normal from 0 A to 30 A in 1 A intervals,
resulting in 30 windows for each nanoparticle. The coordinate
distributions of each window was checked for overlap. The im-
plementation of the weighted-histogram analysis method (WHAM)
program developed by Grossfield2%722 was used to extract the fi-
nal potential mean force (PMF) of the trajectory. The probability
distribution of the umbrella histograms are shown in the support-
ing information.

4 Results

4.1 Simulation Analysis
The density profile of the surfactant (Figure[d) shows that the av-
erage thickness of each surfactant leaflet is approximately 17-18
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Index | NP type R (nm) | Number of simulations
1 Hydrophilic 1.0 20
2 Hydrophilic 2.0 20
3 Mixed 1.0 20
4 Mixed 2.0 20
5 Hydrophobic | 1.0 20
6 Hydrophobic | 2.0 20

Table 1 The catalogue of US simulations undertaken in this work
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Fig. 4 The density profile of each CG beads in the bilayer. The EO and
OA beads represents those within the headgroup region of the surfactant,
while the CM and CT2 beads represent those composing the hydropho-
bic tailgroups. W represents the bulk water above and below the bilayer
on the bilayer normal

A, which amounts to a total thickness of 36 A. This is approxi-
mated from the bilayer centre to the peak of the EO bead. This
thickness is consistent with those shown in previous simulation
and experimental data?328  Additional studies looking at the
mean square displacement (MSD) and area per lipid (APL) are
shown in in the supplementary information.

4.2 Analysis of the NP trajectories and the free energy pro-
files
Figure [5(a) shows the trajectory snapshots for the R = 1.0 nm
and R = 2.0 nm simulations, with the corresponding free energy
profile. In the R = 1.0 nm case, we see a free energy trough at
approximately z = 10 A, where we had observed the adsorption
of the NP onto the surfactant surface. From 10 - 0 A distance, we
see a levelling off of the free energy which corresponds to the NP
inducing curvature in the surfactant bilayer. In the R = 2.0 nm
case, we see a significant increase in free energy between z = 15
-12.5 A distance of approximately 13.0 kcal mol~!, which corre-
sponds to the significant bending of the bilayer and pore forma-
tion around the NP as it nears the center of of the bilayer. Figure
Blb) shows the trajectory snapshots for the R = 1.0 nm and R
= 2.0 nm simulations, along with the corresponding free energy
profile. In the R = 1.0 nm case, we see a slight energetic trough
at approximately z = 12.5 A, which is followed by a decrease in
the free energy from z = 12.5 - 0 A, with an overall free energy
change of -25.0 kcal mol~!. In the R = 2.0 nm case, we see the
absence of this free energy trough, where instead we see a slight
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Fig. 5 Snapshots of the US simulations for the hydrophilic, mixed and
hydrophobic NPs at z = 0, 10 and 20 Ain the bilayer normal for the R =
1.0 and 2.0 nm, with the corresponding free energy profiles shown in (a),
(b) and (c) respectively

increase of 5.0 kcal mol~!, at z = 10 A, but otherwise showing
a ‘flattened’ free energy surface, which is in great contrast to the
hydrophilic NP example. Figure [5(c) shows the trajectory snap-
shots for the R = 1.0 nm and R = 2.0 nm simulations, with the
corresponding free energy profile. In this case, we see a consis-
tent wrapping of the NPs into the hydrophobic tailgroups of the
bilayer, which is demonstrated by the similar free energy profiles,
where we see an overall change in the range of -40.0 - -50.0 kcal
mol~! for both NPs as the it appoaches the bilayer interior.

5 Discussion

Due to the nature of the construction of the NP, there is no di-
rect experimental equivalent that we can compare the PMF to
in a quantitative manner. However, by comparing the proper-
ties of the system with respect to the NP position, comparisons
with published literature can be made. Similar approaches at
fine-graining the NP property has been done; using discontinu-
ous molecular dynamics (DMD), NP studies done by Curtis et al
illustrated a radius limit for the hydrophilic NP to change from a
bilayer ‘embedding’ phase (where the bilayer curves around the
bilayer) to a bilayer ‘wrapping’ phase (where the bilayer com-
pletely wraps around the bilayer). Here, the range of radius mea-
sured in our study (R = 1.0 - 2.0 nm) falls within the ‘embedding’
phase, which is consistent with the DMD study, which is consis-
tent with the phenomena observed for the hydrophilic and mixed
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Fig. 6 The total interaction energy of the surfactants to each of the NPs.
(a), (b) and (c) show the hydrophilic, mixed and hydrophobic examples
respectively, for the R = 1.0 and 2.0 nm NPs. The interaction energy was
computed for the z = 0 nm US simulation, where the NPs are held in the
center of the bilayer.

NPs. To distinguish and analyze the mechanistic difference be-
tween each NP, the magnitude of change in the free energy profile
and the shape of the PMF will be the main factors of considera-
tion in this discussion. This is consistent with simulations of hy-
drophilic NPs done by Rocha et al?Z and Gu“®, amongst others,
where a higher charge density on the NP (which corresponded
to a greater hydrophilicity) correlated with a stronger adsorption
on the bilayer surface. Simulations of hydrophilic NPs by Gu in-
dicated that there is competition between the favourable elec-
trostatic interaction between the charged groups in the bilayer
and the positive/negatively charged NP, and the unfavourable
energy associated with bending the bilayer. Simulations of acy-
lated and un-acylated dendrimers through a lipid bilayer4? show
that the unacylated dendrimer acts analogous to the hydropho-
bic NP, as shown by the insertion of the dendrimer into the tail-
groups; the acylated version shows adsorption on the surface
of a 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) bilayer,
analogous to the hydrophilic NPs simulated. The model we have
used does not include charged components within the surfactant
groups nor implement surface charges on the NP surface. How-
ever, the association of the hydrophilic headgroups around the
hydrophilic/mixed NPs follows the pattern of previous studies.
This ‘flattening’ effect is consistent with recent studies demon-
strated by Su et al®?, who suggested that, at mixed hydropho-
bicity, the NP is distributed between the head and tail groups,
and in-between the bilayer leaflet layers, all accessible through
a flattening of the free energy profile across the bilayer normal.
Su also suggested that the barrier entailing the tail end of the
flattened PMF (shown in O - 5 A in the R = 1.0 nm mixed NP
profiles) is associated with the entropic cost of inducing order

within the bilayer tailgroups. In that case, the barrier was shown
to be within 10’s of kT, which is clearly smaller than the bar-
rier observed in this example, (which is in the range of 50 - 100
keal mol~!). It may be the case that the NP model used in this
example overestimates the barrier. Simulations with intemedi-
ate type dendrimers by Hwankyu et al?? demonstrated that the
mixed dendrimers adsorbed onto the bilayer surface (which is a
‘acylated’ trait) with strands of the dendrimer penetrating inside
the bilayer, which suggests that such NPs may allow the mixed
property to ‘latch-on’ to the hydrophilic surface, and subsequently
penetrating through the bilayer normal through increased hy-
drophobic contacts. Another mechanism of insertion of mixed
type NPs was demonstrated using striated NPs as simulated by
Yinfeng et al®*!, who demonstrated that the rotational dynamics
of hydrphobic/hydrophilic striped NPs can rotate while inside the
bilayer to minimise the interaction with the hydrophobic interior,
which again, leads to a ‘flattening’ of the free energy profile.

In other examples, Zhang et al*% performed DPD membrane
translocation simulations of NPs with fully hydrophilic (WNP),
hydrophobic (ONP) and a random mixture of hydrophilic and
hydrophobic points to represent a NP of mixed hydrophobicity
(RNP). Here, the resistance force (the combined repulsion force
from the hydrophilic headgroups and hydrophobic tailgroups of
the bilayer) acting against the RNP was minimal - it has been hy-
pothesised that the randomly distributed hydrophilic forces coun-
teract against the attractive hydrophobic forces near the tailgroup
region. Furthermore, it may be the case that larger aggregations
will undergo cooperative mechanisms of translocation, which has
not been covered with model and will be a subject for a future
work. This observation was followed by a flattening of the PMF
near the membrane region, which is entirely consistent with the
observation in this study in the case of R = 1.0 nm mixed NPs.
Another example of this type of direct penetration through mem-
branes with mixed hydrophobicity comes with striped NPs, as de-
signed from monolayer-protected NPs=334, which suggested that
homogenous patterning of hydrophilic/hydrophobic beads on a
NP surface enables the passive translocation of NPs through a
lipid bilayer. In contrast to the smaller examples, the R = 2.0
nm hydrophilic and mixed NPs clearly shows the formation of
holes or ‘doors’ on approach to the bilayer surface, as demon-
strated in the US simulations. The formation of doors has been
speculated upon in the past; MD simulations by Lin et al=2 illus-
trated that the interaction of cationic alkanethiol-ligand AuNPs
with the transmembrane potential as the driver of the movement
of the NP, with the formation of similar doors on approach to the
bilayer surface - it is thought that this mechanism is responsible
for the rapid intake of cationic NPs and cell-penetrating peptides
(CPPs)=2. Here, as we have not included the ionic potential as a
factor in the experiment, an alternate mechanism for direct pen-
etration in a non-ionic case is necessary. We see that for R = 1.0
nm, the NP does not rupture the bilayer when placed in the cen-
ter of the bilayer at z = 0 A. With the R = 2.0 nm example, we
see that both the hydrophilic and mixed NPs induce deformation
of the bilayer and subsequent formation of ‘doors’ on approach
to the bilayer. However, the shape of the bilayer around the rup-
ture differs; in the hydrophilic example, the surfactants around
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Fig. 7 Water density around the R = 1.0 and 2.0 nm hydrophilic, mixed
and hydrophoic NP, shown in a radius of 10 nm around each NP at z = 0

A, illustrated with the RDF density profile of water around each NP.

the NP become ‘folded’, while in the mixed example we observe
a clear hole around the NP lateral plane, which indicates that the
energetically favourable interactions with the hydrophobic tail-
groups clearly affects rupture geometry. To ascertain the total
force contribution on the NP surface, we have computed the to-
tal interaction energy between the NP and the bilayer. This is
shown in Figure [f] The hydrophilic and mixed examples show
similar trends, but we see a diminished interaction energy with
the surfactants with the mixed NP types, where we see a interac-
tion energy of of approximately -100 kcal mol~!, compared to the
limit of -300 kcal mol~! we observe with the hydrophilic example,
as would be expected from our model. When comparing the hy-
drophobic example with the hydrophilic/mixed example, we see
a lower fluctuation in the interaction energy of the hydrophobic
NPs, as they are embedded within the tailgroup (CM and CT2)
regions of the bilayer, wheras the hydrophilic/mixed NPs show
tenuous interaction with the hydrophilic headgroups, as well as
the surrounding water solvent, as shown with the water density
profiles around each NPs, shown in Figure

6 Conclusion

We have adapted the Hamaker-like continuum potentials to con-
struct 3 different types of NPs; a hydrophilic, hydrophobic and
mixed particle of two different sizes; R = 1.0 and 2.0 nm, and
analyzed the translocation of each NP through a neutral C;,E, bi-
layer using US simulations with the bilayer normal as the reaction
coordinate. By analyzing the free energy profile and surfactant
configuration around the NP, we have attempted to character-
ize the mechanism for each hydrophobicity. We see that the hy-
drophilic NP, at R = 1.0 nm, the favourable interaction between
the hydrophilic headgroups of the surfactants and the NP surface
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overcomes the energetic cost of forming the curvature around the
NP, while for the R = 2.0 nm, we observe that the NP forms a
‘hole’ upon approach to the surfactant surface. In the mixed NP
case, we observe a flattening of the PMF in the surfactant region
in the cases of the R = 1.0 nm, while with the R = 2.0 nm case,
we see the formation of a hole on approach to the surfactant sur-
face. Hence, we demonstrate that the flattening of the free energy
profile accross the membrane bilayer is a general property for
semi-hydrophobic NPs, but may still be subject to size-dependent
effects. While numerous challenges to the clinical applications of
NPs remain, this study shows that by tuning the hydrophobicity of
the NP surface, it may be possible to design targeted NP delivery
mechanisms that can strictly bypass the bilayer - as the lifetime
within the bilayer may be short, the concerns regarding nanotox-
icity and complications regarding accumulation of NPs within the
interior of the membrane.
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