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Protein adsorption at charged surfaces is a common process in the development of functional technological devices.

Accurately reproducing the environment above the surface in simulations is essential for understanding how the

adsorption process can be influenced and utilised. Here we present a simulation strategy that includes the electric field

above the charged surface as well as the screening ions in solution, using standard molecular dynamics tools. With this

approach we investigate the adsorption of Hen Egg White Lysozyme (HEWL) onto a model charged silica surface. We find

that the screening effects of the ions slow down the adsorption process, giving the protein more time to find its optimal

orientation as it adsorbs. Furthermore, we find that the concentrated ionic region directly above the surface helps to

stabilise the protein structure in its adsorbed state. Together these effects imply that the adsorbed HEWL might retain its

biological activity, with its active site exposed to solution rather than to the surface. Furthermore, this work shows how

the steering effects of the electric field, coupled to the ionic screening, might be used to develop general strategies for

surface functionalization through protein adsorption for technological applications.

Introduction

Protein adsorption at materials surfaces is a crucial feature of
many new biotechnological applications, and has been the focus of
much recent research'®. Key questions that still need to be
addressed concern not only the extent of protein adsorption, i.e.
whether complete surface coverage or even multilayer coverage is
achieved, but also the strength of the adhesion to the surface and
the functionality of the adsorbed proteing'”. These factors directly
the affect the utility of the adsorbed proteins for functionalization
of surfaces to induce biocompatibility, create antibacterial coatings,
or yield novel nanoparticulate drug delivery systemsl.

Modelling has played a major role in advancing our
understanding of the adsorption process, since in principle it can
reveal molecular-scale insight that is not available experimentally.
Well-designed simulations can show not only how proteins adsorb
to different surfaces, but also provide understanding of what the
driving forces are and how they can be controlled through surface
chemistry, and how bio-activity can be preserved by retaining the
protein secondary and tertiary structures. There is growing
consensus that the orientation of the protein at the surface is
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paramount, and that this depends on the surface chemistryn'ls. of
particular note is the idea that electric fields above charged
surfaces will play a crucial role in steering the protein during
adsorption, and so determine protein orientation once adsorbed™
16 provided that any unfolding induced by interactions with the
surface are of limited extent, this provides the means to engineer
surface functionalization through controlled protein adsorptionlz.
Fully atomistic Molecular Dynamics (MD) has proven to be a
valuable modelling strategy, since it can address the 100 ns
timescale necessary for the initial protein adsorption process with
the necessary system size of ~10° atoms required to represent the
surface, water, ions and proteinls’le. Various open source
simulation packages exist for this type of simulation, where use can
be made of potential sets refined for protein systems, and many
insightful studies have been completed. Hen Egg White Lysozyme
(HEWL) has extensively been used as a model proteinlne, since it
has anti-bacterial properties which might be preserved when
adsorbed to a surface in the correct orientation. HEWL is a hard
globular protein of modest size, making it ideal for simulation
studies”’ . Previous work has considered how it is adsorbed at
various surfaces, with the conclusion that negatively charged
surfaces, such as mica or silica at physiological conditions, will be
best at orienting the protein so that its active site is presented to
solution””*®
Given the importance of the electric fields at the charged
surfaces, it is necessary to consider how the MD simulations can
best replicate the environment experienced by the protein as it
adsorbs. In recent work we have included electric fields in standard
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simulation methodology by employing silica surface models with
intrinsic dipole moments™>*. However, we had not until now fully
included the effects of ionic screening at the surface. It is the
purpose of this paper to do this, and to explore the impact this has
on the HEWL adsorption at the model surface. Of crucial
importance, we aim to understand whether:

e jonic screening of the charged surface changes the
adsorption of the protein or its adsorption pathway;

e the high concentration of ions above a charged surface
impacts the structure of the protein in its adsorbed state;

e the electric field and screening effects can be used to
enhance our ability to create stable, functional proteins adsorbed to
materials with technological potential.

In the following Section we will describe how we set up the
simulations to capture the effects of electric field and ionic
screening, and the simulation methodology we then employ. In
Section 3 we present results from our HEWL adsorption
simulations, and the discussion will draw out the comparisons to
simulations without full ionic screening. In the final section, we will
draw general conclusions that are relevant to the modelling of
protein adsorption at charged surfaces.

Methodology

Oxide surfaces such as silica are known to possess a net
negative charge at physiological pH. Whilst the detailed structure at
the surface might be difficult to characterise, it is believed that the
surface will expose hydroxyl and under-coordinated, terminal
oxygen species to the solutionas, which are responsible for the net
negative charge. Simulations of protein adsorption to these
surfaces needs to capture not only the chemistry of these species at
the surface, but also the long-range electric field they create in the
solution above the surface, which as we have discussed above can
play a key role in determining protein orientation as it adsorbs. A
key challenge for us is to capture these physical effects in our
protein adsorption simulations.

The approach we adopt is illustrated in Figure 1, where we
show schematically the electric field surrounding a negatively
charged nanoparticle in solution. These nanoparticles are usually
~200nm size range (e.g. silica nanoparticles used for drug
deliveryse), and often much larger than the protein under
consideration, so it is reasonable to model adsorption onto a flat
surface. This surface needs to expose the relevant species to
solution whilst creating the electric field required. In previous work
with silicals’35, we have employed an alpha-crystabolite {11-1}
model employed by other groupsse. However, we consider a
stoichiometric slab of the material which has been cut to create a
dipole moment in the direction perpendicular to the largest slab
surface, with under-coordinated negatively charged oxygen
(siloxide groups) at the top surface and under-coordinated
positively charged silicon on the bottom. When used in simulations
with three-dimensional periodicity and the Ewald summation for
electrostatic calculations, as we do here, this creates the desired
electric field across the water space of the simulation cell as
illustrated in Figure 1. We note that using a fixed bounding
potential without periodicity in the direction normal to the slab
would not create the required electric field. In our simulations, the
silica ions are frozen in place to maintain the electric field above the
surface; using rigid surface model is a common simulation
strategy37.

2| J. Name., 2012, 00, 1-3

This allows us to simulate the adsorption of a protein onto the
model negatively charged silica surface. We note that the opposite
silicon-rich surface is an artificial construction which does not
represent a physically acceptable model surface, so that we are
only interested in adsorption to the siloxide-rich surface model. The
strength of the electric field is determined by the net dipole
moment across the slab and the relative size of the water space to
the slab thickness. In the systems used here and in other work, the
electric field is measured to be 0.2 V/A, which is reasonable given
the experimentally observed charge density on large silica
nanoparticles at pH736.
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Figure 1. lllustration of the simulation concept. On the left, a
negatively charged nanoparticle in solution has an associated
electric field screened by the counter ions of the solution. In the
middle, we model a portion of the nanoparticle surface as a flat
charged surface with a perpendicular electric field. On the right, we
create a suitable electric field in a standard material slab model
with periodic boundary conditions. Below, we simulate protein
adsorption in this system.

As Figure 1 also illustrates, in this work we are interested in the
effects of ionic screening on the protein adsorption process. When
ions are introduced to the simulation cell, the positive ones are
drawn to the negative O-rich surface and the negative ones to the
Si-rich surface. In the simulations presented here, the slab size (86A
x 80A x 13A) is such that 88 ions of each type will perfectly screen
the electric field by removing the dipole moment in the system. If
fewer ions are used, we will have incomplete screening, and if more
are used we will create a bulk ionic environment in the middle of
the water space, which is then representative of the environment
above the surface in experiments.

In this paper we consider adsorption simulations with N1 =1,
N2 = 49, and N3 = 182 Na' ions in the simulation, with the
compensating number of Cl- ions (e.g. N1+8, etc) and a single HEWL
protein that has charge +8e at pH7. These simulations are labelled
Si0,_N1a, SiO,_N1b (a separate version with the same number of
Na+ ions), SiO,_N2 and SiO,_N3. Full details of our simulation

This journal is © The Royal Society of Chemistry 20xx
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. . . 15,35 .
protocol can be found in recent publications™. In brief, we use

NAMD2.6% with periodic boundary conditions, the TIP3P water
model, the CHARMM?27 force-field with a 12A cut-off for short-
range potentials and the Smooth Particle Mesh Ewald Summation
for the electrostatics™. Due to the screening effect of the ions, we
do not apply any dipole correction to the Ewald summation. There
is some debate about the accuracy of CHARMM?27 for surface layer
effects, however it is a good choice for protein systemsAO.

VMD was employed to analyse results*’. The HEWL structure
was downloaded from 1iee.pdb42 and the four disulphide bridges
were retained. The ions were introduced to the simulation box
with a single HEWL followed by the SiO, surface and then the water.
The system minimisation was performed in two steps: first water
and ions only are allowed to move, and then water, ions and the
protein can relax. The next step was 30ps heating of the entire
system to the desired 300K temperature, followed by 270ps
equilibration at constant temperature. Finally the production
simulations were performed for 100ns with a time-step of 1fs,
employing the SHAKE algorithm and periodic boundary conditions.
The electrostatic field drove the Na’ and CI” ions towards the
negative and positive surfaces during the early stages of the
simulations, being apparent during the minimisation period. The
ionic screening of the surface was completed within the first few ns
of the production trajectories. In the case of the SiO, N2 and
SiO,_N3 simulations some ions remained in the bulk water, so that
ion exchange was possible.

Results and Discussion
Adsorption Trajectories

In Figure 2 we show protein structures from HEWL adsorption
trajectories with the various ion numbers in the simulations. In each
case, the protein starts above the negatively charged siloxide-rich
Si0, surface with a minimum separation of 28A. During the
trajectories the protein adsorbs to the surface adopting commonly
observed orientations described elsewhere, namely “side on” and
“between” which refer to the long-axis orientation of the protein in
relation to the surface plane. In low ionic strength systems,
SiO,_N1a and SiO,_N1b, where there is virtually no screening of the
electric field, we have previously reported that the protein adsorbs
within ~4ns™. During the first 1ns of the trajectory, the protein
rotates and moves towards the surface. This aligns the HEWL dipole
moment and presents the N,C-terminal face to the surface. The first
contacts with the surface are usually made by the positively
charged residues Argl28 (close to the N-terminus) and Lys1, and
subsequently further anchoring interactions with the surface are
made by available Arg and Lys residues amongst others™. We find
two possible adsorption orientations due to the flexibility of the
protein surface. However, as we explain below, much of the
secondary and all the tertiary structure of the HEWL is preserved in
these interactions with the model silica surface, and the active cleft
of the enzyme is left exposed to solution.

During the preparation stage (potential energy minimisation,
heating and equilibration) of the trajectory SiO, N2, the Na' ions
migrate to towards the model negatively charged silica surface
whilst the CI” migrate to the image surface, creating ion layers ~6A
away from the surfaces with thickness ~4A. The layers are not very
dense and do not greatly disrupt the surface water layers. The
protein also translates towards the surface, reducing the Arg128 —
surface distance to 17A.

This journal is © The Royal Society of Chemistry 20xx

During the production trajectory of SiO, N2 (see movie
SiO,_N2.avi), the initial configuration is maintained for ~5.2ns after
which the protein then starts to move towards the surface; the
Argl28 and Argl4 side chains are noticeably oriented towards the
surface. After a further 0.8ns (e.g 6ns of the trajectory) the Argl128
— surface distance reaches the value ~9A (e.g. top of the ion layer)
and it remains here for another 2ns. At ~8ns, Argl28 starts to
penetrate through the ion layer and at ~8.5ns reaches the bottom
of the ion layer with a distance to the surface of 6A. Subsequently,
the entire protein is attracted to the surface, and by ~9ns the
protein can be considered to be in its initial adsorption stage. Then,
without desorbing, the Argl28 side chain changes its orientation
from perpendicular to parallel with respect to the surface plane,
and the entire protein moves towards the surface. This movement
appears to be easier because the ion layer (and the electric field) is
already perturbed. The next residues which almost pass the ion
layer, without success, at ~10.4ns are Lysl and Glu7. However at
~12.6ns Argl25 does adsorb with its side chain oriented parallel to
the surface. A third anchor adsorption (Arg5) at 18.5ns does not yet
complete the initial adsorption stage; the protein slowly rotates on
the surface to facilitate Lys33 and Argll4 adsorption (both at
23.7ns and with side chains initially perpendicular to the surface).
The HEWL reaches its stable adsorption stage at 24ns. The protein
orientation on the surface is “between” (the long protein axis angle
is 30° to the surface plane while the dipole moment angle is 60°)
and this does not change in the remainder of the trajectory. The
only notable events after this time are the side chain reorientations
to be parallel with the surface, which are completed by ~97ns.

During the preparation stage of the highest ionic strength
trajectory SiO,_N3, we again see the creation of the 4A thick ionic
layers close to the model silica surface and the image. However, as
is apparent in Figure 2, in this case there are also many ions in the
bulk water/protein space. This impacts the screening of the electric
field, allowing ion exchanges into and out of the ion layers at a rate
of ~75 ions per ns in this trajectory. The ion exchanges do not
disrupt the surface water layers, but provide fluctuations in the
screening of the electric field across the simulation cell.

During the production trajectory (see movie SiO, N3.avi), the
protein does not feel the surface at first and so diffuses freely in the
bulk, reaching a “side-on” orientation with protein long axis and
dipole moment parallel to the surface plane. However, due to the
local field fluctuations caused by the ionic motion, at ~7.8ns the
protein moves towards the surface and the minimal distance to the
surface starts to fluctuate at ~20A. From ~14ns the Argl28 side
chain is exposed to the solvent and oriented towards the surface. At
~24ns the minimal distance between protein and surface is 15A and
Arg128 clearly starts to act as an anchor, and 2ns later its side chain
reaches the top of the ion layer (distance to the surface 10A) for the
first time. However, due to its adverse orientation, the electric field
repels the protein away from the surface at this stage.

Further local fluctuations again facilitate protein translation and
at ~30.9ns the Argl28 side chain again reaches the top of the ion
layer, this time starting to pass through it. Simultaneously the entire
protein is attracted to the surface and it also rotates and by 31ns
the dipole moment is directed towards the surface. At ~34.1ns the
Arg128 successfully adsorbs with its side chain perpendicular to the
surface. The protein body continues to move closer to the surface
and to rotate, resulting in a “side-on” orientation (the long protein
axis parallel to the silica surface) by ~70ns with further residue
adsorption completing the adsorption by ~ 75ns.

Physical Chemistry Chemical Physics, 2013, 00, 1-3 | 3
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Figure 2. Adsorption simulations of HEWL onto model silica: (a) starting configuration; (b) “between” without screening ions (SiO,_N1a); (c)
“side-on” without screening ions (SiO,_N1b); (d) “between” at lower ionic screening (SiO,_N2); (e) “side-on” at highest ionic screening
(SiO,_N3). The needle in each figure shows the dipole moment of the protein.

In comparison with the adsorption trajectories SiO,_Nla and
SiO,_N1b, where adsorption is complete by ~4ns, we see that the
higher ionic concentration slows down the adsorption process
without substantially changing the key aspects of the process,
namely the preferred orientations of “between” and “side-on”
(rather than “end-on”) and the key role played by Argl28 in
dictating the adsorption process. In the following we will quantify
this slower kinetics whilst considering in more detail the behaviour
of the screening ions.

Protein Mobility

4| J. Name., 2012, 00, 1-3

We monitor the protein mobility on the surface through its
centre-of-mass (COM) position over time. Figure 3 shows the COM
motion in the low-screening adsorption trajectories SiO,_N1a and
Si0,_N1b at the model negatively charged silica surface together
with trajectories SiO,_N2 and SiO,_N3 in higher ionic strength. In
these plots, the red lines indicate the period where the protein
moves through the solution without contacting the surface. It is
clear that the duration of this motion is extended in higher ionic
strength screening, lasting 10-30 times longer than the cases
without substantial screening of the surface electric field. This
means that the protein diffuses more freely in a bulk-solvent
environment in these latter simulations, and the longer adsorption

This journal is © The Royal Society of Chemistry 20xx
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timescale provides more opportunity for the protein to find a
favourable orientation as it approaches the surface. Nevertheless,
the rotation of the protein in the stronger, unscreened electric
fields is rapid enough so that adsorption simulations can still be
representative of the adsorption process, provided the protein
starts far enough above the surface to allow the rotation to be
completed before making contact with the surface.
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Figure 3. HEWL centre of mass (COM) diffusion. (a) Low ionicity
“between” (SiO,_N1a) and (b) low ionicity “side-on” (SiO,_N1b); (c)
low (SiO,_N2) and (d) high ionic screening (SiO,_N3) adsorption
trajectories. The top plots show plan views of the diffusion across
the plane of the surface and the bottom plots show changes in time
of the COM distance perpendicular to the surface. The red part of
the plot indicates diffusion before adsorption (stage 1), the blue
part indicates diffusion during the initial adsorption state (stage 2)
and the black part indicates the diffusion during the stable
adsorption state (stage 3).

The blue sections of the plots in Figure 3 show the COM motion
when residues are interacting with the surface through extended
side-chains. In this phase, the COM continues to move towards the
model siloxide surface whilst diffusing across the surface; this
motion is due (in part) to the flexibility of the extended side-chains
of the anchoring residues. Again it is clear that the higher ionic

This journal is © The Royal Society of Chemistry 20xx

screening extends the duration of this phase of the adsorption, and
a wider exploration of the configuration space is achieved.

The final adsorption stage is shown as the black traces in Figure
3. In all cases, we see that the protein COM becomes well adhered
to the surface, maintaining a fairly consistent separation from it
~25A due to the protein’s size. This shows that the protein retains
its hardness, so that whilst structural changes do occur at the
interface between the siloxide surface and the protein, these are
localised in extent and the adsorbed protein retains most of its
secondary and tertiary structure. This will be examined further
below. Once the adsorption is complete, we do not observe any
long-range diffusion of the protein across the surface in our
trajectories; this motion requires much longer timescales due to the
size of the energy barriers that need to be overcome for surface
diffusion®.

lon Concentration Fluctuations and the Protein Response

In Fig. 4 plots of the cumulative number of Na* ions (i.e. the
number within a distance z of the surface) in the higher ionic
strength trajectories are shown. Here z is the perpendicular
distance above the negative silica surface which is located at z=0.
The curves are displayed at different times into the production
simulations which started at t=0. The results are taken from the
adsorption simulations, and no systematic influence of the protein
adsorption on the cumulative ion numbers is apparent. Indeed, as
can be seen in the movies, there does not seem to be any
synergistic interaction between the protein, the surface and the
ions.

The highest ionic strength solution trajectory (SiO,_N3) results
are displayed in the upper plot, which also shows the number of
ions (88) for which the electric field due to the charged surface is
completely screened. As can be seen, the height above the surface
at which complete screening occurs fluctuates between z=25A and
z=40A, due to the thermal motion of the screening ions. For z>40A,
the cumulative ion number follows a straight line trend as expected,
producing a bulk-solution environment in the middle of the
simulation cell with a Na* concentration ~0.27 M (note that the
Debye screening length for this concentration is ~6A). This means
that if the protein is greater than ~40A above the surface it feels no
electric field and, as discussed above, it indeed appears that the
HEWL diffuses freely when a long way from the surface. However,
when the protein approaches closer than ~40A to the surface, the
protein starts to be influenced by the fluctuating electric field.
Closer still (z < 25A), and the protein feels a consistent electric field
and starts to align its dipole with it. An alternative view on the
strength of the electric field could be obtained from the
electrostatic potential“, although again the fluctuating nature of
screening is well presented by these cumulative ion distributions.

Physical Chemistry Chemical Physics, 2013, 00, 1-3 | 5
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Figure 4. The cumulative distribution of Na+ ions above the negative

(SiO, N3) and (b) low (SiO, N2) ionic screening.

In contrast, the Na' cumulative plots for the lower ionic
strength trajectory SiO,_ N2 show that the screening is incomplete
and that the electric field felt by the protein is more stable, with a
lower degree of fluctuation and a more tightly-bound layer of ions
at the surface. This contrast is apparent in Figs. 2d and 2e, as well as

in the movies provided in the Supplementary Information.
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Figure 5. The z-coordinate in A of the Arg 128 Cz atom as a function
of time in the high ionic screening (SiO,_N3) trajectory.

In Fig. 5 the z-coordinate of the Arg128 Cz atom is plotted as a
function of time for the highest ionic strength trajectory, SiO,_N3.
Contrasting this to the centre-of-mass plot shown in Fig. 3d, we see
that the side-chain of Arg128 fluctuates in position a lot more than
the protein as a whole. Since the guanidinium end-group is
positively charged, it responds to fluctuations in the electric field
above the negatively charged silica surface as the screening ion
density fluctuates. In the SiO,_N3 trajectory, the Ag128 side-chain
extends from the HEWL surface towards the silica, and then retracts
as the screening becomes more efficient and the electric field
diminishes. This extension and contraction occurs several times in
the trajectory. Once the HEWL is closer to the silica surface and
exposed to a more consistent electric field, the Argl28 side chain
retains its extended conformation and moves steadily towards the
silica surface. In this conformation, it is able to penetrate the water
layer above the surface to interact directly with the silica species at

6 | J. Name., 2012, 00, 1-3
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silica surfaces at different times during the trajectories for (a) high

~36ns. Thereafter, Argl28 retains a strong interaction with the
silica, even while the rest of the HEWL rotates to increase the
number of contacts, and eventually helps to anchor the protein as
described above. This understanding of the crucial role Arg128 plays
in the HEWL adsorption process has been described elsewhere™*"
32 however we can now add to this picture the role that the electric
field fluctuations, caused by the diffusing screening ions, plays in
guiding the interactions with the surface and slowing the whole
adsorption process.

HEWL Structural Changes Upon Adsorption

Structural changes in the adsorption trajectories can be
analysed with the RMSD and RMSF plots shown in Fig. 6. The range
of conformational changes strongly depends on the trajectory. As
Fig. 6a shows, the trajectories with higher ionic strength, and hence
partial or complete screening of the surface, show much lower
RMSD values than those at low ionic strength. Structural changes in
the higher ionic strength trajectories tend to be limited to the loop
regions, as shown in the RMSF plots in Fig 6b. Key secondary
structural elements, including the long a-helices A,B,C and D, show
much lower levels of fluctuation in their adsorbed state in the
higher ionic strength solutions than they do in the absence of the
surface screening ions (see previous papers for more discussion of
the fluctuation behaviour in these systemszs’ao). This suggests that
the ions above the charged surface are playing a role in stabilising
the adsorbed protein, in the sense of keeping its structural
elements intact™®.

This journal is © The Royal Society of Chemistry 20xx
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Figure 6. RMSD (a) and RMSF (b) plots calculated with respect to
the initial HEWL structure during trajectories SiO,_N1a (blue) and
SiO,_N1b (cyan) without screening ions, and SiO,_N2 (purple) and
SiO,_N3 (brown) with screening ions. The colour ribbon at the
RMSF indicates secondary structure in the initial HEWL: loops are
shown in grey, B structures in yellow, a-helices in pink and a-helices
340 in purple. For clarity B bridges and turns in loops regions are not
shown. The main secondary structure elements are annotated. The
preparation period (minimisation, heating and equilibration) is
omitted.

This structural stabilisation indicates that the protein might well
retain its biological activity when adsorbed to the surface, the
active site is exposed to the solvent, although further work is
required to confirm this suggestion. Real surfaces will have
screening ions present, so it is certainly worth noting that the
adsorption trajectories without substantial ionic screening appear
to over-estimate structural changes upon adsorption.

Conclusions

We have developed a methodology to include electric fields caused
by surface ions, and ionic screening effects above the charged
surfaces, in typical protein adsorption simulations. Using the
adsorption of HEWL onto a negatively charged model silica surface
as an exemplar, we have shown that the screening ions slow down
the adsorption process, but fundamentally do not change the broad
conclusions we draw from these simulations. The orientation of the
adsorbed protein is determined by the alighment of its dipole
moment with the electric field above the surface. Provided the

This journal is © The Royal Society of Chemistry 20xx
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protein has adequate time to rotate, the adsorption results in the
HEWL orientation previously labelled ‘side-on’ or ‘between’ 2303,
The screening ions help provide the necessary time for the protein
to explore the surface energy landscape, so the adsorption is more
controlled. The adsorption process is driven by fluctuations in the
electric field above the surface caused by the thermal motion of the
screening ions. Furthermore, the ions also help to stabilise the
protein once adsorbed, suggesting that the HEWL will retain its
biological function with its active cleft exposed to solution and
therefore available for interactions with other species.

More broadly, we have shown the importance of correctly
including the effects of electric fields and ionic screening to protein
adsorption at charged material surfaces. Our methodology can be
applied using freely available simulation tools, and is therefore
applicable to a range of technologically important systems where
bio-compatibility or surface functionalisation is crucial. It is
becoming widely accepted that not only protein orientation at the
surface, but also the extent to which proteins retain their secondary
and tertiary structureslz, is key to the protein functionality once
adsorbed. The steering effects of electric ﬁeldsl“s, coupled with
the stabilisation provided by the screening ions“, may prove to be
crucial aspects in the future development of functional devices.
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