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ABSTRACT: In the present study, we investigated lipid membrane interactions of silica nanoparticles as carriers for
the antimicrobial peptide LL-37 (LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES). In doing so, smooth
mesoporous nanoparticles were compared to virus-like mesoporous nanoparticles, characterized by a “spiky”
external surface, as well as to nonporous silica nanoparticles. For this, we employed a combination of neutron
reflectometry, ellipsometry, dynamic light scattering, and {-potential measurements for studies of bacteria-
mimicking bilayers formed by palmitoyloleoylphosphatidylcholine/palmitoyloleoylphosphatidylglycerol. The results
show that nanoparticle topography strongly influences membrane binding and destabilization. We found that virus-
like particles are able to destabilize such lipid membranes, whereas the corresponding smooth silica nanoparticles
are not. This effect of particle spikes becomes further accentuated after loading of such particles with LL-37. Thus,
peptide-loaded virus-like nanoparticles displayed more pronounced membrane disruption than either peptide-
loaded smooth nanoparticles or free LL-37. The structural basis of this was clarified by neutron reflectometry,
demonstrating that the virus-like nanoparticles induce trans-membrane defects and promote incorporation of LL-37
throughout both bilayer leaflets. The relevance of such effects of particle spikes for bacterial membrane rupture was
further demonstrated by confocal microscopy and live/dead assays on Escherichia coli bacteria. Taken together, these
findings demonstrate that topography influences the interaction of nanoparticles with bacteria-mimicking lipid
bilayers, both in the absence and presence of antimicrobial peptides, as well as with bacteria. The results also
identify virus-like mesoporous nanoparticles as being of interest in the design of nanoparticles as delivery systems
for antimicrobial peptides.

KEYWORDS: inorganic nanoparticles, antimicrobial peptides, membrane disruption, bacteria killing, nanoparticle topography,
spiky structure

spawned a need for additional therapeutics to combat bacterial membranes include, for example, directed screening,4

r I 1 he increase in antibiotic resistance among bacteria' has proaches employed for reaching selective destabilization of

infection. One class of compounds attracting current

interest in relation to this is antimicrobial peptides (AMPs), Received: December 11, 2020
which may be designed to display potent antimicrobial effects, Accepted: March 10, 2021
as well as anti-inflammatory and other host defense proper- Published: March 16, 2021

ties.”® Several mechanisms contribute to such effects, but

interactions with bacterial membrane components and

resulting membrane destabilization play critical roles. Ap-
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Figure 1. (A) Detailed TEM images of virus-like mesoporous (left), smooth mesoporous (middle), and smooth nonporous (right)
nanoparticles. (B) TEM images of a large number of nanoparticles (top), together with histograms (bottom) over particle sizes obtained for
the three nanoparticles types. Lorentzian fits of these distributions were performed, from which the resulting average sizes and standard

errors are shown.

end-tagging,” and mimicry of peptides from endogenous
proteins with antimicrobial properties.” On the basis of these
and other approaches, AMPs can be designed for selective
potency in combatting infection and inflammation. Contrast-
ing the considerable efforts placed on peptide identification,
however, much less focus has been placed on AMP delivery
systems, despite AMPs being challenging compounds from a
drug delivery perspective due to their relatively large size, net
positive char_ge, amphiphilicity, and susceptibility to proteolytic
degradation.

Complementing more established delivery systems based on
polymers, surfactants, and (polar) lipids, a wide range of
inorganic nanoparticles has attracted increasing interest as
delivery systems for bio-macromolecular drugs, such as
peptides, proteins, siRNA, and DNA.® Such materials may
also display antimicrobial effects on their own, which may be
triggered by various parameters.”’’ Antimicrobial effects of
inorganic nanomaterials have been suggested to involve direct
membrane destabilization'"'* and oxidative degradation of
bacterial membrane lipids and/or proteins by reactive oxygen
species generated under illumination,"”'* as well as membrane
disruption and/or protein denaturation on localized heating
induced by either magnetic fields'>'® or light."”'® Thus, while
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antimicrobial effects have been increasingly demonstrated for a
range of inorganic nanomaterials during the past few years, the
mechanism behind such effects remains unclear, notably in
relation to the interaction between such nanomaterials and
bacterial membrane components, particularly phospholipids
and lipopolysaccharides. Furthermore, as selectivity between
bacteria and human cells remains a concern for a range of
nanomaterials, their combination with compounds for
effectively “targeting” such nanomaterials to bacteria and
infected tissue has attracted recent interest.'” Here, AMPs offer
interesting opportunities, as these can be designed to display
pronounced selectivity, with potent antimicrobial effects also
against challenging pathogens (such as strains resistant to
various antibiotics), but still low toxicity against human cells.”
Conversely, nanoparticles offer advantages as delivery systems
for AMPs, e.g, relating to control of release rate, protection
against proteolytic degradation, and suppression of binding to
serum proteins,”””" thus prolonging the bloodstream circu-
lation, as well as otherwise increased bioavailability.” For such
combined nanoparticle/AMP systems, even less is known with
regard to membrane interactions, notably concerning the
relative importance of nanoparticles, free peptide, and peptide-
loaded nanoparticles, how this varies during peptide release,
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Figure 2. (A) {-potential and (B) primary size of the different nanoparticles over time in 10 mM Tris pH 7.4. (C) {-potential and (D)
effective aggregate size of the three nanoparticles in the presence of LL-37 in 10 mM pH 7.4 (n = 3, mean + SD).

and how membrane interactions translate into antimicrobial
effects and cell toxicity.””*’

In the present investigation, focus was placed on
mesoporous silica nanoparticles. These have well-defined
pores in the nanometer range,”* making them interesting as
carriers of AMPs, since peptide loading and release can be
controlled through pore structure and chemistry.”> Addressing
effects of charge and porosity for such systems, Braun et al.
investigated membrane interactions and antimicrobial effects of
mesoporous silica nanoparticles combined with the AMP LL-
37 (LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNL
VPRTES).*® For negatively charged mesoporous silica nano-
particles, which did not bind to negatively charged
dioleoylphosphatidylethanolamine/dioleoylphosphatidylglycer-
ol bilayers on their own, the membrane lysis observed after LL-
37 loading was demonstrated to rely on released LL-37. In
contrast to the mesoporous nanoparticles, LL-37 was localized
only at the outer surface for nonporous silica nanoparticles. In
addition, due to the higher negative surface charge of the
nonporous particles, peptide release was slower and membrane
destabilization in that case was caused directly by the peptide-
loaded particles, rather than by released peptide.

Extending on these previous studies, we here address effects
of nanoparticle topography on membrane interactions of
mesoporous silica nanoparticles in the absence and presence of
LL-37, by comparing smooth (conventional) mesoporous
nanoparticles with particles of a spiky or “virus-like”
appearance.”” Such virus-like particles may have the potential
to effectively “puncture” bacterial membranes through
mechanical action, similar to macroscopic surfaces with spiky
texture, which have previously been found to induce

membrane rupture and antimicrobial effects against bacteria
under gravitational settling.28 In addition, virus-like nano-
particles have been shown to display better uptake into HeLa
cells compared to smooth mesoporous nanoparticles.”
However, while likely involving membrane interactions, the
mechanistic foundation for such observations remains poorly
understood. Furthermore, it is not known whether such effects
of topography translate into bacterial membrane destabiliza-
tion by nanoparticles undergoing Brownian motion, or if any
effect of nanoparticle topography can be enhanced by AMP
loading.

RESULTS AND DISCUSSION

Addressing such effects of nanoparticle topography, lipid
membrane interactions were here compared between virus-like
and smooth mesoporous silica nanoparticles, including also
smooth nonporous silica nanoparticles as control. These silica
nanoparticles were also employed as carriers for the AMP LL-
37. Lipid membrane interactions of the bare and peptide-
loaded nanoparticles were observed by employing a battery of
experimental methodologies, including neutron reflectometry,
ellipsometry, dynamic light scattering (DLS), and {-potential
measurements for bacteria-mimicking model bilayers formed
by palmitoyloleoylphosphatidylcholine/palmitoyloleoylphos-
phatidylglycerol (POPC/POPG). In addition, the effects of
nanoparticle topography and LL-37 loading on bacterial
membrane destabilization were investigated by confocal
microscopy to connect mechanistic studies in model systems
with biological functionality.

Nanoparticle Properties and LL-37 Loading. As a first
step, the nanoparticles investigated were characterized. Trans-
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mission electron microscopy (TEM) images showed the virus-
like particles to be covered with dense spiky features, on
average 15 nm long and with an average separation of 30 nm
(Figure 1A). In contrast, both the smooth mesoporous and the
nonporous silica nanoparticles did not display any such
features, but were smooth and spherical. Shown in Figure 1B
are a larger number of nanoparticles, together with histograms
over particle sizes representing relative frequencies. By
performing Lorentzian fits, the resulting average sizes and
standard errors of the distributions were found to be 163 + 1,
169 =+ 1, and 220 + 1 nm for the virus-like mesoporous, the
smooth mesoporous, and the nonporous nanoparticles,
respectively.

After dispersion in 10 mM Tris, pH 7.4, the nanoparticles
were characterized in terms of {-potential and hydrodynamic
size. The silica nanoparticles displayed a negative {-potential of
—25 + 1, =53 + 3, and —50 + 6 mV, for virus-like, smooth,
and nonporous nanoparticles, respectively (Figure 2A).
Furthermore, the size of the nanoparticles were found to be
colloidally stable for at least 72 h in 10 mM Tris, pH 7.4
(Figure 2B), with hydrodynamic diameters of 229 + 6, 270 +
8, and 355 + 13 nm for virus-like, smooth, and nonporous
nanoparticles, respectively, slightly larger in size compared to
the average particle sizes extracted from TEM images. This
discrepancy is very likely due to the difference between dry and
hydrodynamic the radii of particles, and also due to some
limited aggregation and polydispersity. A systematic over-
estimation of the sizes measured by DLS vs TEM has been
previously described for silica nanoparticles, even when the
dispersion medium had been carefully chosen to minimize
aggregation.30

Loading LL-37 onto the nanoparticles resulted in surface
charge reversal. For the nonporous and the smooth nano-
particles, charge reversal occurred at around 0.25-0.5 uM,
while higher LL-37 concentrations (0.5—1 yM) were needed
for reversing the charge of the virus-like nanoparticles,
indicating preferential binding of LL-37 at the external surfaces
of these nanoparticles. At a peptide concentration of 5 uM,
saturation binding was observed for both the nonporous and
the smooth mesoporous nanoparticles, while saturation did not
occur until 20 yM LL-37 for the virus-like nanoparticles
(Figure 2C). This difference in LL-37 loading and resulting
effective (-potential could be also seen by measuring the
particle size after loading with LL-37 as a function of peptide
concentration. Thus, an increase in size was obtained on low
LL-37 binding for all nanoparticles, mirroring charge
neutralization and colloidal destabilization, whereas good
dispersibility of the individual particles was observed after
charge reversal at high LL-37 concentrations. Mirroring the -
potential results, a higher peptide concentration was required
for reaching complete redispersion of the virus-like particles
than for the two other nanoparticles (Figure 2D).

Membrane Destabilization by Empty and Peptide-
Loaded Nanoparticles. Liposome leakage experiments were
next performed to assess membrane interactions of the
nanoparticles in the absence and presence of LL-37 with
bacteria-mimicking POPC/POPG bilayers. No signs of large-
scale aggregation were observed after mixing liposomes and
nanoparticles (Supporting Information Figure S1); hence,
leakage experiments report on membrane destabilization of
largely non-aggregated liposomes. In the absence of LL-37, the
virus-like nanoparticles induced leakage in negatively charged
(£ = =27 + 4 mV) liposomes, albeit at relatively high particle
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concentrations, whereas neither the smooth mesoporous nor
the nonporous nanoparticles induced any measurable leakage
induction (Figure 3A). For the simultaneous presence of
nanoparticles and LL-37, a leakage assay was performed, in
which the LL-37 concentration was kept constant at 0.02 yM
(yielding a liposome leakage of S1 + 3%) while increasing the
nanoparticle concentration. In such a way, the combined effect
of peptide binding and membrane destabilization by the mixed
LL-37 systems could be elucidated. As can be seen in Figure
3B, the leakage falls from 50% in the absence of nanoparticles
to approximately 10% at 0.1 ppm for all three nanoparticles,
reflecting that binding of LL-37 to the nanoparticles effectively
scavenges the peptide and suppresses its ability to bind to, and
destabilize, the liposome membrane. At nanoparticle concen-
trations above 1 ppm, on the other hand, the virus-like
nanoparticles cause significantly higher leakage than both the
smooth mesoporous and the nonporous nanoparticles,
illustrating that the virus-like particles are more efficient in
membrane destabilization than the smooth nanoparticles also
after peptide loading. A leakage assay was also performed to
investigate effects of any residual free LL-37 in solution after
loading into the nanoparticles. For this, nanoparticles
maximally loaded with LL-37 (reaching peptide loadings of
0.22 and 090 g/g for the smooth and the virus-like
nanoparticles, respectively) were centrifuged down and the
supernatant was removed and subsequently added to the
liposomes (Figure 3C). The results showed very low leakage,
demonstrating that only a low concentration (<0.002 gM) of
LL-37 remains free in solution after peptide loading to
nanoparticle saturation, irrespective of nanoparticle type.
Hence, the effects shown above are primarily due to the
peptide-loaded nanoparticles.

Moving from liposomes to supported lipid bilayers,
ellipsometry experiments were next performed (Figure 4).
Mirroring liposome leakage experiments, binding of the bare
virus-like nanoparticles to POPC/POPG bilayers was sub-
stantially higher (0.180 + 0.020 mg/m”) than that of the
smooth mesoporous (0.040 + 0.001 mg/m?®) and the
nonporous (0.012 + 0.004 mg/m”) nanoparticles (Figure
4A). After LL-37 loading, the virus-like nanoparticles resulted
in fast and extensive destabilization of the POPC/POPG
bilayer. In contrast, the two smooth peptide-loaded nano-
particles caused a smaller and much more gradual bilayer
destabilization process (Figure 4B). Therefore, the more
pronounced binding of the bare virus-like particles, as well as
the larger effect of the corresponding LL-37-loaded particles in
destabilizing supported POPC/POPG bilayers, thus mirror the
effects observed in liposome leakage. Due to bilayer
destabilization occurring on the same time scale as particle
adsorption, it is not possible to unambiguously quantify the
maximum particle adsorption at the (disintegrating) bilayers.
Despite this, the difference in membrane destabilization
observed between empty and LL-37-loaded particles cannot
be explained only by electrostatically favorable interactions
between the LL-37-loaded nanoparticles and the negatively
charged membranes, since the nanoparticles investigated
present very similar surface charges upon maximum peptide
loading (+38 and +39 mV for smooth and virus-like
nanoparticles, respectively) (Figure 2C). Instead, the pro-
nounced membrane destabilization observed for the peptide-
loaded virus-like nanoparticles seems to be related to the
presence of spiky protrusions.
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Figure 3. Nanoparticle-induced leakage of POPC/POPG lip-
osomes in 10 mM Tris, pH 7.4, in the absence (A) and presence
(B) of LL-37. In panel B, the LL-37 concentration was kept
constant at 0.02 gM while the nanoparticle concentration was
varied in peptide—nanoparticle samples premixed prior to
liposome exposure. (C) Liposome leakage induced by free LL-37
at varying concentration, as well as by the supernatant obtained
after loading the different nanoparticles (10 ppm) with LL-37 to
nanoparticle saturation (0.5 uM for smooth and nonporous; 2 gM
for virus-like nanoparticles, according to Figure 2C,D, followed by
centrifugation to remove the peptide-loaded nanoparticles. As
shown in the latter figure, the concentration of free LL-37 after
nanoparticle binding was below 0.002 gM in all cases (n = 3, mean
+ SD).

Bilayer Destabilization Mechanisms. The structural
features of the supported lipid bilayers were next investigated
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by neutron reflectivity before and after incubation with virus-
like and smooth mesoporous nanoparticles in the absence and
presence of LL-37. The structural effects of free LL-37 at the
corresponding concentrations were also analyzed for compar-
ison. The supported lipid bilayers were formed by liposome
deposition on silicon blocks (3.5 + 0.7 A surface roughness;
14.0 + 0.5 A SiO, layer thickness; and 7 + 5% hydration) and
characterized in different isotopic contrasts used as buffer
media (dTris, hTris, and CMTris). The measured neutron
reflectivity curves were analyzed using neutron scattering
length density (SLD) data for the different components (Table
S1). The fits were performed simultaneously for all contrasts,
modeling the bilayers as consisting of three layers (inner and
outer headgroups plus one single acyl chain region in the
middle), plus a water layer between the SiO, layer of the
silicon substrate and the inner lipid headgroup layer (Model 1
in Figure S2), adding the extra fitting requirement of obtaining
the same area per molecule for both the head and the tail
regions.”’ Area per molecule (APM) values were calculated
from the molecular volumes of fluid-phase POPC and POPG,
obtained from literature data both for the head (331 and 257
A3, respectively) and the tail regions, 924 A3 A fixed
headgroup thickness of 7.5 A was assumed for simplicity and
for reduction of the number of free parameters in the model,
based on previously reported values for negatively charged
bilayers,.22 Full lipid coverage was obtained in all cases,
presenting 0 + 2% hydration in the acyl tail region for all of the
supported lipid bilayers, and surface coverages of 3.8 + 0.2
mg/m”. On average, the supported lipid bilayers had an initial
head-to-head thickness of 43 + 1 A and an APM of 66 + 3 A’
(Table S2), consistent with previously reported values for this
system.”*® While asymmetric lipid composition distribution
between the bilayer leaflets cannot be completely excluded,
fitting of the neutron reflectometry curves for the bilayers
could be done assuming absence of such effects. Furthermore,
the bilayers formed were all found to have very little defects,
both facts arguing against any substantial headgroup
asymmetry between the bilayer leaflets.

Only small changes were observed upon addition of 10 ppm
of either virus-like or smooth mesoporous nanoparticles,
consisting of a slight bilayer thinning (~—1 + 1 A) and a
small, 3—5% increase in APM (Figure S3 and Table S2).
Despite these minor changes, the acyl chain hydration was still
0 + 2% in both cases, with no evidence of SLD changes in the
different regions, indicating that the overall bilayer integrity
was maintained. This is in agreement with liposome leakage
results at the same particle concentrations (Figure 3A).

In contrast, on addition of either free LL-37 or LL-37-loaded
nanoparticles (the latter loaded to onset saturation based on
Figure 2), incubation for 30 min, and final rinse with buffer,
significant reflectivity changes were observed, reporting on
lipid removal, peptide insertion, and/or structural rearrange-
ments in the bilayers. In all these cases, poor fits were obtained
when employing the same model as that for lipid bilayers
before addition of peptide and nanoparticles. Therefore, a
refined model was employed, consisting of two asymmetric
hemilayers, representing the inner (closest to the silicon
surface) and outer (closest to the buffer medium) tail regions
(Model 2 in Figure S2). In agreement with previous findings,*
this model allowed fitting of the data for supported lipid
bilayers incubated with free LL-37 (0.5 and 2 uM LL-37,
Figure $4) and with 10 ppm smooth mesoporous nanoparticles
loaded with 0.5 uM LL-37 (Figure SB,D.
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Figure 4. (A) Adsorption of the bare nanoparticles to POPC/POPG supported lipid bilayers in 10 mM Tris, pH 7.4. (B) Kinetics of
interaction of LL-37-loaded nanoparticles with supported POPC/POPG bilayers in 10 mM Tris, pH 7.4, demonstrating faster and more
extensive destabilization of the supported POPC/POPG bilayer for the virus-like nanoparticles. The arrow indicates sample addition (n = 2,

mean + SD).
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POPG bilayers before and after incubation with 10 ppm virus-like (left) and smooth mesoporous nanoparticles (right) loaded with LL-37 to
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consisting of bulk Si and a SiO, layer.

Differences in the tail region SLD, roughness, and hydration
were allowed in the fits, together with increases in inner and
outer headgroup hydration, in order to reflect variations due to
asymmetrical peptide insertion. Increases were observed in the
acyl chain SLD from the original value of —0.288 x 107 A~2
calculated for the 1/1 palmitoyl/oleyl chain mixture (Table
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S1), which indicates the incorporation of hydrogenated
material, interpreted as the presence of LL-37 (SLD = 2.23
X 107 A™?) in the tail region of the supported lipid bilayers.
The relative volume fractions of lipid and LL-37 were

quantified from the fitted SLD and hydration values (Table

https://doi.org/10.1021/acsnano.0c10378
ACS Nano 2021, 15, 6787—6800


http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c10378/suppl_file/nn0c10378_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c10378/suppl_file/nn0c10378_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c10378/suppl_file/nn0c10378_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10378?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10378?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10378?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10378?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10378?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10378?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10378?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10378?fig=fig5&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.0c10378?rel=cite-as&ref=PDF&jav=VoR

ACS Nano

www.acsnano.org

S2) by applying a simple proportionality rule to the nonwater
fraction of the tail region:

SLD = vol%,,,SLD SLD

0,
+ vol% heptide

(1)

As LL-37 and the phosphatidylcholine/phosphatidylglycerol
headgroups have very similar SLD values, their relative
presence cannot be directly determined from the fits in the
same way. Nevertheless, some information on their relative
influence can be deduced from observations of hydration
differences. The total LL-37 content in the supported lipid
bilayer after exposure to 0.5 #M LL-37 loaded into the smooth
mesoporous nanoparticles was found to be 18 + 1 vol %.
However, peptide insertion was found to be highly asymmetric
(Table 1 and Figure 6). The outer headgroup region was

tails peptide

Table 1. Relative Compositions (vol %) of Lipid, Peptide,
and Water Present in the Acyl Chain Regions of Supported
POPC/POPG Bilayers after Incubation with Either Free
LL-37 or LL-37 Loaded onto 10 ppm Virus-like or Smooth
Mesoporous Nanoparticles”

2 uM LL-37 0.5 uM LL-37
free virus-like free smooth
inner outer inner outer inner outer inner outer
lipid 95 43 92 10 100 71 100 52
peptide <1 42 8 33 0 29 <1 48
water S 15 <1 57 0 0 0 <1

“Compositions were calculated from differences in SLD and
hydration obtained for the inner and outer tail layers. Calculated
errors are +1%.

dramatically affected by peptide/particle insertion, with 93 +
2% hydration, whereas neither the inner headgroups nor the
tail regions showed any significant increase in hydration
(<1%). Furthermore, 48 + 1% of the outer tail region volume
was occupied by LL-37, while less than 1 vol % of LL-37 was
found in the inner one. As a result of this compositional

asymmetry, the outer tail region was much thinner than the
inner one (11 + 1 A vs 20 = 1 A). This is consistent with LL-
37 inserting only in the outer bilayer leaflet, where it induces
defects at the headgroup level, but not membrane-spanning
water pores. The effect of free LL-37 at 0.5 yM was similar,
resulting in a total of 19 + 1 vol % of LL-37 in the bilayer after
exposure. Also in this case, peptide insertion was highly
asymmetric, with 29 + 2 vol % in the outer leaflet, vs 0 & 1 vol
% in the inner. Increasing the concentration of free LL-37 to 2
UM resulted in higher peptide insertion in the outer leaflet (42
+ 1 vol %), while it remained low (~0 + 1 vol %) in the inner
leaflet. At this higher LL-37 concentration, the hydration of the
acyl chain region was significantly increased to S & 1% in the
inner and 15 + 2% in the outer leaflet. This indicates higher
lipid removal than for the lower peptide concentration and, in
the outer layer, replacement of lipid molecules by both water
and peptide. This creation of more pronounced defects was
accompanied by an overall bilayer thinning to 39 + 1 A.

For bilayers incubated with 2 M LL-37 loaded into 10 ppm
virus-like nanoparticles (Figure SA,C), a modified asymmetric
layer model including an extra outermost layer (Model 3 in
Figure S2) was necessary for good fits, reporting on S8 + 4 A
thickness, 4 + 1 A roughness, and 90 + 2% hydration (Tables
S2 and S3). The fitted SLD of this layer was (1.0 + 0.1) X 107
A72 ie, an intermediate value between the SLDs of lipid and
LL-37. Assuming (simplistically) that there was no significant
incorporation of the nanoparticles within the supported lipid
bilayers, this SLD value would correspond to an approximately
50/50 (v/v) lipid/peptide mixture. Furthermore, significant
increases occurred in the hydration of the outer tails (57 +
2%) and headgroups (52 and 72 + 2% for the outer and inner
layers, respectively). This was accompanied by asymmetric LL-
37 insertion, although less asymmetric than for the free peptide
(based on tail SLD values, 8 + 3 vol % in the inner and 33 + 1
vol % LL-37 in the outer layers), together with a significant tail
region thinning (thicknesses of § + 2 A for the outer and 18 +
1 A for the inner tail layers) (Figure 6A,B). A significant total
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bilayer thinning was thus obtained, even higher than for free
LL-37, with a final thickness of 38 + 2 A. Therefore, the results
are in line with those obtained for free LL-37 at 2 uM, but with
even more profound bilayer disruption and formation of water-
filled pores. (Note, however, that these former effects are due
to the peptide-loaded nanoparticles and not due to free LL-37,
as discussed above in relation to Figure 3C). Quantitatively,
virus-like nanoparticles loaded with LL-37 at 2 uM LL-37
displayed similar levels of material removal (15 + 2% increase
in total bilayer hydration) as those found for free LL-37 at §
UM.”* The presence of the extra, highly hydrated lipid-peptide
layer necessary to fit the neutron reflectivity profiles was also
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confirmed in a separate experiment done at lower ionic
strength (D,0/H,0) (Figure SS, Tables S3 and S4).
Therefore, these results point to an efficient removal process
of the surface-adsorbed material (both lipid bilayer and LL-37,
likely also nanoparticles), through peptide-driven defect
formation and solubilization of lipid—peptide particles, but
only in the simultaneous presence of the virus-like nano-
particles. The results and proposed mode of action are
graphically illustrated in Figure 7.

Bacterial Lysis. Bacterial viability assays were finally
performed by incubation of Escherichia coli (E. coli)
suspensions exposed to the different nanoparticles, either
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bare or loaded with LL-37 to saturation onset (S uM for
nonporous and smooth mesoporous, 20 uM for virus-like
mesoporous nanoparticles, all at 100 ppm). As discussed above
in relation to Figure 3C, the effective free LL-37 concentration
is very low (<0.02 uM) for these samples. Bacterial aliquots
were incubated with each of these samples for 30 min prior to
staining with SYTO 9 and propidium iodide (PI) dyes and
microscopic visualization. Proper positive (live) and negative
(dead, treated with isopropanol) controls were carried out
alongside, showing 97.6 + 0.4% and 4.7 + 0.1% of live
bacteria, respectively. The bare silica nanoparticles had little
effect on the viability of E. coli, being close to 100% live
bacteria for the three types (Figure 8). After LL-37 loading
onto the nanoparticles, a striking increase in bacterial
membrane rupture was observed. Mirroring liposome leakage,
ellipsometry, and neutron reflectometry results on model
membrane destabilization for the peptide-loaded nanoparticles,
such effects were particularly strong for the virus-like
nanoparticles (Figure 8B). Quantitatively, the peptide-loaded
nanoparticles yielded final percentages of live bacteria of 16 +
2% (virus-like), 37 + 12% (smooth mesoporous), and 49 + 6%
(nonporous), significantly lower viabilities than for the bare
nanoparticles, although higher than for the free peptide (17 +
8% for S yM and 11 + 8% for 20 uM LL-37, respectively)
(Figure 8C). While the fraction of bacteria in aggregates after
exposure to the virus-like nanoparticles is slightly higher than
that of the other nanoparticles, the fraction of bacteria in
aggregates is modest even in that case (Figure 8D),
demonstrating that bacteria lysis occurs without inducing
extensive bacterial aggregation. The complete results for these
bacterial live/dead assays, including all samples and controls
performed, are shown in Figure S6.

Effects of Nanotopography on Membrane Interac-
tions and Disruption. While effects of topography on
nanoparticle—membrane interactions have been studied only
sparsely before, it is interesting to notice that sharp spikes
protruding from macroscopic surfaces have been previously
reported to cause membrane damage and bacterial death under
gravitational settling. Particularly, Ivanova et al investigated
black silicon, a synthetic nanomaterial that contains high-
aspect-ratio nanoprotrusions on its surface, comparing this also
with high-aspect-ratio nanofeatures on wings of the dragonfly
Diplacodes bipunctata (D. bipunct‘ata).28 It was shown that the
nanoprotrusions on the surfaces of both black silicon and D.
bipunctata generate a bactericidal effect, independent of
chemical composition. Furthermore, such surfaces were
demonstrated to be highly bactericidal against both Gram-
negative and Gram-positive bacteria, as well as endospores.
While the detailed mechanistic origin of these effects was not
addressed, they were inferred to be driven by mechanical and
structural responses to the deformational stresses imposed by
the surface spikes on the peptidoglycan cell wall and inner
membrane of bacterial cells.”® Extending on this investigation,
the same authors addressed the effect of density and height of
nanoprotrusions on black silica, and the possible influence on
the bactericidal activity of such surfaces against Pseudomonas
aeruginosa (P. aeruginosa) and Staphylococcus aureus (S.
aureus). The surface with the highest nanoprotrusions and
lowest density of tips displayed had the lowest bactericidal
effects. Together with findings of effects of architecture on
preferential bacterial effect against P. aeruginosa and S. aureus,
the results suggested that small changes to the surface
architecture can affect bactericidal properties of spiky
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surfaces.”” Analogously, Wandiyanto et al. investigated effects
of etching on the bactericidal effect of titanium surfaces and
found that sharper needle-like structures promote bacterial
rupture,”® similar to effects seen by graphene nanosheets.””*’

Growing spiky features to mesoporous silica nanoparticles,
Wang et al. reported on the synthesis of virus-like mesoporous
silica nanoparticles of uniform particle size (80—200 nm in
diameter), also employed in the present investigation.”” The
particles contained peripheral vertically distributed silica
nanotubes with an outside/inside diameter of 10/2.5 nm,
controllable length (6—70 nm), and a distance between two
adjacent nanotubes of around 30 nm. These virus-like
nanoparticles were found to display faster uptake into HeLa
cells compared to the nonporous and smooth mesoporous
silica nanoparticles. Correspondingly, virus-like nanoparticles
loaded with doxorubicin showed much stronger cytotoxic
effects compared to smooth mesoporous silica nanoparticles.”
Similarly, Song et al. investigated polyethylenimine-modified
silica nanoparticles with different morphology and found spiky
nanoparticles to display the highest adsorption of plasmid
DNA compared to the other two nanoparticles, which in turn
resulted in high transfection efficacy.”’ Thus, the results
obtained from the present investigation are in line with
promoted membrane interactions and destabilization provided
by the presence of spikes at the surface of the virus-like
nanoparticles, and extend on these previous findings by (i)
providing a mechanistic foundation for these effects, and (ii)
demonstrating such topography effects to be amplified in the
simultaneous presence of membrane-active antimicrobial
peptides.

With regard to structural and composition features involved
during membrane interaction and destabilization by mixed
nanoparticle/peptide systems, neutron reflectometry offers
particularly valuable information. Considering this, it is
interesting to compare the results from the present
investigation on (LL-37-loaded) silica nanoparticles with
previous studies on other types of AMP delivery systems. In
the absence of nanoparticles, membrane interactions of LL-37
depend on membrane composition. However, contrary to
many other AMPs, membrane interactions by LL-37 are
influenced not only by electrostatic but also by hydrophobic
interactions.””**~*" With regard to delivery systems for AMPs,
Nordstrom et al. reported on membrane interactions of acrylic
acid-based microgels loaded with LL-37 and found these to be
qualitatively similar to that of free peptide regarding the
following: (i) preferential peptide localization in the acyl chain
region of the outer leaflet, (ii) consequences of this for
membrane structure, and (iii) insertion occurring by lipid
replacement and without defect formation at low peptide
concentration but with defect formation at high peptide
concentration.”” Considering also the very limited membrane
binding of microgel particles in the absence of peptide, as well
as suppressed kinetics for membrane interaction in the case of
microgel-loaded LL-37, these results were inferred to show that
membrane interactions for LL-37 preloaded into these
microgels occurred through peptide release from the microgels
as an intermediate step.”” This dependence on peptide release
as a necessary intermediate step for membrane interactions and
antimicrobial effects is in strong contrast with ﬁndin%s reported
by Boge et al. for cubosomes loaded with LL-37.”> For the
latter system, peptide loading was instead found to result in
promoted affinity for the bilayer, in turn resulting in lipid
removal and pore formation without peptide release. The
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presently investigated virus-like mesoporous silica nano-
particles represent an intermediate between these two extremes
of passive and membrane-active nanoparticles, as effects of
nanoparticle topology on both particle attachment and on
localized peptide insertion seem to be at play.

The results obtained by neutron reflectivity in the present
investigation for the LL-37-loaded virus-like nanoparticles are
consistent with the formation of transmembrane water-filled
defects*”** and also with previous findings for LL-37 insertion
at concentrations around those needed for bacterial killing in
vitro.”>* In addition to this, an extra mechanical effect seems
to be exerted by the virus-like nanoparticles, but not by the
smooth mesoporous ones, likely due to direct action of the
spiky nanotubes, which appear to act synergistically with LL-37
in membrane destabilization. One hypothesis of the origin of
the “extra mechanical effect” of the virus-like nanoparticles is
that the spiky protrusions carry a higher negative surface
charge locally on the spike tips, which in turn could increase
LL-37 binding to those regions. Such effects of surface
topography on local charge densities, with attenuations in
“valleys” and enhancements at “peaks”, have been recently
described and modeled.”® The higher negative charge density
of spiky protrusions, and the resulting higher electrostatic LL-
37 binding capacity, could induce membrane puncturing and
help inserting peptide molecules deep into the membrane. In
addition, the spikes alone induce membrane defects (Figure
3A), suggesting that local packing defect/dewetting may be
induced on nanoparticle binding to the lipid bilayer. On the
basis of experimental results from destabilization of bacteria
and cell membranes by nanostructured materials,>*?”*
theoretical models, and computational simulations, two
different models have been proposed for such effects, based
either on direct penetration (“impaling”) or on surface
adhesion and induction of a localized lateral force between
the membrane and the spike surface.”® In order to generate
enough tension and ultimate rupture, either external forces or
extremely thin and sharp spikes (<10 nm) are needed. The
breakdown process has been described in the framework of
activation energy theory for lipid bilayers, showing that even at
low loading forces, a membrane will develop critical, unstable
holes when stressed for a sufficient amount of time.*’

Together, the results presented here point to the formation
of solubilized particles or patches on top of the fragmented
bilayer. According to our neutron reflectivity results and fits,
these appear to be thin (~5 nm) and relatively scarce (~90%
total hydration), likely corresponding to lipid or lipid—peptide
aggregates. In addition, the presence of virus-like silica
nanoparticles cannot be excluded, as such nanoparticles
would be totally or partly washed off on rinsing prior to the
final characterization with neutrons, also consistent with our
ellipsometry data.

CONCLUSIONS

In the present study, we investigated the effects of nanoparticle
topography on membrane interactions of mesoporous silica
nanoparticles. For this, virus-like mesoporous nanoparticles
(presenting spikes on the external surface) were compared to
smooth mesoporous and nonporous silica particles. Although
membrane interactions for such bare particles with bacteria-
mimicking POPC/POPG bilayers were suppressed by
repulsive electrostatic interactions, the virus-like particles
(but not the smooth ones) displayed membrane destabilization
at high particle concentrations. After loading with the
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antimicrobial peptide LL-37, the effect of nanoparticle
topography on membrane destabilization became much more
pronounced. Thus, as demonstrated by neutron reflectometry,
LL-37-loaded virus-like nanoparticles were more strongly
membrane-disruptive than the corresponding peptide-loaded
smooth particles, and also more than free LL-37. Membrane
destabilization by the peptide-loaded virus-like nanoparticles
resulted in large-scale structural and compositional changes.
The relevance of these effects for bacterial membrane rupture
was further demonstrated by confocal microscopy and live/
dead assays for E. coli bacteria. The results extend on
previously reported studies by (i) demonstrating that
antimicrobial and membrane-disruptive effects displayed by
spiky macroscopic surfaces”® translate into spiky nanoparticles;
(ii) forming a mechanistic foundation for increased cell
internalization observed for virus-like nanoparticles;*” and
(iii) broadening the parameters demonstrated to affect
mesoporous silica nanoparticles as delivery systems for
antimicrobial peptides.”® They also suggest that virus-like
mesoporous nanoparticles could be of interest as delivery
systems for antimicrobial peptides.

MATERIALS AND METHODS

Chemicals. LL-37 (LLGDFFRKSKEKIGKEFKRIVQ
RIKDFLRNLVPRTES) was synthesized by Biopeptide Co. (San
Diego, CA, USA), and was of >95% purity, as evidenced by mass
spectral analysis (MALDI-TOF Voyager). 1-Palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC; >99%) and 1-palmitoyl-2-oleoyl-
sn-phosphatidyl-glycerol (POPG; >99%) were obtained from Avanti
Polar Lipids (Alabaster, AL, USA). LIVE/DEAD BacLight Bacterial
Viability Kit L7012 was from Thermo Fisher Scientific (Waltham,
MA, USA). Ultrapure Milli-Q water (18.2 MQ cm, Millipore) and
D,0 (99% deuterated, Sigma-Aldrich) were used throughout. All
other chemicals used were of analytical grade and obtained from
Sigma-Aldrich.

Synthesis of Silica Nanoparticles. Nanoparticles were synthe-
sized following previously established procedures.”” In short, solid
silica nanoparticles were synthesized using a modified Stober
method.*® A 2 mL aliquot of the silica precursor tetraethyl
orthosilicate (TEOS) was added to a mixture of 40 mL of ethanol,
3 mL of deionized water, and 0.8 mL of aqueous ammonia. The
solution was stirred for 12 h. For smooth mesoporous nanoparticles,
90 mg of triethanolamine and 1 g of hexadecyltrimethylammonium
bromide (CTAB) were added to 20 mL of water. The solution was
stirred at 60 °C for 1 h in a flask. Then, a mixture of 1.5 mL of TEOS
and 6 mL of cyclohexane was added and kept under stirring for 24 h.
Virus-like mesoporous silica nanoparticles were synthesized using an
epitaxial growth approach.”” In a round-bottom flask, 0.8 mL of
NaOH (0.1 M) and 1 g of CTAB were added to SO mL of water and
kept under stirring at 60 °C for 2 h. Subsequently, 20 mL of TEOS in
cyclohexane (20% (v/v)) was added to the solution and stirred at 60
°C for 48 h. All of the nanoparticles above were collected by
centrifugation and washed repeatedly with water and ethanol. Both
the obtained smooth and virus-like mesoporous nanoparticles were
dispersed in acetone and refluxed for 12 h to remove CTAB
templates. Afterward, the samples were washed in ethanol and dried
in vacuum at 45 °C for 8 h.

Transmission Electron Microscopy. TEM images were acquired
on a JEM-2100F transmission electron microscope (Jeol, Peabody,
USA), employing an accelerating voltage of 200 kV equipped in
combination with a postcolumn Gatan imaging filter (GIF-Tridium).

Hydrodynamic Size and ¢-Potential. The hydrodynamic size
and {-potential of nanoparticles were determined by DLS and (-
potential measurements performed on a Zeta Plus instrument
(Brookhaven Instruments Corp., Holtsville, NY, USA) equipped
with a laser operating at 659 nm. The measurements were performed
0, 24, 48, and 72 h after mixing at 100 ppm in 10 mM Tris, pH 7.4.
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For LL-37-loaded samples, peptide and nanoparticles were equili-
brated for 1 h in 10 mM Tris, pH 7.4, prior to measurements. For
DLS, the scattered intensity was collected at 90° and the
hydrodynamic diameter of the particles determined by cumulant
fitting stopped at the second order; for {-potential, the scattered
intensity was collected at 15° to determine the electrophoretic
mobility. The {-potential of particles was then calculated using the
Helmholtz—Smoluchowski model. All measurements were performed
in triplicate at 25 °C.

Liposome Preparation. In preparing unilamellar POPC/POPG
liposomes (75/25 mol/mol), the lipid mixture was dissolved in
chloroform and then dried under N,. The film was subsequently
placed under vacuum for 10 h to remove solvent traces, after which
lipids were resuspended in 10 mM Tris, pH 7.4, to obtain
multilamellar suspensions. Following this, samples were exposed to
8 freeze—thaw cycles, followed by different homogenization
procedures depending on the specific technique by which they were
subsequently used in order to obtain unilamellar suspensions.

Liposome Leakage Assay. POPC/POPG liposomes were also
prepared in 10 mM Tris, pH 7.4, as described above, but in the
presence of 100 mM of the fluorescent dye carboxyfluorescein (CF),
and homogenized by extrusion 31 times through a 100 nm filter using
a LipoFast miniextruder (Avestin, Ottawa, Canada).Sl Non-
encapsulated dye was removed by gel filtration (Sephadex G-50, GE
Healthcare, Uppsala, Sweden). Liposome leakage was followed by
adding nanoparticle and AMP aliquots to 10 uM liposome
suspensions in 10 mM Tris, pH 7.4, and recording the CF fluorescent
emission at 520 nm using a Cary Eclipse fluorescence spectropho-
tometer (Agilent Technologies, Santa Clara, CA, USA) at 25 °C for
30 min. At the end of each experiment, liposomes were completely
disrupted by addition of 0.8 mM Triton X-100 for absolute
quantification. Measurements were performed in triplicate.

Ellipsometry. Using an Optrel Multiskop (Optrel, Kleinmachnow,
Germany), nanoparticle binding to supported lipid bilayers was
studied in situ by null ellipsometry.>>>®> Measurements were
performed at 532 nm and with an angle of incidence of 67.66° in a
S mL cuvette under stirring (300 rpm). Silica substrates were
prepared from polished silicon wafers, oxidized to an oxide layer
thickness of 30 nm (Semiconductor Wafer Inc., Hsinchu, Taiwan).
The resulting silica substrates were cleaned, first in 25% NH,OH, 30%
H,0,, and H,0 (1/1/5 by mass), and then in 25% HCl, 30% H,0,,
and H,0 (1/1/S by mass), both at 80 °C for S min. The surfaces
were rinsed thoroughly in water and ethanol (99.7%). This resulted in
negatively charged (z = —40 mV) and highly hydrophilic (6 < 10°)
surfaces.”

Supported lipid bilayers were prepared by liposome fusion onto
these surfaces. POPC/POPG (75/25 (mol/mol)) liposomes were
prepared as described above in 10 mM Tris, pH 7.4 buffer and
extruded 31 times through a 100 nm filter and further 31 times
through a 30 nm filter using a LipoFast miniextruder (Avestin).”"
Before lipid addition, surfaces were precoated by adsorption of poly-L-
lysine at low ionic strength to obtain a flat net positively charged
surface, which has been previously demonstrated to -efficiently
suppress peptide adsorption to the underlying silica surface through
any defects in the supported lipid bilayer.”' After this, the cuvette
solution was changed to 2 mM CaCl, before liposome addition (20
uM) to facilitate liposome deposition. Once stabilized, the cuvette
was rinsed with 10 mM Tris, pH 7.4, for 1S min. The resulting layer
had structural characteristics that indicated an adsorbed bilayer with
close to full coverage (thickness = 4 + 1 nm; mean refractive index =
1.47 % 0.03). Nanoparticles were added to a concentration of 100
ppm either alone or after preloading with LL-37 to saturation
concentration. All measurements were performed in duplicate at 25
°C.

Neutron Reflectometry. To investigate changes in the bilayer
structure on exposure to peptide and nanoparticles, neutron
reflectometry experiments were performed using the horizontal
reflectometer INTER at the ISIS Pulsed Neutron and Muon Source
(Rutherford Appleton Laboratory, Harwell, UK.).”> Two incident
angles, 0.7° and 2.3°, were used to measure the whole Q-range of
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interest (0.01—0.33 A™'). Solid—liquid interface cells were used,
which were kept at 37 °C using a circulating water bath. Bare silicon
(111) surfaces (80 mm X 50 mm X 15 mm, one face polished, RMS <
4.5 A, Sil'tronix, France) were characterized in D,O and H,O. The
surfaces were pre-incubated with 2 mM CaCl, solution prior to
liposome injection. POPC/POPG liposomes (0.1 mg/mL) were
subsequently mixed with 2 mM CaCl, and injected in the cells. After
20 min of incubation to allow for liposome deposition, the excess was
rinsed off with 10 mM dTris, pH 7.4, and the bilayers were
characterized in 3 contrasts: Tris buffer in D,O (dTris), Tris buffer in
H,0 (hTris), and Tris buffer in a D,0/H,O mixture contrast-
matching the silicon surface, ie, with the same scattering length
density (SLD = 2.07 X 1078 A~ CMTris) (all buffers at 10 mM, pH
7.4). After bilayer characterization, 10 ppm of nanoparticles (either
alone or after loading with LL-37) were injected into the cells.
Corresponding concentrations of free LL-37 were used as controls. In
all cases, samples were left to incubate for 30 min before rinsing off
with 20 mL of dTris, followed by final characterization in 3 contrasts
(dTris, hTris, CMTris).

The neutron reflectivity curves obtained were analyzed using SLD
data for the different components (Table S1), used as input for the
RasCAL reflectivity fitting software, containing algorithms based on
Parratt formulation.”® The reflectivity profiles obtained for the bare
silicon surfaces in hTris and dTris were fitted first and their surface
roughness, SiO, layer thickness, and hydration values then used to fit
the neutron reflectivity data of the deposited bilayers. The different
contrasts employed to characterize each bilayer were fitted
simultaneously. This was done for the bilayers before and after
incubation with the different samples. Fitting errors were estimated
using RasCAL’s Bootstrap algorithm, for which random initial values
were used for the different model parameters, and the resulting error
distribution was used to calculate error propagation.””

Live/Dead Bacterial Viability Assay. In order to investigate
effects of virus-like and smooth mesoporous nanoparticles in the
absence or presence of LL-37, bacterial cultures of E. coli ATCC
25922 were exposed to these samples and stained using the LIVE/
DEAD BacLight Bacterial Viability Kit (L7012, Thermo Fisher
Scientific). Bacteria were grown to stationary phase in S mL of LB
medium at 37 °C, shaking at 180 rpm at room temperature overnight.
The culture medium was washed away twice by centrifugation in 10
mM Tris buffer, pH 7.4 (10000g, 10 min), and the pellet, resuspended
in S mL of Tris buffer. This volume was subsequently adjusted to
obtain an optical density ODyy = 0.6, which corresponds to the order
of 10® colony forming units (cfu)/mL (confirmed on subsequent
dilution, plating, culture, and counting of colonies). Nanoparticle
dispersions at 100 ppm, either bare or loaded with LL-37 at their
maximum loading capacity (S M for nonporous and smooth
mesoporous; 20 uM for virus-like mesoporous nanoparticles), were
prepared as described above in 10 mM Tris buffer, pH 7.4. The effect
of the free peptide at both concentrations was also tested. In addition,
positive (live) and negative (dead) controls were included by (i) no
treatment and (ii) treatment with isopropanol during the
centrifugation steps, respectively. Samples were added to the bacterial
suspension (200 L final volume) and incubated for 30 min at room
temperature. This was followed by staining for 15 min with a 1/1 (v/
v) dilution of the two fluorescent probes SYTO 9 (which labels the
nuclei of both live and dead cells) and PI (which labels only dead or
membrane-compromised cells).** Subsequently, samples were visual-
ized with a LSM 710 Axio Imager 2 confocal microscope (ZEISS,
Oberkochen, Germany) using the green/EGFP (488 nm excitation,
526 nm emission) and red/PI (543 nm excitation, 652 nm emission)
filter sets. For each control and sample preparation, 10 randomized,
wide-field images (200 ym X 200 ym) were collected. Image analysis
was carried out using Image]°” to calculate the relative area occupied
by the green minus the red fluorescent signal with respect to the green
signal (as percentage of live bacteria) and to quantify the number of
bacteria aggregates with respect to total bacteria. The assays were run
in triplicate at 25 °C.
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