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EDITORIAL

Encuentro de Superficies y Materiales
Nanoestructurados - NANO 2022: An open window
to the last news in nanotechnology applications

With more than two decades of existence, the “Encuentro de Superficies y Materiales Nanoestructurados” remains a
national benchmark for the scientific and technological prowess of Argentina’s “Nano” community. The event began in
2001 at the National Atomic Energy Commission in Bariloche and developed into what it is today: on the one hand, a
national gathering that brings together a wide range of disciplines to discuss and disseminate the most recent findings in
nanoscience and nanotechnology; on the other hand, a place where friends and colleagues can talk freely and honestly
about a wide range of topics related to research, management, transfer to industry, and education in this vibrant field
of science and technology. The event took place in San Carlos de Bariloche until 2010. Following then, it was held in
Cordoba (2012), Mar del Plata (2013), Bariloche (2014), Rosario (2015), Buenos Aires (2016), Bariloche (2017), La
Plata (2018), Buenos Aires (2019), and Mar del Plata (virtual in 2021). The National University of Rio Cuarto, along with
participants from the CONICET-UNRC institutes ITEMA, IDAS, and INBIAS, organized NANO 2022 during August
9-11, 2022. The great supervision work of the coordinator of the meeting, Dr. Maria Molina and the efforts of teachers,
researchers, and students belonging to the organizing committee were reflected in the wonderful group of representatives
of the academic, scientific, and productive sectors gathered to discuss the challenges and advances in the different areas
of Nanoscience and Nanotechnology. Various research fields, including self-assembly and synthesis of nanomaterials,
micro and nanofabrication, surfaces, condensed matter physics, nano-bio interfaces and biological processes, and optical,
electrical, and magnetic properties, were represented among the speakers at the meeting. In this issue, thanks to the
organizing committee and the generosity of the outstanding speakers who attended, we have five papers from this event
that provide a broad and interesting overview of what the meeting was and will continue to be for the entire country.
These papers highlight the novelty, depth, rigor, and impact of the work being done by all the national institutes that are
dedicated to this fascinating and transversal field of knowledge, as well as the sharing of experiences and challenges
and the establishment of new cooperation programs and training opportunities for young professionals. In closing, I
would like to invite you to keep taking part in this event in upcoming editions and to thoroughly enjoy these great and
inspirational lectures.

Cristina Hoppe
Mar del Plata, October 2023
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Fe-based high-temperature superconductivity:
Impact of atomic defects in the electronic states
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Abstract

A brief review on the impact of atomic defects in the electronic
properties of Fe-based super conductors is hereby presented,
focusing in particular on the FeSe family of superconductors.
This family of compounds captured the attention of the scientific
community during the last decade since its simple crystal structure
seemed to be an advantage in understanding the microscopic
mechanisms mediating high-temperature superconductivity in
Fe-based superconductors. Now, more than 14 years of intense
research around the world have elapsed since the discovery of :
the so-called iron age of superconductivity, and nevertheless it is still debated which is the origin of
superconductivity in these compounds. One thing stands for certain in all the enquiries: There is a subtle
interplay between defects or local variations in the crystal structure and the electronic states in Fe-based
superconductors. This review presents an overview on the main contributions of the community in this
interplay in the particular case of the FeSe family and provides a critical discussion on some of the points
that still need to be studied in order to provide a thorough quantitative understanding of this issue.

Keywords: Fe-based superconductors; electronic states; atomic defects

l. Introduction

The first family of high-temperature superconductors was revealed back in 1986'7 and very rapidly several cuprate
compounds with critical temperatures exceeding the boiling point of nitrogen were discovered.** For 15 years subsequent
to this discovery, these family of complex oxides of copper seemed to be the only high-temperature superconductors.
However, 2008 witnessed the advent of the so-called iron-age of high temperature superconductivity.® The Fe-based
pnictides and chalcogenides are thus the second family of un conventional high-temperature superconductors that
renewed the hopes on discovering materials with technically relevant critical temperatures. Superconductivity with a
critical temperature of 7= 26 K was first reported in the LaO _ F FeAs®and was followed by numerous reports in several
members of the Fe-based superconductors family.””!"! Within this family, iron chalcogenides, and particularly the 11 phase
material FeSe,” has attracted much attention due to its simple crystal structure of stacks of superconducting layers. Within
these layers, a square/tetrahedral planar lattice of Fe cations are tetrahedrally coordinated with Se atoms located above and
below the plane at a distance z,, see Fig. 1 (a). This compound is also considered as the prototype for studying the origin
of unconventional super conductivity in the whole Fe-based superconductors fam ily.!?
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FeSe is also special since it puzzles the identification of the microscopic mechanisms giving rise to high temperature
superconductivity in the Fe-based family. Most of the compounds of this family develops a magnetic order apparently
connected to the emergence of superconductivity.'>!* However, FeSe presents no static magnetic order at ambient
pressure.”"* This compound also undergoes a tetragonal-to-orthorhombic transition on cooling around 7 ~ 90 K'®without
presenting any magnetic transition.'”'® This transition is also considered a nematic transition since the C4 symmetry of
the crystal structure and of the electronic properties are both broken at 7'." In addition, applying pressure or doping FeSe
with chalcogen atoms alters significantly the phase diagram® and enhances magnetic instability.’' Indeed, the idea that
spin fluctuations have a relevant role in the superconducting pairing mechanism of Fe-based superconductors is suggested
by spectroscopic information provided by scanning tunneling microscopy (STM).?>* Then, in the paradigmatic material
FeSe the crystal structure and electronic properties such as superconductivity and magnetism are tightly enmeshed.

In the quest for enhancing the 7 of Fe-based super conductors, FeSe provided valuable information. In its pristine form,
FeSe has a T of 8 K, but it can be enhanced up to 37 K by applying hydrostatic pressure,”?¢ or up to 30 K by intercalation
of alkali metals between the layers.”’ For instance, Fig. 1 (b) shows the increase of 7_ with hydrostatic pressure reported in
Ref. 26. These enhanced critical temperatures in FeSe are within the largest values for binary superconducting compounds
in general. In addition, there has been a considerable amount of work in many pnictogen and chalcogen sys tems in order
to find a correlation between 7, and the Fe anion height.*® All these efforts revealed that there exists an optimum value of
the Fe-anion height of _ 1_33A that maximizes the 7 for many compounds of the Fe-based superconductors as shown in Fig.
1 (c) and discussed in detail in Ref. 28 Thus, the value of the Fe-anion height is a critical parameter in order to tune 7.
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Figure 1. (a) Schematic representation of the FeSe crystal structure in the tetragonal phase at 7> 90 K. The a = 3.77
A and ¢ = 5.52 A unit cell vectors as well as the Fe-anion height z, are indicated. Reprinted from 43. (b) Evolution of
the critical temperature (white points) and the electronic phase diagram of FeSe with hydrostatic pressure. The highest
value of 7 = 36.7 K is reached at a pressure of 8.9 GPa. For no applied pressure the compound undergoes a tetragonal-
to-orthorhombic transition on cooling through 90 K. Reprinted from 26. (c) Variation of 7 with the Fe-anion height for
several compounds of the Fe-based superconductors family. Data for the paradigmatic FeSe compound are shown in open
red circles and labelled with the value of the applied hydrostatic pressure between 0 and 4 GPa. Color points correspond
to T, values for several compounds as labelled. Full points are measured at ambient pressure whereas open points are
measured at the optimal pressure (tiny diamonds) and at high pressures (open squares). Reprinted from 28.

In real samples, local crystal deformations and atomic scale defects are unavoidably present. If these deformations
and defects entail local variations of z_, then a significant impact in the critical temperature and electronic states of the
compounds is expected. In addition, the crystal structure deformations induced by introducing chemical pressure in
the material by isovalently substituting Se with another chalcogen element® also affect the critical temperature of the
compounds.?’ A remark able example on how crystal structure and electronic properties are finely intertwined in FeSe is
the important enhancement of 7, when growing strained mono layer films on top of SrTiO, substrates®, or when coating
the samples with K adatoms.’! Thus, understanding the impact of atomic-scale defects and deformations in the electronic
structure of Fe-based superconductors is of key importance for assessing how critical is the occurrence of these features
for the establishment of superconductivity in these compounds.

In addition, understanding their identity is fundamental to try to develop an engineering of superconducting/non-
superconducting regions in Fe-based superconductors for nanoscale applied devices. Furthermore, a precise local control
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of the location of atomic-scale defects would allow the tuning of electronic properties of the materials for applications as
for instance achieved in other condensed matter systems such as in the case of dopants in semiconductors* and silicon.*
From a more general perspective, atomic defects in Fe based superconductors are determinant in the control of their
critical temperature®* and the enhancement of their critical current by increasing vortex pinning.*>*¢ Local atomic defects
in Fe-based superconductors can also be used as probes for testing the possible pairing symmetry in these compounds.’’

Here we review some of the most prominent experimental evidences on the impact of atomic-scale defects in the
electronic properties of Fe-based superconductors focusing on compounds of the simplest FeSe family. Data available
in the literature for this family is revisited and a recent experimental approach applied to obtain complementary atomic-
scale and nanometer-thick bulk in formation on the topic is finally presented. Section II presents a critical discussion on
the previous atomic-scale evidence from STM data in FeSe compounds. Section III overviews the findings obtained in an
end-of-the-world research center on how the atomic-scale defects affect the bulk electronic core states by combining STM
and XPS measurements. Finally, the Section IV is devoted to the conclusions and open questions on the topic with the
aim of identifying the particular issues that deserve to be studied in order to better quantify how the un avoidable presence
of atomic scales defects in Fe-based superconductors tailor its electronic properties and may eventually lead to locally or
globally spoiling superconductivity in these compounds.

Il. Previous atomic-scale evidence from STM data in FeSe

There is plenty of evidence obtained with scanning tunnelling microscopy (STM) that atomic-scale crystal structure
modifications such as defects do play a role in the electronic and superconducting properties of materials.*®** The
scanning tunnelling microscope is a suitable tool to study these issues since it probes the electronic density of states in
real space with atomic spatial resolution. In a STM experiment the spatially-mapped tunnel current is proportional to
the convolution of the local density of states of the sample and the tip, and to an exponential multiplicative term that
grows with decreasing the tip-sample distance.’® Topographic images acquired either at constant height or current are
proportional to the integration of the local density of states of the sample up to the regulation voltage as well as to the
mentioned exponential factor,*® and thus brighter features where the tunnel current is larger result from a region with a
larger apparent height and/or a larger local density of states. Measuring a larger local density of states can arise from
a local electronic inhomogeneity with an inherent larger value of this magnitude and/or from a protrusion of the local
electronic clouds towards the STM tip that results in a smaller tip-sample distance.

One of the first works reporting on the impact of atomic defects in the superconducting properties of Fe based
superconductors was published with the main aim of studying the thickness-dependence of the T of FeSe films grown by
molecular beam epitaxy (MBE) on top of bilayer graphene substrates.* The authors find that 7 scales inversely with the
film thickness and that a superconducting gap is detected in in-situ STM measurements for the thinnest studied film made
of two c-axis unit cells of FeSe. The work presents a study on how the temperature of the substrate during the growing
is determinant for the films being superconducting: Only when this temperature is larger than 420 C the films present a
superconducting phase. Figure 2 shows examples of atomic-resolution STM topographies of non superconducting (a)
and superconducting (b) FeSe films grown in bilayer graphene substrates kept at 390 and 450 C, respectively, during the
MBE growing process. In these images each round-like brighter spot corresponds to an apical Se atom located above the
Fe plane (atoms highlighted in green in Fig. 1). The films grown with a substrate temperature larger than 420 C present a
depletion of the STM-measured tunneling conductance at low temperatures, even for films with a thickness d = 2 c-axis
unit cells, see Fig. 2 (d). This tunneling conductance is proportional to the local density of states of the system and its
depletion around zero bias is a manifestation of a finite superconducting gap that inhibits the tunneling of electrons from
the sample to the tip since they are bounded in superconducting Cooper pairs. On increasing temperature this depletion
fills in and disappears at the critical temperature 7 as expected for a superconducting material.

On addition to these findings on the optimization of the growing conditions for having superconducting very thin FeSe
films, this work also presents evidence on the dramatic impact of dumbbell-type atomic defects on super conductivity. A
dumbbell defect is observed as a brighter pair of contiguous Se atoms, as for instance clearly visible in the topography
of the FeSe film shown in Fig. 2 (a). This type of defects was ubiquitously observed in sub sequent works applying
STM in FeSe films and crystals.?®¥"#=* The authors of this work do not investigate via first principle calculations on
the nature of these defects, but they only speculate that they are associated to excess Se. Nevertheless, they show that
the density of dumbbell defects can be controlled by the growing conditions of the film and by subsequent annealing at
high temperatures. More importantly, they report that no depletion of the tunnelling conductance is detected for FeSe
films presenting a concentration of dumbbell defects at the surface larger than 2.5 %. Further support to this statement is
invoked from previous evidence obtained in thicker MBE-grown FeSe films within the same research group.' Thus, in
the case of very thin FeSe films super conductivity is spoiled on increasing the dumbbell defect concentration above a
relatively low critical value.
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Figure 2. Atomic-resolution STM topographies of the surface of FeSe films grown by MBE at substrate temperatures
of (a) 390 and (b) 450 C. The images survey an area of 5 x 5 nm? Brighter atomic sites in (a) are associated to dumbbell
defects in the crystal structure. (c) Inverse dependence of the critical temperature 7 with the film thickness d in units of
c-axis unit cells (TL). (d) Normalized tunneling conductance curves at various temperatures for the thinnest film with
d = 2 c-axis unit cells. The depletion of the tunnel conductance associated to the superconducting gap as well as the
coherence peaks are observed up to 3.7, K. Insert: On increasing temperature within the superconducting phase the zero-
bias conductance ZBC enhances. Reprinted from 40.

The nature of dumbbell defects was later studied in an experimental and theoretical work also studying MBE grown FeSe
films.*! By conducting a STM and an exhaustive first-principles theoretical investigation of candidate defect configurations
the authors of this work show that the dumbbell defects are induced by a vacancy in the site of Fe located below the two
brighter Se atoms detected in topographies. By means of a density functional theory (DFT) analysis of the formation
energies of different types of defects, this work shows that this is the most energetically favorable defect, overthrowing
previous spec ulations!** of the dumbbell defects being associated to Se adsorbates or substitutions. In addition, they
use STM to identify and estimate the defect concentration and compare the results with the DFT simulations in order to
characterize the local electronic modifications entailed in these defects. Furthermore, this work studies experimentally
and theoretically the previously reported removal and ordering of Fe vacancies (dumbbell defects) via annealing. Even
though the authors resolve the chemical identity of these defects, they do not shed light on the question on how a large
concentration of defects destroy superconductivity in FeSe films.

10
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Figure 3 summarizes the main results obtained in the work of Huang et al.*' that are relevant for characterizing the
chemical nature of dumbbell defects and some hints on their impact on the local electronic properties of superconducting
FeSe. As in previous works,'*#* dumb bell defects in the studied FeSe films are observed as pairs of brighter Se atoms in
atomic-resolution STM topographies of the surface. The studied FeSe films have thick nesses of a few c-axis unit cells
and are grown by MBE on two different substrates, SiC and SrTiO, For example, Fig. 3 (a) shows a topographic image
measured in the orthorhombic phase (84 K) of a few-layer-thick film grown on SiC. This as grown surface presents
a notice able density of pairs of brighter Se atoms associated to dumbbell defects. These defects can be removed by
annealing, as observed in Fig. 3 (b) that shows a topography of the same film presented in (a) after annealing at 450 C for
2.5 h. By performing nudged elastic band calculations and 2D random walk simulations the authors of this work explain
this effect showing that during vacuum annealing the Fe vacancies can diffuse to the edge of the atomic terraces and thus
in the main part of the terraces the dumbbell defect density is reduced. Since the Fe vacancy site can be located in a site
where a pair of Se atoms at the top layer is aligned along the a-axis or else in a site such that the pair of Se atoms is aligned
along the b-axis, see Fig. 1 (a), dumbbell defects appear aligned in both crystal directions, as indicated with orange and
yellow lines in Fig. 3 (c).
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Figure 3. Dumbbell defects observed as pairs of brighter Se atoms in atomic-resolution STM topographies of the surface
of FeSe films with thickness of few c-axis unit cells grown by MBE on different substrates. (a) Film grown on SiC
measured at 84 K. (b) Topographic image obtained in the same film after annealing at 450 C during 2.5 h. (¢) Film grown
on SrTiO, and measured at ~ 6 K. Orange and yellow lines indicate the two possible orientations of dumbbell defects,
parallel to the a and b unit cell vectors of the FeSe orthorhombic structure.(d) Charge density isosurface obtained with
DFT simulations of bilayer FeSe in the ¢ - a plane in the vicinity of a dumbbell defect induced by an Fe vacancy. Se
atoms are shown in blue whereas Fe atoms are black. The electronic clouds associated to every atom are highlighted in
yellow. The protrusion towards outside of the surface of the electronic clouds of the Se atoms adjacent to the Fe vacancy
is evident. Image obtained integrating the density of states from the Fermi energy up to 50 meV. (e) Same calculation
than in (d) but plotted in the a - b plane where the Fe vacancy producing the dumbbell defect is more clearly observed.
() Topography obtained from the same simulations in the vicinity of the Fe vacancy indicated with a green cross. The
neighbor Se atoms of the top surface show the brighter lobes producing the dumbbell signature. (g) Experimental STM
topography of a single-layer FeSe film grown on SrTiO, in the neighborhood of a dumbbell defect. Reprinted from 41.

By modelling the local density of states of FeSe with DFT calculations the authors of this work*' provide important
evidence on how the Fe vacancy perturbs the electronic cloud of the neighboring Se sites and thus produce the dumbbell
signature imaged by STM. Figure 3 (d) depicts the charge density isosurface obtained with DFT simulations of a slab of
FeSe in the ¢ - a plane in the vicinity of a dumbbell defect. In this figure Se atoms are shown in blue whereas Fe atoms are
black. The electronic clouds associated to every atom are highlighted in yellow. The Se atoms adjacent to the Fe vacancy
present electronic clouds with a protrusion towards outside of the surface. Figure 3 (e) shows the result of the same
calculation but plotted in the a - b plane where the Fe vacancy producing the dumbbell defect is more clearly observed.
When measuring with an STM tip this spatial orientation of the electronic cloud of a pair of Se atoms will produce an
enhancement of the tunnelling current since due to the protrusion of their orbitals the effective tip sample distance is
smaller at atomic scale. This results in the pair of Se atoms adjacent to the Fe vacancy be ing observed as brighter than the
rest. This explanation is further supported by the topographic image obtained from the same simulations in the vicinity

11
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of the Fe vacancy indicated with a green cross in Fig. 3 (f). The neighbor Se atoms of the top surface show the brighter
lobes producing the dumbbell signature. This simulated topography is in excellent agreement with the experimental STM
topographies measured in the neighborhood of dumbbell defects observed in several FeSe films, as for example the one
of Fig. 3 (g) corresponding to a single layer film grown on SrTiO,. Whether the apical distance between the Se atoms
and the Fe plane in the vicinity of a dumbbell defect is affected is not discussed in Ref. 41. In order to perform this study,
DFT simulations should take into account the van der Waals interaction between adjacent Se and Fe planes as well as the
correct magnetic order of Fe atoms in the FeSe material. These two issues were not considered in the work of Huang et
al. Their consideration is of critical importance in order to have quantitative information on how atomic-scale dumbbell
defects affect the local superconducting properties of the material.

Regarding this issue, phenomenological information was later provided by means of STM spectroscopy measurements
with atomic resolution in the superconducting phase of FeSe single crystals.”” In this work, the authors measure with
atomic resolution the local density of states in the vicinity of dumbbell defects. In a superconducting material, the d/
dV tunnelling conductance measured by STM, proportional to the local density of states of the quasiparticle excitation
spectrum, presents a depletion between energies +A around the Fermi level. This depletion is flanked by two coherence
peaks located at energies around the superconducting gap for which the number of electrons tunnelling from the sample
to the tip is maximized since this energy is around the value A re quired to break the superconducting Cooper pairs of
electrons. Thus, the energy location of the coherence peaks in dI/dV STM curves is of the order of the superconduct
ing gap. Conventional superconductors are expected to present symmetric peaks with the same height for occupied and
empty sample states. Nevertheless, many materials present asymmetric dI/dV spectra produced by an asymmetry in the
hole and electron bands of the materials,* as is for instance the case in FeSe according to angle/resolved photoemission
spectroscopy data.?® In the case of the spectra measured in FeSe crystals in Ref. 37, both away and close to the dumbbell
defects the coherence peaks are asymmetric, see panels (c¢) and (d) of Fig. 4. In regions far away of the dumbbell defects,
A ~ 2 meV consistent with a 7 = 0.46A/k, ~ 8 K according to the BCS ratio for conventional superconductors. In contrast,
on the sites of the Se atoms the peaks at 2 meV broaden and two extra peaks are detected at energies smaller than the
superconducting gap, see Fig. 4 (d). These asymmetric peaks are rather sharp, sharper than what remains of the peaks
at 2 meV, and are detected around 0.6 meV. The authors of this work state that these peaks located at smaller energies
are bound states inside the superconducting gap. They perform DFT simulations in a slab of FeSe considering an Fe
vacancy and show that the dumbbell defect is non-magnetic. Then they use this result to claim that the in-gap bound states
emerging from a nonmagnetic defect-induced pair breaking suggest a sign-changing pairing state in FeSe.

Even though this can be concluded from the spin polarized DFT calculations presented in Ref. 37, as the same authors
mention in the paper, they can not rule out the possibility that the in-gap coherence peaks in the vicinity of a dumbbell
results from the spatial super imposition of the tunnelling response at the defect and the superconducting bulk. ON
top of this possibility, I consider that the in-gap peaks can also have another origin due to technical issues of the STM
measurements. In particular, even though the images of Fig. 4 have atomic resolution, since the image is not focused
in the dumbbell region with high spatial resolution, and has a size larger than 20 times the area of the defect, it might
be that the local dI/dV curves are collecting electrons tunnelling from the neighbor Se atomic sites that are not affected
by the dumbbell defect. In order to discard this possibility, spectroscopic images with finer spatial resolution in the sub
lattice spacing range are required. This information is not presented in Ref. 37. Thus, as the same authors mention, due
to technical reasons of the STM technique, it is also quite likely that the extra in-gap peaks can be interpreted as due to
a partial suppression of superconductivity at the defect site. This is consistent with coherence peaks located at smaller
energies since that will yield a A o< T smaller and then a local depletion of the superconducting critical temperature
within the dumb bell. On top of STM data with finer and high spatial resolution in the vicinity of the dumbbell, more
realistic DFT calculations than the ones presented in Refs. 37 and 41 are required to clarify this issue. In particular, these
simulations should search for the possibility of the apical Se height being reduced in the vicinity of the dumbbell defect
which will be in agreement with a reduction of 7, as ubiquitously observed in many Fe-based superconductors.**
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Figure 4. STM topographic and spectroscopic measurements in an FeSe single crystal performed in the superconducting
phase at 350 mK. (a) Topographic image showing the Se atoms of the topmost layer in green. A dumbbell defect is imaged
as brighter white Se atoms in the bottom-left part of the image. White crosses with numbers indicate the location where
dl/dV tunnel spectra were measured. (b) Line-scan of apparent sample height measured along the red-dashed line going
through the dumbbell defect in panel (a). (c) dI/dV vs. bias voltage V, tunnel spectra measured close to the dumbbell
defect (indicated with cross No. 6) and away from it at the location indicated with cross No. 1. The vertical lines in (c)
and (d) indicate the energy location of the coherence peaks in the position away of the dumbbell defect at around 2 meV.
Reprinted from 37.

lll. Impact of dumbbell defects in the core electronic states of FeSe

After reviewing the more prominent results of the international community in the impact of atomic-scale de fects in the
electronic structure of Fe-based superconductors, it is rather clear that understanding this issue is of key importance
for assessing how critical is the occurrence of these features for the establishment of superconductivity in these
compounds. With the aim of studying this impact, a recent work combining real-space topographic imaging with STM
and characterization of the electronic core states with X ray photoemission spectroscopy (XPS) brings new and relevant
evidence on this issue.” This work, performed at the Centro Atomico Bariloche of Argentina, makes a qualitative
connection between the occurrence of atomic-scale dumbbell defects imaged by means of STM and the spectral shape of
electronic states revealed via XPS.

The study combines these two surface sensitive techniques to study high-quality single crystals* of FeSe S with T
=9.6 K for x =0 and 10 K for the x ~ 0.03 samples studied. Several structural studies in these crystals*** indicate that
the samples do not show any detectable trace of spurious phases, an issue that is very relevant for a technique like XPS
that is sensitive to the topmost layers of the sample but unlike STM collect information on a millimeter-size area of the
sample and not locally. Transport data presented in this work for the temperature range in the vicinity of the tetragonal
to-orthorhombic transition also provide evidence on the absence of any detectable spurious non-superconducting phases
in the studied high-quality crystals.

Figure 5 show examples of STM topography images of the FeSe,_ S crystals studied in the tetragonal phase (normal
state) of Ref. 43. The topmost Se atoms located above the top Fe plane and exposed by cleaving are shown as white
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spots. These atoms are highlighted in green in the schematic crystal structure of Fig. 5 (e). Topographic images for pure
and S-doped samples show a ubiquitous feature: Pairs of brighter Se atoms aligned in the a directions, see dashed-white
frames in Figs. 5 (a) and (b). These brighter atoms are dumbbell defects and as in previous reports are observed as
higher atomic peaks in traces of profile height, see Fig. 5 (c). Statistics in several areas of different samples show that
the distribution of dumbbell defects is quite diluted, representing 4.2(0.6) and 3.8(0.6) % of the STM-imaged Se atoms
in the pure and S-doped samples, respectively. Fig. 5 (f) schematically recalls the modifications on the electronic clouds
of Se and Fe atoms surrounding a dumbbell defect predicted by DFT simulations:*' the 2 Se atoms located above the Fe
plane and imaged as brighter by STM (orange) show electronic clouds protruding out of the surface of the sample, and
the electronic clouds of the 2 Se atoms located below the plane (magenta) and the 4 first-neighbor Fe atoms (turquoise)
are assymetric. The schematics of the charge density isosurfaces in the plane, see right part of Fig. 5 (f), highlights the
asymmetry in the shape of the electronic clouds of these 8 atoms with respect to the symmetric ones expected for atoms
located further away from the defect (4 Fe atoms with red clouds). As previously discussed, these protrusions of the
electronic cloud result in an apparent larger height (brighter spots) of the Se atoms entailed in the dumbbell defect. It is
important to point out that although the density of dumbbell defects imaged by STM is small, this technique only reveals
defects at the sample surface and such defects can certainly occur in every FeSe plane of the crystal. For dumbbell defects
located in the bulk of the sample instead than in the surface, it may be quite likely that the protrusion and the assymetry
in the charge distribution has a lesser magnitude. This is something that deserves further theoretical investigation by
means of DFT simulations of defects in a bulk or at least a trilayer sample instead of in a monolayer as studied in Ref. 41.
These simulations are probably not yet feasible with state-of the-art simulation clusters. Even though the magnitude of
the modifications of the electronic clouds of dumbbell defects located in the bulk can not be quantified yet, the Se atoms
with altered electronic environment surrounding the dumbbell defects surely have a small but maybe noticeable impact in
the bulk electronic properties of the samples.

This work* shows that for S-doped samples, another prominent topographic feature is also imaged in several locations.
This feature consists in a local depletion of the apparent sample height associated to darker chalcogen atoms. Height
profiles along these features indicate that in the darker areas there is a height depletion of roughly 25 % with respect to
neighbor Se atoms, see for example Fig. 5 (d). These features are not detected in measurements in pure FeSe crystals
from different origin.?**'=* These defects were also observed in STM topographies of S-doped crystals with an occurrence
that grows with the S concentration.”” Given that S has a smaller atomic radius than Se, it can be assumed that S atoms
are imaged by STM as these darker features entailing a local height depletion.* Irrespective of the nature of the defects
introduced by S doping, these results indicate that crystal disorder is more important in S-doped samples than in pure
ones.

The connection between these atomic defects and the electronic core states is performed in Ref. 43 by means of
detailed fits of the peaks detected in XPS spectra. XPS measurements provide information on the energy spectrum of
the core levels of the different elements composing the material. As discussed in Ref. 43, in the XPS spectra measured
in the studied FeSe,_ S crystals the Fe and Se contributions are detected at energies close to the ones corresponding to
the tabulated peaks for the different core levels for the pure elements.* The S peaks are not clearly observed in the XPS
spectra since they come from a small amount of S and are maybe hindered by the superimposition with the Se 3p peaks
detected at closer energies than expected for S 2p, and also present a photoemission cross section 3 times smaller than
those Se peaks. In addition, Ref. 43 discusses on the importance of analyzing XPS spectra of samples cleaved in-situ
under UHV conditions since else extra peaks and deformations of peaks associated to the Fe levels are observed due
probably to the oxidation of the topmost layer of the sample if not cleaved in-situ. This was also pointed out in a more
recent paper studying ageing effects in air-cleaved FeSe crystals.?’
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Figure 5. STM topography images and crystal structure of FeSe S in the high-temperature tetragonal phase. (a)
Topography of a single crystal with x = 0 where the exposed Se atoms are observed as bright spots. Dumbbell defects
(see white dashed frames) are observed as two bright Se atoms oriented along the a-axis directions. (b) Topography of a
crystal with x ~ 0.03 where local depletions of the sample height (darker chalcogen atoms) are presumably generated by
smaller S dopant atoms. Dumbbell defects are also indicated with dashed-white frames. (c) Height-profile in FeSe along
the trace indicated (partially) with a turquoise dashed line in panel (a) where a dumbbell defect is evident. (d) Height-
profile in the S-doped crystal along the trace indicated with the turquoise line in panel (b). Local minima in the surface
height are detected in the darker features. (e) Schematic representation of the FeSe crystal structure in the tetragonal
phase with the measured a = 3.77 A and ¢ = 5.52 A unit cell vectors indicated. When cleaving the samples to perform
STM measurements, the Se atoms located above the top Fe plane are imaged (highlighted in green). (f) Schematic of a
dumbbell defect associated with an Fe vacancy: Atomic positions (left) and charge density isosurfaces (right) of the atoms
entailed in the defect. The atomic clouds of the neighbouring Se and Fe atoms are schematically reproduced from the DFT
calculations of Ref.*!. Reprinted from 43.

Figure 6 shows the most intense Se peaks of the XPS spectra reported in Ref. 43, the Se 3d doublet with two broad
peaks centered at approximately 54 and 55 meV of binding energy for both the pure and S-doped samples. The study focus
on the details of the XPS spectra in this energy range to ascertain both, if there is a surface contribution, and to describe
the electronic states via fits of the data. Panel (a) of this figure presents the XPS spectra obtained for pure FeSe samples
for two different detection angles for the photoemited electrons. The shape of the measured spectra is almost independent
of the detection angle within the noise level, implying that the measured spectra are not affected by possible surface states
and are representative of the electronic levels in the bulk of a nanometer-thick top layer as probed by XPS. Panels (b) and
(c) present data (color dots) measured in pure and S-doped samples, respectively. The spectral shape in this energy range
for both types of samples are alike. Both present two sharp peaks corresponding to the Se 3d,,and 3d, , core levels and a
broad peak around 53 €V associated with the Fe 3p, ,and Fe 3p, , core levels are observed as a shoulder in the low-energy
flank of the Se 3d peaks. The authors of this work fit these spectra considering: (a) Shirley background associated to the
photoemission process of secondary electrons (black dashed line), (b) a pair of Voigt-like peaks for the Fe 3p doublet
(full red lines), (c) two pairs of Voigt-like peaks for the Se 3d doublet (full green and magenta lines). The authors stress
that it is compulsory to consider two pairs of Se 3d spin-orbit doublets, instead of one, in order to properly fit the data.
In this fitting procedure, the corresponding spin-orbit splitting and statistical intensity ratios theoretically expected for
both peaks of the doublet were left fixed, while the energy location of the pairs of peaks are allowed to vary. The main
component corresponding to the green spin-orbit doublet is centered at exactly the same energies where the peaks are
detected in the experimental spectra. This component represents 86 % (85 %) of the area under the curve of the Se 3d
peaks fit in pure (S-doped) samples. The second contribution (magenta lines) is shifted 0.64 eV towards larger binding
energies with respect to the experimentally detected peaks. The consideration of these minor contribution with an area
under the curve of 14 % (15 %) is compulsory in order to properly fit the data in both, pure and S-doped FeSe samples.
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The need of considering a second contribution to the Se 3d levels in order to properly fit the XPS data in both pure and
S-doped samples indicates that a signifi cant amount of Se atoms, roughly 14 %, has a different electronic environment
than the rest of Se atoms. Since curves obtained in measurements performed at different detection angles are rather
coincident, the authors rule out the origin of this second component on a surface associated state.** Based on a detailed
analysis of X-ray, XPS and resistitivy data that show no detectable traces of spurious phases*® the authors rule out the
possibility of this second component coming from intergrowths in the samples. The second component is thus only
associated with local variations of charge transfer that occur in the nanometer-thick bulk of the samples probed by XPS.
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Figure 6. (a) XPS spectra in the energy region of the Se 3d and Fe3p peaks for a pure FeSe sample. Measurements
performed at two different detection angles of photoemited electrons. (b) Pink points: same data than in panel (a) for a
detection angle of 0 ‘(normal incidence). Full black line: Fit of the experimental data with a convolution of doublets of
Voigt-like peaks after subtraction of a Shirley background (see black dashed line). The broad peak observed around 53 eV
associated to the Fe 3p core levels is fitted with a spin-orbit doublet (see red lines). Two pairs of peaks shown with green
and magenta lines come from a principal and a minor doublet contribution associated with the Se 3d core levels. (¢c) Same
analysis than in panel (b) for the XPS spectra measured in the S-doped crystal at normal incidence. In all panels dashed
vertical lines correspond to the tabulated values for the core level energies in the pure elements. Reprinted from 43.
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Recalling that the atomic resolution images of FeSe,_ S shown in Fig. 5 as well as previous works in films and crystals
of FeSe 2#2 present Fe vacancy induced dumbbell defects, the authors of Ref. 43 propose the second component in XPS
spectra comes from the Se atoms with electronic clouds modified by the Fe vacancy at the dumbbell. Indeed, according
to the DFT calculations of Huang et al.*!, every dumbbell defect entails changes in the electronic environment of the 4
Se atoms surrounding the Fe vacancy. The experimentally detected density of Se atoms participating in dumbbell defects
of roughly 3 %, and the area under the curve of the second Se 3d component in the XPS spectra, are roughly the same
for pure and S-doped FeSe samples. This finding points on the second XPS component having the same electronic origin
in both types of samples. In addition, the energy location of the doublet of the second component is at larger binding
energies than the main component, a fact that is in agreement with the second component coming from a minority of Se
atoms having an electronic environment with less charge produced by the lacking Fe atom at the dumbbell. Therefore, by
combining local topographic imaging techniques and nanometer-thick bulk electronic measurements, this work* probes
that in the Fe-based superconductor FeSe, S _dumbbell-type atomic defects have an important effect on the electronic
properties of the compounds.

IV. Summary and perspective

In conclusion, the experimental and theoretical works discussed in the previous two sections show that STM revealed
local atomic-scale defects in the crystal structure of the simplest Fe-based superconductor have a noticeable impact in
the electronic properties of the material. This effect is evidenced in the superconducting phase of the material'**” as well
as in the normal state phase,***3 irrespective of the samples being crystals or few-layer thick films. A recent work goes
further on this qualitative assertion and quantifies the impact of atomic scale defects in the core electronic states measured
by XPS.* The authors show that a minor second component in the Se 3d doublet is compulsory to properly fit the spectral
shape of XPS data. Since the area under the curve of this component is small and its energy location goes towards larger
binding energies, implying a loss of charge in the Se induced by the Fe vacancy associated to the dumbbell defects, the
authors propose that the second component is associated with the modification of the electronic cloud of the minority of
Se atoms surrounding these defects.

Yet, several questions remain open as to completely settle the issue on the details of this interplay. For instance, the
question on whether the height of the apical Se atoms neighbouring the dumbbell defect is affected by the Fe vacancy is
very relevant. As mentioned in the introduction, most of the compounds of the broad Fe based superconductors family
presents an optimal value of its critical temperature for a given value of this apical height.” This issue is particularly
relevant since in the case of few-layer-thick FeSe films when dumbbell defects proliferate above a relatively small
amount,*’ superconductivity is spoiled. Thus, more insight in the impact of atomic scale defects in the superconducting
proper ties will be gained by performing DFT simulations that search for possible changes in the apical height of the Se
atoms surrounding the dumbbell defects. Also, a careful study on this issue on increasing the defects density will allow
to have an idea on the details on how super conductivity might be degraded in the FeSe compound. These simulations
consume an extremely large computational time and are not affordable by regular simulation clusters, but certainly new
studies would point in that direction in the future.

In addition, another issue that deserves further investigation to have a better quantitative understanding of the impact
of dumbbel defects in FeSe is to correlate the area under the curve of the second component of the Se 3d levels and the
amount of Se atoms that have a modified electronic cloud in the vicinity of the defects. Regarding this point, I would
like to stress that it is possible that the Fe vacancy of a dumbbell affects the orbitals of more than the 4 Se surrounding
atoms as proposed by Huang et al. Further DFT calculations appropriately considering the van der Waals intra and inter-
layers interaction, and the stripe-antiferromagnetic magnetic state of the Fe atoms in this compound* are important to
quantitatively asses the possibility of the electronic cloud of more than 4 Se atoms being affected by the Fe vacancy
producing the dumbbell defect. The consideration of these two important issues in DFT simulations would also give more
realistic information on the possible modification of the Se apical height around the dumbbell defects dis cussed above.
In addition, further all-electron calculations are required in order to connect the information obtained with experimental
STM imaging and first principle simulations as the DFT ones discussed here, with the shifting of a second component
towards larger binding energies.

Ultimately, all the results presented in this review as well as the open questions highlight the impact of atomic defects
in the binding energy and spectral shape of the core levels in FeSe,_ S . The experimental and theoretical results discussed
here in this family of compounds are just a notable example of the subtle interplay between the crystal structure and the
electronic states in Fe-based superconductors in general.
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Abstract

Cellular membranes compartmentalize cells, comprise a permeability barrier, and are the starting place
for several signaling cascades and processes in which lateral diffusion of molecules is a key factor.
Although it has been shown that organisms adapt the lipid composition of their membranes in order to
maintain these in a mainly fluid state, several studies point to the coexistence of regions with different
compositions and mechanical properties. In this context, while proteins have been related to solid docks,
sterols are accepted as liquid-ordered phase state inducers. Thus, the current model for membranes is a
patchwork-like surface, with the different regions being highly variable in size and very dynamic.
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Many peptides, like cationic antimicrobial peptides and cell penetrating peptides, target cell membranes.
The affinity of these soluble peptides to membranes depends on membrane features such as composition,
charge density, compaction, and fluidity. As a consequence of the patchwork-like character of the
membrane, regions with a broad spectrum of properties are available to interact with these peptides.
Therefore, it is important to know how peptide-membrane interaction depends on membrane properties,
and also what happens with the membranes after the interaction.

Here, we summarize our contribution to understanding how the interaction of peptides with membranes
is modulated by membrane properties. The influence of the phase state, electrostatics, and chemical
composition of the membrane on peptide binding is described using biomimetic systems. The effect of
peptide association on membrane properties is also revisited. Finally, possible extrapolations to cells are
discussed.

Keywords: Membrane adaptation, membrane physicochemical properties, Antimicrobial alternative
drugs, Membrane-active peptides, pore formation
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Introduction

Cell membranes are composed of lipids and proteins, and the accepted model proposes that they are formed by a lipid
matrix in which proteins insert. This model dates from 1972 [1] and is known as the Fluid-Mosaic Membrane (FMM)
model[1]. It was envisioned as a basic framework model for cell membranes that could explain existing data on the
behavior of membrane proteins and lipid structures, and their dynamics. Within a few years of its introduction, it became
obvious that the FMM model needed to be modified to reflect the emerging data on extracellular and intracellular
mechanisms. Therefore, with the FMM model as a basis, novel cell membrane models emerged, proposing a much less
homogeneous view.

The current model considers the interaction of the extracellular matrix and membrane-associated cytoskeletal
components with cell membranes, and their potential influence on the mobility and distribution of trans-membrane
glycoproteins, as well as the possibility that less mobile lipid-protein or lipid-lipid domains might exist in membranes,
like frozen or semi-frozen islands of less mobile lipids in a sea of fluid phospholipids [2]. This model has been tested in
recent decades with single particle tracking experiments and super-resolution microscopy, among other techniques, and it
has been concluded that, although fluidity is detected at the mesoscale, membranes are very heterogeneous and dynamic,
and several obstacles hinder the free motion of the membrane components [3].

The plasma membrane forms a dynamic multi-dimensional architecture that can quickly respond to intracellular (and
extracellular) events. Kusumi et al. have proposed that plasma membranes are organized for this purpose into dynamic
hierarchical structures [3]. Within these hierarchical structures, membrane components (macroscopically) diffuse from
5 to 50 times slower than when the same components are reconstituted into artificial membranes without membrane-
associated cytoskeletal or other structures. Conversely, the macroscopic diffusion rates can also be increased (20-fold)
through disruption of membrane-associated cytoskeletal networks.

Thus, cell membrane properties are variable in time and space, making them very plastic in the sense that they can
change local properties in order to rapidly adapt to a specific requirement. The presence of transient heterogeneities also
implies that the environment interacts with membranes with a great variety of compositions, and consequently, different
characteristics.

Of particular interest are the mechanical properties. Membranes cannot be too easily deformable, nor too rigid.
They may have to change from rigid to soft depending on the environment or cell metabolism. Three different kinds of
deformations of mechanical properties must be distinguished. Membranes can be considered as a quasi-two-dimensional
system that can be compressed or expanded (changes in the area), can be deformed (shear stress), or curved (bending
stress) [4]. Each kind of stress may have an immediate and a delayed response, since membranes are usually viscoelastic.

In our research group, we have studied membrane rigidity/softness under the presence of membrane active peptides
(MAPs). MAPs are able to translocate membranes or permeabilize them by pore/defect formation, and even cause
membrane rupture through different mechanisms [5]. Briefly, in the carpet model, peptides disrupt the lipid bilayer,
forming lipid-peptide soluble aggregates. Peptides can also insert into the membrane and aggregate to form toroidal or
barrel pores. Membrane permeation may also be increased by an electroporation-like mechanism, driven by the adsorption
of highly charged peptides on the lipid-solution interface, or by locally thinning the membrane. Finally, peptides can
translocate through the formation of a lipid-peptide complex inside the membrane, which is known as the adaptative
mechanism.

Two kinds of MAPs can be distinguished: Cell-Penetrating Peptides (CPPs) and Anti-Microbial Peptides (AMPs).
The difference between these is mainly functional [6], since AMPs induce membrane rupture at low proportions, while
CPPs are able to translocate the membrane without damaging it [7,8]. Due to their ability to translocate cell membranes,
CPPs are used as a tool for incorporating molecules inside cells as cargoes bound to the peptide (CPP-molecule chimeras).

AMPs are proposed as substitutes for traditional antibiotics as bacteria do not acquire resistance to these as easily as to
traditional antibiotics. The reason for this is that the target of peptide action is the lipid region of the membranes, and thus
bacteria have to change lipid composition in order to become resistant [9]. However, changes in lipid composition lead
to changes in membrane properties, and these properties have to remain within an optimal range for cells to survive [10].

MAPs may have a high positive charge or be slightly charged, and they may be amphipathic, or completely
hydrophilic. Conversely, many peptides that act at lipid-water interfaces assume an amphipathic secondary structure,
induced by the anisotropy of the interface. In recent years, there has been increasing interest in this kind of peptide,
and much effort has been put into analyzing the peptide properties that optimize membrane-peptide interaction and the
subsequent translocation/pore formation/lysis. However, less work has been done in understanding the membrane factors
that modulate the processes. Even fewer studies have examined the effect of the peptide on the membrane properties at
sublytic doses.
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The studies performed so far indicate that the specific mechanism, as well as the fate of the membrane after peptide-
membrane interactions, is commanded by both peptide and membrane characteristics. Since membranes are heterogeneous
and in constant change, a clear picture of which membrane properties are key, as well as which properties may change,
is crucial. Therefore, we aim to understand which of the membrane properties are able to direct peptides towards the
target membrane, and which are the main properties of the membrane that become affected by the peptide-membrane
interaction. The results found up to now are summarized here.

This review has been structured into five sections. The first gives a brief description of the biomimetic systems that can
be used for membrane-peptide interaction studies. The second to fourth sections focus on the findings about the influence
of electrostatics, phase state, and lipid composition of the membrane. The final section includes possible extrapolations to
cell membranes. Results with two peptides are presented: the poly-arginine KROC (net charge +10, see Figure 1) as a CPP
example [11,12], and Polybia-MP1 (or simply, MP1) peptide IDWKKLLDAAKQIL-NH,, net charge +2, see Figure 1)
as an AMP example [13]Polybia-CP: ILGTIL GLLK S L-NH2 (1239.73 Da.

The poly-arginine peptide is hydrophilic and does not acquire secondary structure or amphipathicity upon binding
to membranes [11,12,14]. MP1 is also unfolded in solution, but acquires an alpha helix structure in contact with lipid
bilayers, with the corresponding secondary amphipathicity [15,16].

S

FITC "<

HODOH

Figure 1 Chemical structures of the peptides used (KR9C and MP1) and the fluorescent moieties (FITC and 5-FAM).

1- Biomimetic systems and techniques used for studying peptide-lipid interactions
Biological membranes are complex open systems and, due to their dynamic composition, understanding the principles that

rule their lateral organization and the relation with their functioning is a challenging task. However, with the revolutionary
work of Mueller et al. creating ““black lipid membranes’ [17] and the discovery of liposomes by Bangham et al. [ 18], the
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study of lipid bilayer properties has grown at an exponential rate, and many other areas have been developed from the
application of these model membrane systems [19].

Several lipid systems have been successfully used as model membranes for studies on peptide-lipid interactions. All of
them are oversimplifications of the real cell membrane, since the only perturbation performed on the system is the presence
of the peptide. In a cell membrane, different processes occur simultaneously with the one studied, making interpretation
difficult. Therefore, performing experiments in simplified artificial membranes is a very useful tool for understanding
membrane-peptide interaction, despite the extrapolation of the results to systems in-vivo not being straightforward.

Each model system has certain advantages and disadvantages, depending on the situation in which it is more suitable
to be used. Related to this, cell membranes in biological systems cannot necessarily be considered similar to free-standing
bilayers, since they are often interacting with (and supported by) cytoskeletal proteins, neighboring membrane stacks,
and extracellular matrices, with these interactions affecting the native lipid phase behavior. Therefore, in order to fully
exploit the existing membrane model systems to retrieve biologically relevant information, it is important to have as clear
as possible an understanding of the influence of preparation conditions on the lipid film.

It was demonstrated that results obtained with different models may be compared qualitatively, but not always
quantitatively [20,21]. Even when working with a simple phospholipid mixture, the properties of the phases change
between the different model membranes. Therefore, it is always desirable to use as many model systems as possible, with
the choice of a given biomimetic system depending on which property is under study.

Having said that, we will now briefly describe the techniques and systems used for the results and summarize them
here, along with the information that can be obtained from the results in relation to peptide-membrane interactions.

Aqueous peptides first interact with the external hemilayer of the membrane, adsorb, and eventually incorporate into
the hydrophobic region. Afterward, membrane disruption by the peptide or peptide translocation without membrane
rupture may occur.

The first step in peptide-membrane interaction can be followed using Langmuir monolayers, that is, a monomolecular
film at the air-water interface. Langmuir films can be compressed, and thereby the molecular density can be varied, while
the surface tension (y) and electrostatic potential (AV) are registered. Additionally, the membrane can be simultaneously
observed by Brewster angle microscopy or fluorescence microscopy [22,23]. The electrostatic potential determined in
Langmuir monolayers is calculated as the change in the Volta potential difference of the air relative to the aqueous
solution after generating the monomolecular film. For this determination, two electrodes are used: a reference electrode
inside the aqueous solution, and a second electrode in the air. Two methods exist for determining electrostatic potential,
depending on the characteristics of this second electrode: a radioactive electrode is used in the ionizing method, and a
vibrating electrode in the kelvin method [24,25].

Since the only change in the system before and after generating the monolayer is the presence of the film at the air-
water interface, changes in Volta potential differences are assigned to changes at the interface. Therefore, the DV has
contributions from the water molecules and ions that orient around the lipid polar head-group, and from the molecular
dipoles that orient perpendicular to the interface.

The interaction of the monolayer with soluble peptides is usually studied by adding the molecule to the solution
underneath the film, which is previously prepared at the desired molecular density. The film compaction is defined by the
surface pressure =y —~Y, where y, is the surface tension of the clean interface and g is the surface tension in the presence
of the amphiphile.

Surface tension decreases (and thus, 7t increases) when the peptide penetrates the monolayer, with the change in 7t (Ar)
being a measure of the strength of the perturbation promoted by the peptide on the film. It is important to remark here that
Am depends on both the degree of peptide penetration and the compressibility of the host film. In a stiff monolayer, a small
change in the area caused by peptide insertion will promote high changes in 7, while in a more compressible film, lower 5
changes may be recorded as a consequence of the same area change. Therefore, to obtain a film parameter independent of
the host film stiffness, changes in film area (AA) can be calculated from Asw. This is performed assuming that the film can
be tessellated into two types of region: those where the peptide penetrates and disrupts the monolayer structure, forming a
lipid-peptide structure, and those that are formed by pure lipids. Thus, the pure lipid regions get progressively compressed
as the peptide penetrates and a peptide-lipid structure is formed. AA corresponds to the compaction of the lipid molecules
inside the pure lipid regions, which is a better parameter than An for comparing different monolayers [26].

Another important parameter that can be obtained from experiments of peptide adsorption into lipid monolayers is
the exclusion surface pressure (i), which is the maximal surface pressure at which peptides penetrate the film. This
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parameter can be obtained from extrapolations to An=0 mN/m of Am plots as a function of the initial surface pressure of
the film (corresponding to the molecular density of the lipids before the addition of the peptide). High st indicates that the
peptide is included in the film even at high compaction. In order to compare the results found with monolayers with those
in bilayers, it has to be considered that the molecular density of the lipids in bilayers is similar to that in monolayers at
high surface pressures (30 mN/m or higher) [27,28].

Some peptides adsorb to the membrane in the polar head-groups region without deeply penetrating the monolayer,
resulting in no detectable changes in surface pressure. This behavior can be detected following the reflectivity of the
interface at the Brewster angle, which depends on the interface thickness [26], or through AV measurements for charged
peptides [26].

Aside from peptide adsorption and penetration from the solution into monolayers, premixed lipid-peptide films can be
prepared and studied. These experiments allow the effect of a controlled amount of peptide on film properties to be studied
and the maximal surface pressure at which peptide stays at the interface to be determined. However, these experiments
have the drawback that only one hemilayer is present in the system. Therefore, the peptide structure in these experiments
may differ from that in a bilayer. Langmuir films cannot be used for peptide translocation, or for measuring changes in
membrane parameters such as permeability or bending rigidity.

Peptide-membrane interactions can also be studied using vesicles of different sizes. Large unilamellar vesicles (LUVs)
enable the determination of zeta potential, which is the potential at the slipping plane. This potential is sensitive to the net
charge at the membrane-solution interface under conditions of low ionic strength. Therefore, the adsorption of charged
peptides to LUV surfaces can be followed by changes in the zeta potential under these conditions [29].

Giant unilamellar vesicles (GUVs) have the advantage of being large enough to be observed with optical microscopy.
Using peptides labeled with a fluorescent moiety (FITC, 5-FAM, etc.), peptide adsorption can be followed in GUVs using
confocal microscopy [29,30]. With GUVs combined with labeled peptides, the internalization of the peptide into the
vesicle lumen can also be followed [30]. For these experiments, the GUVs must be large enough for the signal from the
membrane to be split from that from the lumen. The drawback of this method is that it requires a labeled molecule, and
the size of the fluorophore is not negligible in comparison with the peptide size for small peptides like those described
in this review (Figure 1). To minimize this effect, a low amount of the labeled peptide is used, combined with unlabeled
peptide. Experiments can be performed with different labeled/unlabeled ratios to check the influence of the fluorophore.

Deformations of the GUV’s shape can be used for studies of membrane deformability, as will be explained in Section 5.
Permeability can be conveniently studied using GUV:s filled with sucrose and immersed in glucose. In these experiments,
the loss of contrast is followed using transmission microscopy. The contrast is due to the sucrose/glucose gradient that
leads to a different refractive index in the GUV’s lumen compared to the exterior. This gradient is lost when the membrane
becomes permeable [31].

Alternatively, permeability can be determined in LUVs pre-loaded with carboxyfluorescein [30,32,33], which is a
fluorescent molecule that self-quenches at high concentrations. In these experiments, the detection of emitted fluorescence
indicates a dilution of carboxyfluorescein due to its escape from the vesicle’s lumen. Since the loss of content of the
vesicle also occurs when the vesicle breaks, controls of vesicle size using dynamic light scattering are mandatory. The
results obtained with a fluorometer following the loss of carboxyfluorescein in LUVs come from a vesicle population,
while loss of contrast in sucrose-filled GUVs corresponds to single-vesicle data, thus requiring the observation of several
vesicles.

Translocation of charged peptides can be detected as ion currents induced by the application of an electric field using
black lipid membranes (BLMs). In this system, the conductivity of the membrane is determined as the slope of current
vs potential difference plots. Current is originated from the migration of charged species through the BLM formed in a
micro-metric hole that separates two chambers in an electrochemical cell [29].

In summary, several membrane models coupled with different techniques can be used for determining the different
parameters of interest. We now describe the influence of different membrane properties on membrane-peptide interaction,
using results from all the above systems.

2- The influence of membrane electrostatics in peptide-membrane interactions

Membranes can be characterized by three different electrostatic potentials: transmembrane potential (Ym), surface
potential (s), and dipole potential (‘Pd). These potentials have been previously described and their effect has been
discussed in detail [25,34,35].
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We give a brief description here, using the scheme in Figure 2A. Wm is the difference in Volta potential between the
aqueous solutions at both sides of the membrane. It depends on the ionic composition of the solutions and is one of the
driving forces for ionic conductance through the membrane.

Ws is caused by the presence of charges in lipids and proteins at the membrane surface and is screened by the ions in
the solutions. lons are attracted by the electric field generated by the charged membrane, but are also subjected to thermal
motion, giving rise to a diffuse layer of ions that generate a drop in potential (‘dl, the diffuse layer potential). Gouy-
Chapman or Stern models are used to describe this potential drop, and the Debye length (A,)) emerges as an important
parameter, being the distance at which the electric potential decreases in magnitude by 1/e.

Finally, a nonlinear change in electrostatic potential occurs inside the membrane, defining Wd. This is due to the
presence of highly ordered molecules with a charge distribution characterized by a dipole or higher order multipoles
inside the membrane.

It is important to clarify here that the electrostatic potential determined in Langmuir film experiments is usually
called “surface potential”. However, since it is a change in Volta potential differences, AV has contributions from all
the electrostatic changes induced by the presence of the film. As previously mentioned, AV includes potential changes
due to the dipoles from the water molecules. These molecules change their orientation from that at the clean air-water
interface to that adopted when they hydrate the lipid polar head-groups. lons also adopt different orientations in the
presence of the film, especially for charged lipids, where WdI develops. When the film is composed of charged surfactants,
Ws contributions are also included in the electrostatic potential measured. Finally, the surfactant molecules orient their
dipoles, generating Yd, and contributing to the change measured in Volta potential difference.

The interaction of soluble ions with membranes may be affected in different manners by all the potentials mentioned.
Surface potentials foster the adsorption of cationic peptides to membranes, as expected. This is demonstrated in Figure
2B for lipid monolayers and KR9C. This figure shows that the poly-arginine peptide induces higher perturbations in
charged monolayers (pH > 7) than in neutral monolayers (pH < 6) [26]. This was also observed for the less charged MP1
peptide. As shown in Figure 2C, the maximal surface pressure at which the peptide inserts into monolayers (exclusion
surface pressure) is higher for lipids with charged polar head groups (PS) than for neutral lipids (PC), considering the
same hydrocarbon chains [36]. This preferential interaction was observed under conditions at which the Debye length is
large, and thus, the surface charge is screened at large distances from the membrane, for instance, in pure water (red bars
in Figure 2C), A, = 300 nm, implying that at 300 nm the potential is 1/e times that of the surface. The attractive effect
of the membrane charge is reverted in the presence of salt. At 150 mM NaCl (green bars in Figure 2C), A decreases to
less than 1 nm, and the electrostatics becomes negligible, so that other effects emerge (phase state in this case, as will be
discussed in the next section).

Regarding the transmembrane potential, computational simulations demonstrated that an imbalance caused by changes
in the ionic composition of the aqueous solutions bathing the membrane promotes the translocation of a cationic peptide
[37,38]. This is in line with the effect promoted by externally applied potentials using electrodes. The application of a
potential difference between each side of a membrane promotes the migration of charged species through the membrane.
The velocity of ion migration is determined by measuring the current, and the membrane conductivity is obtained, which
depends on the particular ion, the membrane composition, and phase state.
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Figure 2. Membrane electrostatics and peptide-membrane interaction. A) Scheme indicating the transmembrane potential
(¥m), surface potential (‘¥'s), dipole potential (‘¥d), potential drop at the diffuse layer (‘*¥dl), and Debye length (Ip). B)
Increase in surface pressure due to the insertion of KR9C peptide into monolayers of palmitic acid, initially at 10 mN/m
as a function of the pH of the aqueous solution. Adapted from [26]”ISSN™:”15205827”, abstract”:”Cell-penetrating
peptides (CPPs, with permission. C) Exclusion surface pressure for the peptide MP1 in monolayers of the indicated lipids
over water (red) or NaCl 150 mM (green). Adapted from [36], with permission. D) Increase in surface pressure due to the
insertion of KR9C peptide into monolayers of ionized palmitic acid or perfluorotetradecanoic acid initially at 20 mN/m.
Adapted from [26]”ISSN:”15205827”, abstract”:”’Cell-penetrating peptides (CPPs, with permission.

Both potentials discussed so far (transmembrane and surface potentials) markedly affect the adsorption and
translocation of cationic peptides, as expected due to basic electrostatics. The influence of the dipole potential, however,
has been less studied, despite it being known since 1969 that the permeation of hydrophobic cations and anions is affected
by this potential [25]. Liberman and Topaly [39] compared the conductivity changes induced by the addition of fat-
soluble anions or cations and discovered that to increase the conductivity of the membrane to a certain value required
an approximately 10° times greater concentration of cations than anions. They attributed this very significant difference
to the partition coefficient of fat-soluble ions, the coefficient for anions being 103 greater than that for cations, and
hypothesized that the inner part of the bilayer membrane must be positively charged. Now it is accepted that the interior
of lipid bilayers has a more positive charge density than the region of the polar headgroups, i.e., that W's have positive
values for all lipid bilayers, which should be unfavorable for the insertion of cationic peptides. In order to test this, the
insertion of KR9C into monolayers of different dipole potentials was studied. Figure 2D shows the increase in surface
pressure due to peptide insertion into monolayers formed by two different fatty acids with similar surface charges and
compaction. PA is a hydrogenated fatty acid, with dipole potentials of 200 — 300 mV, while PFTD is a perfluorinated

27



t// Vol. 2, No. 3, October 2023 Membrane-peptide interaction: Focusing on membrane properties

fatty acid, with negative values of the dipole potential (-200 — -900 mV) [38]. The results show that this little-explored
membrane parameter largely affects peptide insertion, and thus, should be studied in depth. Dipole potential depends on
membrane composition, phase state, and compaction.

3- Influence of membrane phase state in peptide-membrane interactions

In lipid bilayers, molecules interact through Van der Waals, hydrogen bonding, electrostatic and steric interactions, giving
rise to an optimal molecule-molecule distance. Depending on the strength profile of the interaction, which defines the
intermolecular spacing, the hydrocarbon chain and the polar head group may move and rotate to a greater or lesser degree,
defining membrane mechanical properties such as fluidity, compressibility, and deformability [40,41]. Lipids with a long
and saturated hydrocarbon chain (16 C or more) and an intermediate-sized polar head group, such as DPPS, DPPC,
DPPG, or DPPA, form very compact bilayers, with low lateral motion and low fluctuation in the positions of the carbon
atoms in the hydrocarbon chains. These membranes are in the so-called gel phase (G) at room temperature and have
melting temperatures (Tm) from G to liquid-disordered (LD) phases of 40°C or higher (see Tables for Tm on the web page
of Avanti Polar Lipids). In contrast, unsaturated lipids such as DOPC, or those with short saturated hydrocarbon chains
(such as DLPQG), form LD fluid phases at room temperature, with Tm values lower than 20°C.

In the presence of most sterols (cholesterol, ergosterol or phytosterols), membranes are also fluid but very compact,
giving rise to the so-called liquid-ordered (LO) phase state. The characteristics of this phase state have been described
[42]. Briefly, these membranes are fluid, with the diffusion coefficient of lipids being similar to those in the LD phase,
but are very difficult to compress or bend, presenting low permeability. Hopanoids, a family of lipids synthesized only by
some bacteria, are also able to induce a LO phase state in these sterol-lacking bacteria, and are thus sterol surrogates [43].

Soluble molecules are generally observed to be less prone to penetrate G or LO membranes than LD membranes, since
the inclusion of the molecule implies a local compression of the membrane. This explains the low values for the exclusion
pressures of MP1 into DPPS monolayers when the electrostatic attraction is screened (green bars in Figure 2C), as DPPS
monolayers are very stiff with Tm = 54°C. Similarly, KR9C showed higher exclusion pressures for DPPC than for DOPC
monolayers [29].
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Figure 3. Membrane phase state and peptide-membrane interaction. A) Increase in surface pressure for the phase
transition from a fluid to a rigid phase state induced by compression of DPPC monolayers with increasing amounts of
MP1. Adapted from [44], with permission. B) Changes in monolayer area due to the insertion of KR9C into monolayers
of the indicated compositions. C) Changes in the zeta potential of large unilamellar liposomes after adding KRIC to the
solution. B) and C) were adapted from [29] with permission.
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Besides the lower inclusion of molecules from solution, when peptides insert in membranes with phase coexistence
they localize preferentially in the LD phase. Figure 3A shows that the transition surface pressure from expanded to
compact phase state for DPPC monolayers increases as the amount of peptide in the monolayer increases, indicating that
the peptide stabilizes the more expanded phase, and thus mixes preferentially with lipids in the expanded phase [44].

Despite the slight insertion of peptides into compact membranes, they may adsorb on the membrane-solution interface
and alter membrane properties. As an example, Figure 3B shows the area change induced on monolayers at 30 mN/m
due to the insertion of KR9C. The three lipid compositions present similar charge density. The peptide is added to the
solution under monolayers initially at 30 mN/m. The larger the change in the area, the larger the perturbation promoted
by peptide incorporation, which is detected in monolayers composed of unsaturated lipids (DOPG/DOPC) forming LD
membranes. Membranes with cholesterol (LO phase) render no peptide incorporation, and consequently, no film area
change is observed upon adding peptide to the media [29]. However, liposomes composed of DOPC/CHOL/DOPG
show the greatest changes in zeta potential, which goes from negative to positive values due to peptide adsorption [29].
The preference for peptide adsorption to rigid membranes may be explained by considering electrostatics, since local
charge density is usually higher in compact regions of the membrane than in relaxed regions. Another factor affecting
the preferential adsorption of peptides on rigid membranes is the smaller decrease in entropy upon adsorption, as rigid
membranes are already ordered before the adsorption, while order is induced by adsorption in disordered membranes
[45,46].

4- The influence of the chemical composition of the lipid bilayer in peptide-membra-
ne interactions

There is a great variety of lipids, and these are chemically diverse and present in various amounts and proportions. The
question of why the universe of chemical structures of these molecules is so vast is currently unanswered, but it is clear
that this is required since alterations of membrane lipid homeostasis are linked to various diseases [47].

Thus, not only is the phase state of membranes important but also their specific chemical identity, and even their
minority components are subtly regulated. This is very relevant in the context of AMPs, since there is indisputable
evidence that bacteria modify their membranes to reduce the lytic effects of these peptides. The physiological response of
bacteria to AMPs involves changes in their lipid composition in terms of both head group and acyl chain structure, which
significantly impact membrane properties such as net surface charge and membrane fluidity [9,48].

We therefore evaluated possible differences caused by lipid composition, using MP1 and LO membranes. The
importance of the LO regions was first proposed in eukaryotic membranes. The formation of this phase state depends
crucially on the ordering properties of sterols (cholesterol in mammals, ergosterol in fungi and phytosterols in plants).
The induction of LO regions in eukaryotes has been considered a fundamental step during the evolution of cellular
complexity. Conversely, it was suggested that bacteria and archaea do not require such a sophisticated organization of
their cellular membranes. However, it was later discovered that many signal transduction, protein secretion, and transport
processes in bacteria depend on the presence of LO phases [49]. This led to the search for sterol surrogates in bacteria, and
hopanoids have been indicated as candidates. Hopanoids are diverse pentacyclic molecules derived from the cyclization
of squalene, which shares the same hydrocarbon skeleton as the compound hopane. It was shown that diplopterol, the
simplest bacterial hopanoid, is able to induce a LO phase with similar properties to that induced by other sterols [50-53],
and hopanoids are now accepted as bacterial sterol surrogates, with the ability to order saturated lipids and to form a LO
phase in model membranes.

We studied the interaction of the peptide MP1 with membranes containing cholesterol or diplopterol, in order to
test the possible chemical sensitivity of the peptide in LO membranes. We found that MP1 permeates membranes with
diplopterol more effectively than those with cholesterol (Figure 4A) [30]. Furthermore, monolayer perturbation by the
peptide was stronger in membranes with diplopterol than with cholesterol, and the adsorption of the fluorescently labeled
peptide was faster and more extensive on bilayers with diplopterol than those with cholesterol. In other words, MP1 is
able to discriminate the chemical composition of LO membranes and to distinguish between mammal-like and bacterial-
like compositions.

It has been proposed that in systems in which electrostatic effects can be neglected, as in this case (neutral membrane
and low charged peptide), peptide aggregation in the membrane is driven by membrane deformations [54—56]. Therefore,
subtle differences in membrane mechanical properties (which are not distinguished using biomimetics systems) may lead
to differences in the mechanism of peptide-membrane interactions, and thus in the consequences of the interactions, as
will be discussed in the next section.
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Figure 4. Membrane composition and peptide-membrane interaction. A) MPI-to-lipid molar ratio at which
carboxyfluorescein leakage is 50%. Adapted from [30], with permission. B) Time for half insertion of KR9C into lipid
monolayers. Adapted from [26]”ISSN:’15205827”,”abstract”:’Cell-penetrating peptides (CPPs, with permission.

The polar groups of the lipid molecules are also important for the activity of cationic peptides. It has been shown
that poly-arginine CPPs are chelated by the phosphate or the carboxylic acid of the polar head-groups of lipids, forming
complexes that decrease the energy cost needed to internalize the peptide inside the membrane [11]. Thus, poly-arginine
peptides show an increased affinity for membranes with lipids that contain these functional groups exposed for interaction.
Aside from the lipid class, the hydrocarbon chain affects peptide-membrane interaction, influencing phase state, lipid
motility, and the exposure of the functional groups. For instance, poly-arginine peptides were shown to penetrate POPG
monolayers [57] and only adsorb without penetrating into DMPG monolayers [26]. We observed that the penetration rate
for KRIC into membranes is faster when the membranes are composed of lipids with one hydrocarbon chain rather than
with two [14]. In this regard, comparing different fatty acids, peptide insertion into monolayers is faster, the shorter the
hydrocarbon chain, as shown in Figure 4B [26]). This may be explained as an adaptative mechanism for the insertion of
this peptide inside the membrane, being favorable in energy terms to form a lipid-peptide complex with single-chain lipids
than with lipids with two hydrocarbon chains.

5- Consequences of peptide-membrane interactions on the membrane properties

A clear consequence of the interaction of the peptide with membranes is the dramatic change in surface electrostatics when
anionic membranes acquire a positive surface potential. This effect occurs even when the peptide does not incorporate
into the membrane, permeate, or damage it, as shown in Figure 3C for DOPC/CHOL/DOPG membranes and KR9C.

Another clear effect that is detected in almost all membrane compositions for most AMPs is a change in the
deformability of the membrane upon shape change. This property was studied in our laboratory for different membrane
compositions faced with KR9C or MP1. Two methods were employed, both using GUVs: registration of thermal shape
fluctuation, and kinetic retraction of membrane nanotubes.

Briefly, the analysis of shape fluctuations of membranes and vesicles is based on collecting time sequences of snapshots
obtained by optical microscopy. The thermally induced fluctuations around equilibrium form are monitored, and the mean
square values of shape deviations are determined. This method is less demanding from an experimental point of view
because it is based on direct video microscopy observation of giant vesicles. A disadvantage is that, as the vesicles should
exhibit visible fluctuations, this method cannot be applied to rigid vesicles. The difficulty of the method is in the analysis
of the videos: first, the vesicle contour in the equator must be determined, and from the contour, the radius is obtained as
a function of the polar angle for each frame in a video (Figure 5). This allows the amplitude of the shape fluctuation to be
quantified, from which the bending rigidity is obtained. This procedure requires a software for image processing, which
was developed by S. V. Amante and P. E. Scurti and is available for use at https://github.com/GatitoNegro/Determinacion-
de-rigidez-de-biomembrana-usando-GUVs [58].

In biology, it is not only the energy cost of a process that is important, but also the velocity at which the process will
happen. Therefore, as well as bending rigidity, viscosity terms are of interest. In this regard, membranes can be deformed
with stress, and the kinetic relaxation will give an insight into both membrane rigidity and viscosity. For this analysis,
we prepare membrane nanotubes from GUVs attached to the cover glass, separating the membrane from a micro-sphere
adhered to the membrane by means of optical tweezers. The nanotube is stretched until the desired length is reached,
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and then the laser is turned off. Dynamics for nanotube relaxation can be determined from videos of this process, by
determining the position of the center of the GUV and the micro-sphere in each frame, giving rise to plots of nanotube

length as a function of time. This allows us to determine a characteristic time for nanotube relaxation, as shown in Figure
6[29,30].

In the case of KR9C, we observed different behaviors in the composition of the three membranes studied. Membranes
in the LO phase were not affected by peptide adsorption, while rigid membranes ruptured after peptide addition. In
contrast, in LD membranes, where peptides adsorbed and subsequently translocated, a softening of the membrane was

detected using the latter method [29]. This implies that the CPP is not as innocuous for the membrane as is desirable for
a CPP.

MP1 showed more drastic results, leading to membrane rupture for LD membranes and LO membranes with
cholesterol. Membranes in LO phases induced by diplopterol showed an interesting behavior: immediately after adding
the peptide, a fast softening was observed, and subsequently, an increase in rigidity was detected. Therefore, in the longer
term, the membranes were similar to those in the absence of the peptide. This was detected using thermal fluctuations

for high MP1 concentrations (visible fluctuations were registered for 6 uM peptide, see Figure 5), and by the kinetics of
nanotube retraction for 0.6 uM peptide, as summarized in Figure 6.

Based on these results (Figures 5 and 6) and others, we propose the mechanism schematized in the graphical abstract.
At short times, a low amount of peptide accumulated in the external hemilayer in a diluted regime. This first stage
is followed by the formation of peptide dimers/multimers until pores/defects form, allowing vesicle leakage and the
passage of the peptide to the vesicle lumen. The pores/defects may be formed by lipids and peptides (disordered toroidal
pores), or with one peptide at each hemilayer, since the thickness of the bilayers is twice the length of the peptide.
When peptides are in the outer hemilayer in a diluted regime, they may increase the membrane’s spontaneous curvature
because, at this stage, membranes would be asymmetric, with peptides only in the external leaflet. When peptides reach
a threshold concentration at the interface, they would form dimers/multimers, and eventually, pores. This is accompanied
by a decrease in the characteristic time for nanotube retraction, which could be due to an increase in the spontaneous
curvature (since membrane symmetry would be recovered). In addition, a decrease in shear viscosity and an increase in
the bending rigidity of the membrane may occur in the presence of pores.
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Figure 5. Consequences of membrane-peptide interaction on membrane bending. Vesicles are composed of POPC/
diplopterol (6:4) in the presence of 6 mM MP1. Left: Sequential images recorded immediately before peptide addition
and at 20 or 40 min after adding the peptide. Resolution: 0.1 mm/px. Central plot: vesicle radius as a function of the
polar angle for each frame at 20 min after adding the peptide. Right: Bending rigidity as a function of time after peptide
addition, determined from the thermal shape fluctuations. Inserted images: three selected frames for different times after

peptide addition. Images are the merge of red and green channels, representing membrane and peptide, respectively. Scale
bar: 10 mm.

31



t// Vol. 2, No. 3, October 2023 Membrane-peptide interaction: Focusing on membrane properties

In summary, membrane behavior in the presence of the peptide MP1 is very different in the case of cholesterol-
containing membranes than in that of diplopterol-containing membranes, despite both membranes being initially similar.
This is important since it may be one of the reasons for the different action of peptide in mammal than in bacterial cells
and this is now being studied deeply.
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Figure 6. Consequences of membrane-peptide interaction on membrane bending. Vesicles are composed of POPC/
diplopterol (6:4) in the presence of 0.6 mM MP1. Left: Accumulated images showing the motion of a bead attached to the
tip of a membrane nanotube. Center: Representative data for nanotube retraction of tethers extracted from a GUV after
the indicated times of adding the peptide. Right: Characteristic time for the kinetics of nanotube retraction as a function
of time after peptide addition. Adapted from [30], with permission.

6- Cell membranes

As already mentioned, it is proposed that cell membranes are very dynamic and heterogeneous in regard to their
composition, and consequently, local electrostatics and mechanical properties will dynamically vary from one region to
another of the membrane. It was shown in our laboratory that hopanoid-lacking and sterol-lacking bacteria increased their
permeability, as well as their tolerance to traditional antibiotics that act at the membrane level, upon preincubation with
the sterol, cholesterol, or the hopanoid, diplopterol. This indicates that the lipids are incorporated from the media by the
bacteria and included in their membranes, affecting membrane properties [52]. These bacteria also showed an increased
tolerance toward MP1 (Figure 7), and this effect was higher in bacteria incubated with cholesterol than with diplopterol
[30]. Our studies indicate that both lipids protect cells from the action of MP1, but not to the same degree. This result is
in line with those found in the biomimetic systems previously discussed, and points to the importance of cholesterol as
a key factor for cell distinction by AMPs. The presence of this sterol may help to explain the high resistance of red cells
to the lysis induced by MP1, with 50% hemolysis at peptide concentrations above 0.1 mM. In comparison, the peptide
concentration needed for provoking the death of 50% of a Pseudomonas aeruginosa culture is 1.5 uM (unpublished
results). Concentrations as low as 2 uM MP1 cause an 80% decrease of Pseudomonas aeruginosa population, but not
hemolysis (Figure 8).
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Figure 7. Cell membranes and peptide-membrane interaction. Left images: permeability of P. aeruginosa exposed to
chloroform:methanol, diplopterol or cholesterol dissolved in the solvent. Permeability was determined with propidium
iodide. Right image: disk diffusion test with imipenem embedded with cholesterol, diplopterol, DOPC or the solvent
mixture (chloroform:methanol). Plot: Fraction of surviving cells incubated in the solvent (Sol), or a solution of cholesterol
(+Chol), or diplopterol (+Dip) after 3 h of exposure to 9 uM (red) or 18 uM (green) of MP1. Adapted from [30] and [52],
with permission.

It is interesting to note here that, unlike reports from other AMPs, MP1 appears not to sense membrane electrostatics.
Bacteria have a higher proportion of anionic lipids than mammal cells, and it has been proposed that AMPs differentiate
membrane targets from others due to electrostatic interactions. However, MP1 slightly alters the membrane surface
charge upon adsorption to neutral membranes [30], and does not alter the surface charge of Pseudomonas aeruginosa
(unpublished results). Besides, bacteria death is similar in media with high salt content to that in media without salt
(Figure 8), also suggesting a non-electrostatic peptide-membrane attraction.
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Figure 8. Cell membranes and peptide-membrane interaction. Percentage of cell death or hemolysis for cells exposed
to 2 mM MP1. Cells correspond to P. aeruginosa suspended in 0.15 M NaCl or 0.3 M glucose, or to human erythrocytes.

Conclusions

Peptide-membrane interactions have been widely studied using both biomimetic systems and cells. Despite some
progress, details about the mechanisms involved are still unknown. Of particular importance are the reasons for the higher
interaction and consequent peptide-induced lysis of bacteria compared to mammal cells, since this is the most important
parameter for using peptides in therapy.

A second important factor to be understood in order to use peptides in therapy is what happens at sub-lethal peptide
concentrations. This is of paramount importance to avoid the acquisition of resistance by bacteria.

Our studies show that all membrane properties modulate peptide affinity. Anionic membranes show an enhanced
interaction with cationic peptides due to electrostatic interactions but, at physiological ionic strength, the phase state
becomes equally or even more important. Phase state defines the degree of incorporation of the peptide, and although the
surface affinity may be higher to liquid-ordered membranes, peptides are usually not able to penetrate these membranes.
For membranes with comparable charge density and in the same phase state, chemical composition subtly modulates
peptide affinity.

Not only do membrane-peptide affinity and the degree of peptide penetration depend on membrane properties, but also
the fate of the membrane subjected to the presence of the peptide. The same peptide can exert a softening effect, promote
membrane lysis, or not affect the membrane, depending on membrane characteristics.

Since cell membranes are not homogeneous, but with patches of different characteristics coexisting in a dynamic
fashion, peptides may cause different effects simultaneously, and the whole picture is complex. Therefore, an understanding
of the mechanism and regulation of peptide-membrane interactions in a simple system is required, as well as the potential
extrapolation of these results to cell membranes in living organisms.
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Abstract
The purification and/or concentration of biomolecules from complex
mixtures constitutes one of the fundamental steps in the processes

involved in biotechnology and, in particular, in the diagnostic B f:;
methods of human and veterinary diseases. Most purification 4 ‘F b |
procedures are based on the interaction between a solid phase -~

and the biomolecule to be purified (RNA, DNA, proteins, etc.), ' \\
involving several steps with dependence on the method used.

Among the different approaches, the use of functionalized magnetic

nanoparticles (MNPs) has become of increasing interest due to its

efficiency, practicality and the possibility of automation. In this work we present preliminary results on the
use of MNPs for the purification of nucleic acids and recombinant proteins.

Keywords: silica coated nanoparticles, nucleic acids, purification methods, recombinant proteins,
magnetic nanoparticles

Introduction

In recent decades, the frequency of emerging virus outbreaks has increased, probably as a result of human activity on
the environment and the consequent increase in risk of zoonotic transmission. Due to globalization, emerging viruses
have a pandemic potential, which has materialized in the case of SARS-CoV2. A pandemic, such as the one experienced,
generates an overload of the health systems all over the world, as well as a strong economic and social impact with
long-term consequences. Also, climate change has expanded the distribution range of arthropod vectors of pathogenic
agents, such as mosquitoes, kissing bugs and ticks. In that context, the inputs for the prevention of the expansion of
diseases (diagnosis, treatment and immunization) are scarce globally. Therefore, it is crucial for the sanitary sovereignty
of the countries to count with technologies that can allow rapid innovation and national production of supplies for
timely diagnosis. In the case of COVID-19, as well as other diseases, although there are certain diagnostic methods
that do not require purification of the sample, those more sensitive are based on the identification of viral RNA/DNA by
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means of JPCR or isothermal amplifications. For these methods, a purification step of the genetic material is necessary.
This purification step is a limitant in the processivity of diagnosis. For this reason, it is necessary to count with robust,
high-performance, cost-efficient and locally produced purification methods. This is necessary for the diagnosis of both
infectious and genetic diseases, genomics and also in research laboratories.

Currently available commercial kits present a number of drawbacks, such as low throughput in terms of samples per
hour, high cost/efficiency ratio, need for specific equipment (such as refrigerated centrifuges), and/or low disponibility in
moments of high global demand. Magnetic nanoparticles (MNPs) functionalized in order to efficiently and specifically
adsorb biological molecules have aroused growing interest, in view of its low production cost and the possibility of
being separated by a magnetic field. Iron oxide MNPs have a large surface area relative to their volume, and offer
physicochemical properties that make them ideal candidates for purification in diagnostics and in the pharmaceutical
industry, as well as for applications such as immunotherapy, controlled release of drugs (drug delivery), cancer therapy
by hyperthermia, etc [1,2]. In particular, the MNPs of iron oxide have a superparamagnetic behavior, which allows the
separation of biological molecules adsorbed by applying a magnetic field. This type of particle has been used to adsorb
proteins, nucleic acids, lipids, and polysaccharides (reviewed recently in reference [3]).

The purification of recombinant proteins is relevant in a multiplicity of applications, both in the pharmaceutical
industry and in biotechnology. For this, the use of labels (tag) of Histidine (His6) in affinity chromatography is a gold
standard, and is based on the strong affinity of this sequence by metals such as Ni**, Cu**, Zn>" and Co?*". The use of MNPs
coated with any of these metals would be a more efficient, fast, economical and sustainable method than chromatography
[4, 5].

In this work we present results regarding the efficiency of MNPs for the purification of nucleic acids and preliminary
studies using the recombinant anti-Spike-SARS-CoV nanobody protein as a model.

1. Nucleic acid purification

1.1 Synthesis of silica coated magnetite nanoparticles

Magnetic Fe,O, nanoparticles (core, MNPs) were prepared by co-precipitation method from a mixture of FeCl, and
FeCl, (1:2 molar ration) upon addition of NH,OH (25% wt) [6]. The resulting black product (bare MNPs) was collected
with a magnet and washed several times with deionized water. Subsequently, as-prepared bare MNPs were dispersed in
ethanol after 30 minutes of sonication. The reaction mixture was placed in a round bottom flask and ammonium hydroxide
solution (25% wt) was added. The SiO, functionalization was performed using the protocol provided by [7]. Briefly,
SiO, functionalization was achieved by the hydrolysis of tetraethyl orthosilicate (TEOS) that was added into the solution
mixture dropwise. The mixture was heated up to 80 °C under vigorous magnetic stirring allowing the formation of silica
layers on the surface of MNPs. Afterwards, the silica-coated MNPs (MNPs@SiO,) were collected with a magnet and then
washed with ethanol first and then deionized water several times to remove residual TEOS.

1.2 Physico chemical characterization

Several batches of MNPs and MNPs@SiO, were prepared following the procedure described above. The quality controls
did not show significant differences in the structure and properties of the particles of the different batches, indicating the
reproducibility of the method of synthesis. The MNPs@SiO, total concentrations (wt/vol) in the colloids were estimated
from the weighted mass of dried samples, and the Fe concentration in the samples was determined by means of the so-
called thiocyanate method [8]. The silica percentage of microparticles used for nucleic acid purifications is around 40 %.
Dynamic light scattering (DLS, Malvern ZetasizerNanoZS) was used to measure the hydrodynamic size and Z-potential
at room temperature and ,H=7, MNPs@SiO, are in water solution. It was determined that they have a hydrodynamic
size between 0.8 and 1.2 um, and a Z potential between -30 and -42 mV. The microstructure of the resulting particles
was confirmed by optical microscopy and atomic force microscopy (see Figure 1). A drop of ferrofluid was dried from a
microscope slide and observed using a Leica DM IL LED 1000 microscope with a Nikon D3100 camera attached (Fig.
1a). Using ImagelJ software, ellipses were drawn manually of 102 particles, and the mean radius of each particle was
collected. Mean value and standard deviation were obtained from this set of values, in addition particle size histogram
was fitted with a log-normal function (Fig. 1b). A mean diameter of 1.4 um with a standard deviation (c) of 0.17 pm
was obtained. In Fig. 1¢ is shown a typical topographic AFM image showing one silica coated microparticle and in Fig.
1d is shown the cross section along the line indicated in Fig. 1c. It can be seen that lateral dimensions are in the order
of microns while the normal one is around 300 nm, indicating that the particles had obloid spheroid shapes. A closed
inspection also showed that the silica coated microparticles were composed of several bare MNPs.
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Fig. 1. a) Dried drop of particles of MNPs@SiO, observed using a Leica DM IL LED 1000 microscope. b) Particle size
histogram obtained from image a) and the corresponding fit using a log-normal function. ¢) Typical topographic AFM
image of one MNPs. d) Cross section along the line indicated in c.

To evaluate the capture efficiency of MNPs and MNPs@SiO, using permanent magnets we measure the force that can be
exerted on them when they are exposed to a magnetic field, called magnetic force. In Fig 2.a is shown a schematic diagram
of the arrangement used to measure magnetic force. The sample is suspended over the center of a Nd,Fe B permanent
magnet resting on an analytical balance. The attraction force exerted on the magnet by the sample modifies its apparent
weight. The experiment was performed using a magnet as used in magnetic racks designed for manual purification. The
results are shown in Fig 2.b. as the vertical components of magnetic force per unit weight vs. sample-magnet distance.
The gray zone represents the working zone in manual extraction experiments, showing that in this region the MNPs are
subjected to forces that exceed their weight by at least one order of magnitude, thus ensuring their successful capture.
Fig 2.b. (inset) shows a zoom corresponding to the region where the magnetic force per unit weight exceeds the unity, a
distance that defines the capture region. Any MNP within 14.5 mm will be captured by the magnet allowing an efficient
purification ensuring the capture of all the MNP inside the vessel. In Fig 2.c. two MNP solutions are shown, one as it is
obtained from the synthesis and the other one exposed to a magnet. Additionally, the magnetic properties of bare MNPs
and MNPs@SiO, samples were investigated using a Lake Shore 7400 vibrating sample magnetometer (VSM). Hysteresis
loops were taken at room temperature with a maximum applied field of 1.9 T (Fig 2.d.). The saturation magnetization
(MS) of MNPs and MNPs@SiO, are about 70 and 40 emu/g, respectively while the remanence and coercivity are almost
zero in both cases, as expected for the single magnetic domain in the superparamagnetic regime. The nanometer size of
the particles results in a single domain structure with superparamagnetic behavior. This characteristic is fundamental for
two reasons: it ensures a high magnetic response to small applied fields, while in the absence of field the MNPs do not
present a net magnetic moment due to thermal fluctuations avoiding their spontaneous agglomeration and its consequent
decantation.
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A solution with a concentration of 10 mg/mL was prepared to carry out the extraction tests.
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Fig. 2. a) Schematic diagram of the arrangement used to measure magnetic force. b) Vertical components of magnetic
force per unit weight vs. sample-magnet distance. The gray zone represents the working zone in manual extraction
experiments. Inset: detail of the region where the magnetic force per unit weight exceeds the unity (capture region) ¢)
Two MNPs solutions, one exposed to the magnetic field generated by the home-made magnetic rack used for manual
purification. d) Hysteresis loops at room temperature of bare nanoparticles and silica coated nanoparticles.

1.3 RNA purification

In order to assess the performance of MNP@SiO, for RNA extraction, we tested a protocol that, briefly, involves a step
of biological sample solubilization in a lysis buffer, binding of the MNP with RNA, isopropanol and ethanol washes and
resuspension of the purified RNA. Once obtained RNA, the corresponding DNase (PB-L, Productos Biologicos, Argentina)
treatment was carried out to eliminate genomic DNA and the subsequent synthesis of the cDNA with the M-MLV (PB-
L, Productos Biologicos, Argentina) reverse transcriptase was performed. The samples were used as a template for
the detection of a housekeeping gene through the qRT-PCR technique. We assayed this protocol on different insect
tissues as biological samples, derived from the insect model Drosophila melanogaster, the haematophagous Rhodnius
prolixus and the phytophagous Nezara viridula. Firstly, we evaluate different conditions to optimize the protocol and the
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quality of the RNA purified with D. melanogaster as biological starting material (pools of 3 insects per treatment) and
specific primers for the amplification of tubulin transcript (primer sequences: 5’-TGTCGCGTGTGAAACACTTC-3" and
5"-AGCAGGCGTTTCCAATCTG-3"). Fig 3.a. shows cycle threshold (Ct) values obtained with different concentrations
of guanidine isothiocyanate (GITC) in the lysis buffer (2M, 4M and 6M) showing that GITC 4 M gave the better yield,
with a mean in Ct value of 21.65+1.23. Also, we compare different detergent compositions in lysis buffer, i.e Triton or
Sarkosyl 3% obtaining Clipyion) 32-58+1.85 vs. Ctg o) 25.8442.32 (Fig 3.b). Subsequently, we evaluated if the use of
Proteinase K and Ditiotreitol (DTT) in the lysis buffer improved the yield of the purified RNA. Results showed that
the addition of either proteinase K or DTT to the lysis buffer did not improve it (Fig 3.c.). The MNP methodology was
sensitive in the detection by RT-qPCR even for small starting material, such as 0.5 D. melanogaster: Ct 28.1340.68 (Fig
3.d.).
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Fig. 3. Performance of MNP in RNA extraction under different conditions.

In the case of R. prolixus and N. viridula, we dissected one insect per treatment to obtain “soft tissue” (without
cuticle). RNA was extracted in parallel with Trizol Reagent (Ambion, USA) following manufacturer instructions
and MNP method. We included a step of centrifugation before MNP addition, in order to discard cell debrises
that could interfere with the reaction. We obtained amplification of the Rprof- actin gene (primer sequences:
5’-ATCTGTTGGAAGGTGGACAG-3’ and 5’-CCATGTACCCAGGTATTGCT-3") and Nvirf- actin gene (primer
sequences: 5’-CTGTACTCTCCCTCTATGCCTCC-3’ and 5’-CACGTCCAGCAAGATCCAG-3") by both methods with
similar Ct. As far as NPM protocols were concerned, it was useful for RNA extraction and was useful for use in qPCR
detection (Fig 4).

43



t// Vol. 2, No. 3, October 2023 Magnetic nanoparticles for purification of biomolecules....

18

Nz a . o b
3 8
ke ke :};
e z
[72] [72]
£ £
% 20- £
) <@
S S
© 18 o

& N o & N o

Q Q S

$ N S S N S
Qg,’b K2 @ Qp @)Q:
& & & &
N\ & N &
Y &
S S
A} A\

Fig. 4. Comparison of TRIzol reagent and NPM method in RNA purification of a) R. prolixus and b) N. viridula “soft
tissue”.

1.4 DNA purification

For DNA purification, we used a single Ae. aegypti mosquito for each replicate (N=3 per treatment). We compared two
protocols: one of them using RNAse (DNA protocol), and the other without the use of RN Ase (total nucleic acids protocol).
In each of them, we also compared 2 Lysis buffer conditions: pH 6 and pH 8. Besides, we used different commercial kits,
to compare yield and quality of DNA (Fig. Sa.). We also performed RT-qPCR using primers that amplify on a genomic
region of the voltage-gated sodium channel gene (primer sequences: 5’-CAAATTGTTTCCCACTCGCACAG-3’ and
5’-AGTAAGTATTCCGTTTGGAAGTTC-3"). We observed that the MNP method, in both protocols and both pH buffer
conditions, presented a better performance in terms of lower Ct values, when compared with the three commercial
methods. Besides, no difference in Ct values nor DNA yield were observed among the different protocols based on MNPs
(Fig. 5).
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Fig. 5. Comparison of performance in RT-qPCR from different protocols to extract DNA from an Ae. aegypti adult
mosquito. AT: protocol for total nucleic acids; DNA: protocol for DNA obtention only. Different commercial kits were
used.
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2. Protein purification

2.1 Synthesis of Ni?* coated magnetite nanoparticles

MNPs were prepared following the synthesis route descriptive in section 1.1. For the following steps a modified route to
that reported for [9] and [10] was followed. Briefly, for silica coating, MNPs were magnetically separated and washed with
deionized water and dispersed in ethanol. TEOS was added dropwise to the above mentioned mixture. After magnetically
stirring at room temperature for 6 h, the product (MNP@SiO,) was separated and washed with a ethanol and deionized
water mixture. Next, the particles were amino-functionalized dispersing MNP@SiO, in a mixture of ethanol and water
(1:1) and then APTES was added slowly. The solution was heated to 60 °C with vigorous stirring for 36 h. The final product
(MNP@SiO,@NH,) was separated by magnetic decantation and washed with deionized water and ethanol. In order to
coat the MNP@SiO, @NH, with 2-amino benzamide, MNP@SiO,@NH, were suspended in ethanol and sonicated to
form a uniform dispersion. To this mixture isatoic anhydride was added and the resulting mixture was refluxed for 12
h. The prepared functionalized magnetic nanoparticles (MNP@SiO,@NH,@AB) were separated magnetically and then
washed with ethanol several times to remove unreacted reactives. The last step was the immobilization of nickel. For this
purpose, MNP@SiO, @NH, @AB particles were ultrasonically dispersed in ethanol and then NiCl,.6H,O solution was
added. The mixture was refluxed for 12 h. The product (MNP@SiO,@NH, @AB@Ni**) was washed several times with
ethanol and dried under vacuum.

2.2 Physicochemical characterization

In order to check the functionalization in the different steps of the synthesis we performed DLS (solution in water),
XRD and FT-IR measurements. As can be seen in Fig 6 (a) after reaction with TEOS molecules the surface charge of
magnetic MNP@SiO, nanoparticles is -7.7 + 0.1 mV which confirms the formation of more OH groups on the surface
of MNP. Subsequently, the addition of APTES changed the zeta potential to a more positive value, 3.6 = 0.1 mV as a
result of the increase of amino groups on the surface MNP@SiO,. The coat with 2-amino benzamide practically does
not change the surface charge of MNP@SiO,@NH,@AB, 4.7 = 0.3 mV, in comparison to MNP@SiO,@NH, since each
2-aminobenzamide molecule supplies one amine group. However, the immobilization of Ni?* increases the zeta potential
of MNP@SiO,@NH,@AB by an order of magnitude which confers stability to the colloidal system.

The XRD patterns (Fig. 6 (b)) show that the crystal structure of Fe,O, of bare nanoparticles is preserved for MNP@
SiO,@NH, and MNP@SiO2@NH,@AB@Ni** after surface modification with TEOS and APTES; also, good crystallinity
is achieved. FT-IR spectra of MNP@SiO,@NH, and MNP@SiO,@NH,@AB@Ni*" were shown in Fig. 6 (c). The
highest intense bands located around 3418 cm™ and 1620 cm™ were assigned to the vibration of OH groups [9]. Also,
the absorption peak at 1620 cm™ is overlapped with asymmetric COO- stretching and is related to the N-H bending
group [11]. In addition, the band at 3428 ¢cm™ corresponds to the N-H stretching vibration of the -NH, group [12].
Furthermore, the bands at 1080 cm™ and 460 cm™ Si-O-Si corresponding to dissymmetric stretching vibration and the
Si-O bond bending vibration [13], evidencing the formation of SiO, shell over Fe,O, core; while the pronounced peak
at 580 cm™! was assigned to Fe-O bond vibration [14]. According to [15] the peak around 1536 cm™! can be assigned to
C-N stretching vibrations while the deformation vibration absorption peak of N-H appeared at 1558 cm™ (observed like
a shoulder in MNP@SiO,@NH,@AB@Ni** spectrum). As reported by [16], the coupling of APTES group is confirmed
by the stretching vibration of C—H at 2865 cm™ and 2923 cm™'. The above confirms the formation of APTES layer over
SiO, cap. At last, the bands located between 1470-1570 cm™ are attributed to bending motion of the N-H coupled to C-N
stretching [17].

The saturation magnetization (see Fig 6 (d)) varies depending on the coverage of MNPs being around 60 emu/g for
the final product. In all cases remanence and coercivity are almost zero, as expected for the single magnetic domain in the
superparamagnetic regime.

Thermogravimetric analysis was performed in a Shimadzu TG-50H Thermogravimetric analyzer, in order to evaluate
the coating formation on the surface of the MNP and their thermal stability. Fig. 6 (¢) shows TGA curves of MNP@SiO,@
NH, and MNP@SiO,@NH,@AB@Ni** samples. Bare Fe,O, MNPs showed good thermal stability, and about 7.1%
weight loss was observed, which perhaps was due to loss of physically adsorbed water molecules and surface hydroxyl

45



t// Vol. 2, No. 3, October 2023 Magnetic nanoparticles for purification of biomolecules....

groups on the Fe,O, particles (not shown here). In the case of MNP@SiO,@NH, NPs (red curve), a 0.4% weight loss can
be observed between 30°C and 200 °C and is due to loss of physically adsorbed water molecules on the surface, while the
weight loss due to APTES coating (between 200 °C and 800 °C) was about 3.4%. TGA analysis of a sample of MNP@
SiO,@NH,@AB@Ni** (blue curve) shows a total weight loss of 7.6% , where around 4.4% is due to 2AB coating.
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Fig. 6. a) Zeta potential and magnetization curves of microparticles in the different steps of the synthesis. b) and ¢) XRD
patterns and FT-IR spectra of MNPs@SiO,@NH, and MNPs@SiO,@NH,@AB-Ni*, respectively; d) magnetization
curves of microparticles depending on the steps of the synthesis. €) TGA curves of MNP@SiO,@NH, (red line) and
MNP@SiO,@NH,@AB@Ni** (blue line).

The microstructure of the resulting particles were characterized by AFM and SEM measurements. Fig. 7 (a) shows the
AFM image of a scanned area of 10x10 pm of the NP@SiO, @NH,@AB-Ni** sample and Fig. 7 (b) shows the histogram

46



Mathema Magnetic nanoparticles for purification of biomolecules:... /I Vol. 2, No. 23, October 2023 :

of the sphere-equivalent particle diameter (D,), corresponding to 141 particles manually selected in fig 7 (a) using the
length tool of NT-MDT analysis software. The data was fitted using a log-normal function obtaining a mean value (<D >)
of 272 nm and a standard deviation of 2 nm. Besides, some agglomerates can be observed too, which have a D _around 250
nm. In figure 7 (c) could be observed an individual nanoparticles at lower scan scale arca. Fig. 7 (d) shows SEM image
with the topographic features of an individual nanoparticle.
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Fig. 7. Topographical analysis of MNP@SiO,@NH,@AB-Ni*": (a) AFM image of an overview (10 x 10 um) sample
area. (b) Sphere-equivalent particle diameter of the amount of particles observed in (a). (¢) AFM image of an overview (1
x 1 pm) sample area. (d) SEM image obtained from the powder of the sample.

2.3 Protein purification

An anti-Spike-SARS-CoV nanobody derived from llama (Nb39) was expressed in E. coli WK6 by transformation using a
Phen6 plasmid. After induction with IPTG 1 mM (DO = 0.6), culture was incubated O.N. at 28°C and then harvested by
centrifugation at 350 x g for 10 minutes at room temperature. Then, pellet was resuspended in PBS 1X and disrupted using
a high-pressure homogenizer Panda 2000 GEA-Niro Soavi, and the cell debris was removed by deep-filtering.
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Then, Nb39 was purified using Ni Sepharose™ 6 FF, followed by size exclusion chromatography Sephacryl™ S-100
HR (SEC). Once purified the Nb39 was diluted to a concentration 1,0 mg/mL. On the other hand, MNPs were suspended
by sonication in ice for 30 minutes, at 40% power in Washing Buffer (WB: TRIS 20 mM, NaCl 500 mM, Imidazole 20
mM, pH 7.5). MNPs were sonicated in WB for 30 minutes with occasional mixing. Later, 0.17 mL of Nb39 (1.0 mg/mL)
were confronted with 0.33 mL of suspended MNPs at the following concentrations: 1,2 ,3.75, 5 or 7.5 mg/mL.

Magnetic separations were carried out for 20 minutes using a GE rack (MagRack®6). Pass-through was separated from
MNP by pipetting. MNP were then washed twice for 10 minutes using 0.33 mL of WB. Then, the following elution steps
were performed (Fig 8a):

1. MNPs were confronted with 85 pL Elution Buffer 1 (TRIS 20 mM, NaCl 500 mM, Imidazole 300 mM, pH 7.5;
E1) for 30 minutes at room temperature. After magnetic separation, E1 was removed by pipetting and stored in
a clean tube.

2. MNPs were confronted with 83 pL Elution Buffer 2 (TRIS 20 mM, NaCl 500 mM, Imidazole 1000 mM, pH 7.5;
E2) for 30 minutes at room temperature. After magnetic separation, E2 was removed by pipetting and stored in
a clean tube.

3. MNPs were confronted again with 83 uL Elution Buffer 2 (TRIS 20 mM, NaCl 500 mM, Imidazole 1000 mM, pH
7.5; E2) for 30 minutes at room temperature. After magnetic separation, E2 (duplicate) was removed by pipetting
and stored in a clean tube.

Eluted and pass-through fractions were visualized in a polyacrylamide gel electrophoresis stained with coomassie
blue (Fig. 8 b,c). We observed that the eluted fractions with NMPs contained a notorious amount of 15 kDa Nb39 protein,
indeed the elution was better with stronger (1000mM Imidazol, Elution buffer 2) than weaker elution conditions. Also,
2 mg/mL nanoparticles were enough to remove all Nb39 from 1 mg/mL solution, as it is shown in Fig. 8b. On the other
hand, the amount of MNPs used does not seem to influence the elution performance up to concentrations of Smg/ml.
However, we observed that with high concentrations of NMPs (7.5 mg/ml) no protein is obtained in the eluates. In this
case, a high NMPs concentration could make magnetic recuperation and elution difficult. Then, the better condition was
3.75 mg/mL MNPs. These results are a first approach to generate protein purification protocols with these NMPs.
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Fig. 8. a) Protein purification protocol. b,¢) Polyacrylamide gel electrophoresis of eluted and pass-through fractions. b)
Eluted with Elution Buffer 1, E1: elution PT: Pass-through ¢) Eluted with Elution Buffer 2, E2: elution D: duplicate. Bar
size: 15 kDa.
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Conclusions

Magnetic separation through nanoparticles plays a promising role in the purification and convenient, selective, and sensitive
detection of biomolecules. We present results on the use of functionalized magnetic nanoparticles for the purification of
nucleic acids and recombinant proteins. Silica coated magnetic particles synthesized by coprecipitation followed by
hydrolysis of tetracthyl orthosilicate were tested for RNA purification on different insect tissues as biological samples,
derived from the insect model Drosophila melanogaster, the haematophagous Rhodnius prolixus and the phytophagous
Nezara viridula and also for DNA purification from a single adult mosquito of Ae. aegypti, vector of dengue disease.
Synthesized particles are micrometric size and each microparticle was composed of several bare nanoparticles. Samples
presented an appropriate magnetic response maintaining their superparamagnetism properties even after SiO, coating.
Measurements of magnetic force per unit weight show that in the working zone in manual extraction experiments,
magnetic forces exceed MNPs weight by at least one order of magnitude, thus ensuring their successful capture. The
results of the purification test show that the obtained coated MNPs are efficient for RNA extraction. We evaluate different
conditions of our MNPs based method in order to optimize the protocol, obtaining good qualitative and quantity of RNA.
We also observed that for DNA purification, using a single Ae. aegypti mosquito, MNPs method using silica coated
particles presented a better performance in terms of lower Ct values, when compared with the three commercial methods.

Concerning recombinant proteins purification, we test Ni?* functionalized microparticles synthesized following a
chemical route that include several steps in order to obtained silica coated MNPs with 2-aminobenzamide covalently
immobilized on their surface to be able to form stable complexes with Ni** ions. Several experimental techniques were
used to check the correct functionalization in each step. The purification assays were performed using anti-Spike-SARS-
CoV nanobody derived from llama (Nb39), a 15 kDa recombinant protein expressed and purified from E. coli cultures.
The results of the purification test show that the MNPs obtained are efficient for total protein extraction from a 1 mg/mL
solution of Nb39.
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Abstract

The presence of nanomaterials in our everyday life has
largely grown during the last years. They have emerged
as relevant tools to find solutions to old problems. Among
the areas where nanotechnology and nanomaterials have :
shown value, environmental remediation appears as an | | D]
important one. The capability to tune the nanomaterial’s "

properties and characteristics to confer specific properties to
eliminate target pollutants, accentuates the potential of these
materials. The purification of water for human consumption
or industrial process is currently of priority due to the increasing demand and reduction of the available
water sources. This point of view article intends to show that the assays performed in the lab are not
sufficient to validate large scale processes. Removal of contaminants in real aqueous environments
require that due consideration is given to the behavior of the nanomaterial in field processes, because
changes in efficiency and lack os stability may result in these conditions.
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Introduction

Water available for consumption is a very limited resource, essential for urban, industrial and agricultural needs. With
the continuous growth of population and economic activities, the use and demand for water is increasing more and more
[1]. Therefore, approximately 0.32% of the total water inventory is available for consumption, which represents 112,000
cubic kilometers, of which 90%, that is, 100,800 cubic kilometers, corresponds to groundwater. Furthermore, this amount
is unevenly distributed and large regions of the world suffer from water scarcity. For the case of Argentina, see [2]. With
the increasing demand for drinking water, groundwater has become the exclusive source of supply for many regions, as
it is generally considered to be of better quality than surface water and is often consumed untreated as it does not contain
high levels of microbial contamination. However, its quality can be affected by natural (geogenic) contaminants such as
arsenic, fluoride and other metals [3].

Currently there are various designs of treatments for contaminant removal, such as electrolysis, ion exchange, chemical
precipitation, membrane filtration and adsorption, the latter being one of the most effective and applicable technologies
due to its efficiency, low cost and simplicity [4].

The advance of nanotechnology has open new challenges and opportunities to overcame the limitations associated
to the water availability. Different kinds of nanomaterials have demonstrated to be suitable for remediation of water by
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eliminating pollutant of diverse nature. Inorganic nanomaterials appear as most promising due to the properties they
expose after their reduction in size; and mainly by their versatility. These nanomaterials have been widely studied as
candidates to eliminate different kinds of pollutants from water by two main mechanisms: adsorption, photocatalytic
degradation (or the combination of both).

The design of nanomaterials with specific properties to bind pollutants of different origin is a challenge that may
derive in the generation of more efficient remediation tools.

This Point of view article deals with the analysis of literature concerning the design of novel nano-based materials to
the remediation of water with special emphasis in their perspective to be effectively validated in real environments.

Nano-based materials in water remediation

Nanomaterials promoting water remediation by adsorption mechanisms

Adsorption is a process that involves the enrichment of one or more species (adsorbate), which are initially in the liquid
phase, on the surface of a solid (adsorbent) forming an interfacial layer. The term desorption denotes the reverse process.
This phenomenon originates from the unsaturation of the surface atoms. allowing the interaction with the molecules of the
environment. Based on the forces involved in the process, it is possible to distinguish between three types of adsorption:
physical, chemical and ion exchange. Physical adsorption or physisorption is the result of weak interactions between the
adsorbate and adsorbent by Van der Waals forces or electrostatic interaction. Since no electrons are shared or transferred,
the species retain their chemical nature, making this process totally reversible. The capture of the ions will depend
largely on the surface area and the charge development in a given medium. Chemical adsorption or chemisorption is a
consequence of bond formation between the species involved, leading to changes in the chemical identity of them. It is
generally irreversible, and more specific than the physisorption.

Finally, ion exchange is a fast and reversible process, in which ions of the adsorbent are displaced by those of the
solution [5].

The adsorbent-adsorbate interaction forces are modulated by the environment in which they are immersed, and thus
the environment has a significant influence on the efficiency of the adsorption processes. The conductivity of the medium,
temperature, pH, in addition to the nature of the adsorbent and the adsorbate are variables of great incidence [6].

Nanomaterials employed in water remediation that function by adsorption mechanisms have diverse structure and
nature. Magnetic nanoparticles (MNPs) deserves special interest regarding their surface reactivity, easy handling and
separation from the aqueous media. The selected coating of MNPs may improve their adsorptive properties conferring
specificity for certain contaminants groups. Recent works deals with the use of low-cost green materials to generate a
stabilization and a synergy with the magnetic phase [7].

Derivatives of minerals such as clays, or zeolites, other inorganic minerals like hydroxyapatite, and some biomass
residues have been selected and tested as adsorbents of inorganic contaminants in model water samples. Figure 1
summarizes different combinations that lead to nanocomposites from magnetically responsible iron oxide nanoparticles
with biomass and mineral components.
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Figure 1. Schematic representation of different combinations of raw materials to obtain magnetic nanocomposites.

Studies developed in aqueous model solutions demonstrated that nanocomposites with improved capabilities may be
achieved by combining the raw materials above mentioned. The functionality resulting in these nanocomposites allows
the elimination of the most critical pollutants present in groundwater. Table 1 compares the performance of different
nanocomposites registered in model solutions employing aqueous solution of As and F-, as representative pollutants of
groundwater matrix. The removal efficiency is expressed as mg pollutant g"' adsorbent.

Table 1. Efficiency of different nanocomposites to eliminate As and F- from aqueous solutions.

Nanocomposite d Reference
NPMs 0.180 ND [8]
Zeolite ND ND -
NPMs-zeolite 0.176 [8]
Hydroxyathithe ND 12.1 [9]
Hydroxyapatite-biomass ND 10.9 [9]

*Initial concentration: 200ug/L.
**]nitial concentration: 3-80mg/L.

The initial concentrations were selected based on the content of these species in real groundwater samples. From these
data it is clear that the magnetic phase is responsible for the As capture inducing mainly the formation of coordination
linkages between Fe and As species. Electrostatic interactions are not favored due to the surface charge exhibiting the
nanocomposites at the pH of the aqueous solution [8]. Concerning F-removal, hydroxyapatite is the best option. The
capacity of nanocomposites without HAp for fluoride removal is limited. However, zeolite-NPMs nanocomposites were
satisfactory surface modified with Al and Ca moieties that generate greater affinity for F. However, the leaching of
metallic moieties was evidenced after certain treatment time [10].

The stability of nanomaterials is not frequently tested in studies of water remediation, even though stability is a highly
relevant characteristic.
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Nanomaterials promoting water remediation by photocatalytic degradation and
other combined mechanisms

Nanoscale semiconductors, such as TiO,, CdS, ZnO and ZnS, have been extensively studied in photocatalysis applications
from water splitting to pollutant degradation. Hence, their suitability to photodegradate organic pollutants (dyes,
hydrocarbons, pharmaceuticals) in water has been extensively demonstrated by robust literature [11]. Photocatalytic
degradation, one of the advanced oxidation processes (AOPs), is well known for its advantages being an energy-efficient
method and relatively green procedure.

Various properties of nanosystems, such as size and morphology, strongly impact on the performance as photocatalysts.
Hexagonal ZnO nanorods have a higher surface area and stability in comparison to spherical nanoparticles, leading to a
more efficient photo-oxidation process [12]. For further improvement of photocatalytic activities of ZnO, metals, non-
metals, and carbon materials can be deposited on ZnO to modify their optical characteristics and to improve electron-hole
pair separation, which is essential for enhancing the photocatalytic process [13]. Studies have shown that the overall
photocatalytic efficiency can be improved by depositing platinum to reduce electron-hole pair recombination and enhance
visible light absorption. [14,15].

The application of these nanomaterials for the remediation of groundwater deals, mainly, with the elimination of
organic matter affecting the conditions of water for human consumption. In this regard, the efficiency of ZnO, TiO, in the
nanosize have been demonstrated against organic pollutants as dyes, aromatic polycyclic compounds and other; as well
as against different types of bacteria [16,17].

However, the information concerning semiconductors based nanomaterials to eliminate inorganic species affecting
the water quality is restricted. For instance, few articles deal with the use of ZnO-TiO, nanomaterials for the elimination
of nutrients (mainly N and P species) from water. It is worth mention that nutrients involving N species such as nitrites,
nitrates, ammonium; as well as phosphates species cause serious damages related to the eutrophication of water sources
[18]. Own studies were developed by combining experimental assays and DFT theoretical calculations, demonstrating
satisfactory yields in the removal of ammonium from water samples employing ZnO nanoparticles. The achieved
findings revealed that non-electrostatic interactions took place but instead of that hydrogen and coordination bonds
were the preferential interactions between ZnO NPs and ammonium. These data further indicated other abilities, besides
photocatalytic degradation, of semiconductor nanomaterials to function as water remediators.

According to the reported information, it is noted that some inorganic pollutants such as heavy metals can be found in
groundwater environments combined with other organic pollutants such as the polycyclic aromatic hydrocarbons (PAHs),
pesticides, etc. In such cases, simultaneous removal mechanisms have been reported by means of semiconductor based
nanomaterials. One of them is related to the preparation of phenanthroline/TiO, nanocomposites rich in oxygen vacancy
defects exhibiting multiple functions as pollutant detection, adsorption, and degradation [19].

Other researches deal with the removal of heavy metals from aqueous effluents, which may also be present in
combination with some organic compounds. In this case, semiconductors nanomaterials may be used for removal by
advanced oxidation processes. In a second step, the ionic reduction of heavy metals can be induced by photocatalysis,
typical of metal oxides such as TiO,, ZnO, ZrO, Fe,O,, etc. [20]. These materials function as heterogeneous photocatalysts
having a relatively narrow band gap width between the conduction band (CB) and the valence band (VB), in the presence
of light of the appropriate wavelength (usually <370 nm) the photons are absorbed by the oxide, exciting the electrons to
CB an crating a hole in VB. The existence of the electron-hole (e”/h") pair enables redox-type reactions [21]. As mentioned,
in water OH and superoxide radicals are formed. These last are responsible for the reduction of heavy metals to lower
oxidation states which, in some cases, are less toxic for the environment; such is the case of Cr(VI) to Cr(Ill) [22,23]. In
fact, it has been shown that the reduction of heavy metal ions is more effective when it is carried out simultaneously with

the removal of organic contaminants [24,25].

These results may substantiate the use of semiconductors nanomaterials (mainly ZnO and TiO,) for the remediation of
groundwater in rural environments where sewerage is precarious or almost inexistent.

Effect of water matrix in the efficiency of nanomaterials in water remediation

Removal of pollutants from aqueous sources depends crucially on experimental conditions that have to be necessarily
taken into account. For instance, in the case of adsorption mediated pollutant’s elimination, the adsorption time affects the
process in different ways depending on the adsorbate particle size, the amount of active preferential sites on the surface,
as well as changes in the chemical composition on the surface of the adsorbent material [26]. The pH plays a key role in
the adsorption of ionic species, as it modifies the rate of the process as well as it can induce changes in the active sites
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of the adsorbent, modifying the selectivity against different adsorbates. [27]. Temperature is another important variable,
in the case of adsorption mechanism. If the adsorption process is exothermic the adsorption efficiency will be lower as
temperature increase, due to a decrease in the intensity of attractive forces between surface-active sites and adsorbate
particles [28].

In general, after a survey of the current literature, one can find that most of the studies tending to provide insights
regarding the strategies, mechanisms, etc. to water remediation are carried out under ideal conditions of pH, conductivity,
temperature; even more normally, pollutant’s concentrations employed for these assays are not in line with those found
in real environments. Therefore, model studies, as are normally defined, exhibit moderated utility when the aim is finding
concrete solutions to a real problem.

Simulated water samples

A recommended practice is to use in the laboratory water samples replicating the conditions found in the aqueous
environment to be remediated. For instance, magnetic nanoparticles (MNPs), based on iron oxide (magnetite) and ferrogel
of gelatin and MNPs, were employed to remove heavy metals and nutrients from water samples. In a first step, an
exhaustive adsorption study was conducted in batch using model solutions aiming to adjust the adsorption conditions,
exploring the capability of these nanomaterials to remove Cu, NO,’, and NO,. Adsorption studies using water simulating
the real samples were also performed. In this case the simulated samples were prepared in laboratory by adjusting the
conditions and composition in order to replicate an aqueous sample from the Bahia Blanca estuary. The components were
ionic salts such as NaNO,, CaCl,.2H,0, MgSO,.7H,0 Na,CO,, K,HPO,, FeCl,, CuSO,.5H,0, ZnSO,.7H,O. The solution
was adjusted to pH around 6.44 and conductivity of 4.98 mS. Both nanomaterials, MNPs and ferrogels, demonstrated an
efficiency between 60 and 80% for the removal of heavy metals and 85% for NO, and NO,,. [29]

In another study marine water was also simulated aiming to determine the ability of microplastics to accumulate heavy
metals. In this case replicated marine-water was obtained from the commercially available “Marinium” that was diluted in
distilled water by magnetic stirring [30]. The composition was mainly given by Na, Mg, Ca, Sr and K chlorides, bromides,
sulfates and fluorides; to this milieu known concentrations of heavy metals were added [31].

The simulation of effluents from an urban discharge plant was also done, by the enrichment of aqueous samples with
nutrients species such as ammonium and phosphates. Concentrations around 40-100 mg L' of NH* were employed
adjusting the pH between 8-9 [32].

Substantial changes in nanomaterials stability can occur under simulated conditions. Therefore, it stability must
be evaluated in experiments simulating the aqueous media, measuring also the possible leaching of nanomaterial’s
components. Figure 2 depicts the sequential steps that should be followed in trying to close the lab investigation to real
application in the water remediation field.

step3

Model pollutants
= solution and synthetic
polluted water

Bahia Blanca estuary

Figure 2. Representation of the steps involving in the validation of (nano)materials for water remediation.
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Real water samples

The validation of novel technologies developed in the laboratory may be achieved by studying the behavior of such
(nano)materials in the real environments where they will be employed. As it was earlier mentioned, significant surface
modifications can occur leading to differences in the expected efficiency of those materials.

Even though the focus of this contribution is on the groundwater, it is useful to show the incidence of different media
of nanomaterials. Table 2 summarizes data on pollutant removal by adsorption from marine, surface and ground water.
Different kinds of pollutants are found depending on the type of water; hence diverse interaction involving in different
elimination mechanism can occur.

Table 2. Efficiency of different nanomaterials in real water remediation ny adsorption

Efficiency (% of

Water source Nanomaterial Pollutant Reference
pollutant removal)
Groundwater Nanocomposites zeolite-iron oxide As 94 [8]
Groundwater™ Nanocomposites zeolite-iron oxide As 61 [8]
Groundwater Nanocomposites h)./droxyapatlte- F 56 33]
magnetite
. . . NO, 29
- 32
Marine water Gum Arazglgoa ;E‘Zfels“’“ oxide NO; 44 [29]
P Pb+ 36
. NO, 56
Marine water Ferrogels Pb,’ 47 [29]
Groundwater Hydorox1apat1te—b10mass P 77 [9]
nanocomposites
As 81
Surface water** | Iron oxide biomass Nanocomposites Ca** 14 [34]
Na* 9.2
> 73
Surface water*** | Iron oxide biomass Nanocomposites 29 [34]
NO,- and 22
NO/

*Continuous remediation process
** Water samples collected in Sauce Grande river
***Water samples from El Divisorio brook

Another point deserves attention is the design of the experiments able to reliably represent the remediation process
in a domestic, industrial or rural environment. It is important to highlight that the information listed in Table 2 mostly
refers to batch assays where the nanomaterial was incubated with the real water sample by the "preset time according to
previous basic or simulated assays. Any modification in the remediation process, which can be required in each specific
case, necessary leads to differences in the pollutant removal efficiency. This issue is reflected in the data included in the
Table as *. In such case the assays performed in entry | were replicated by employing a lab-made flux system, as shown
in Figure 3, where the water sample is pumped in a continuous flux to a vessel containing packed adsorbent nanomaterial.
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(a) (b)

Figure 3. a. Schematic representation of a continuous in flux system to remediate groundwater; b. Photograph of a lab-
made continuous system.

Special attention is further required to check the stability of the nanomaterial in continuous systems. The decay of the
efficiency is not the only issue that has to be careful considered, but also the possibility of leaching of components of the
nanomaterials. Continuos reutilization of the nanomaterial requires that enough information has to exist in order to predict
the number of reutilization cycles or the volume of fresh water that the system will be able to remediate.

Concluding remarks

This point of view article aimed to concretely show the impact of nanomaterials in the water purification area. Even
when the literature is abundant, this article focuses on the precautions required to translate the experiments in the lab
to field processes. The knowledge of the relationship between nanomaterial’s properties and remediation mechanisms
is mandatory and data concerning the stability of the nanomaterials in the media where they will be employed are also
required. The need to analyze the behavior of nanomaterials in media and conditions where they actually will be employed
appears as a key issue. Therefore, a sequence of basic assays using model aqueous solutions, followed by assays in
simulated water should be suitable to lastly develop remediation assays in real water samples. Finally, the need to a
multidisciplinary focus is highlighted in relation to the design of a suitable and efficient process which will be specific for
the water source, and most important, for the site where the remediation will be implemented.
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Abstract

An ordered mesoporous material (OMM) type SBA-16 was
synthesized from sol gel type reactions and the self-assembly
of surfactants. Once SBA-16 was obtained, it was functionalized
with  APTES (3-aminopropyltriethoxysilane) on the one hand
and with MEA (monoethanolamine) on the other. Subsequently,
the characterization of these nanomaterials was carried out
using Scanning Electron Microscopy (SEM), Energy Disperse
Spectroscopy (EDS), Infrared Spectroscopy (FTIR), N2 adsorption-
desorption and X-ray Diffraction (XRD). In addition, a biosensor
was developed where the central channel was modified with the material obtained SBA-16 (MEA) and
a commercial ELISA Kit (enzymatic immunoassay) was used for a quantitative determination of the
mycotoxin T-2 and compared with the analytical results of our generated biosensor.

Keywords: nanomaterial, biosensor, agroalimentario, contaminacion, toxina T2

Introduction

In recent years, conventional analytical techniques have experienced a marked trend towards miniaturization [1]. The
development of bioanalytical sensors since its inception has been focused primarily on the environmental, chemical,
biochemical, pharmaceutical, agri-food fields, among others, because their use entails innumerable advantages such as:
high sensitivity, selectivity, reproducibility, low cost for small volumes of sample and reagents required, short analysis
times and, fundamentally, the detection limit can be reduced by modifying the sensor electrode with silica nanomaterials
as a platform in order to amplify the analytical signal, this being a possible innovation in the development of sensors
endowed with a larger effective electrochemical area. With which in the present work a new specific, sensitive and
fast analytical methodology is proposed, which through the use of nanomaterials in bioanalytical sensors, allow the
quantitative evaluation of an analyte of agri-food interest such as mycotoxin T2, which as a contaminant It produces
serious complications for human health [2-4].
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Materials and methods

The SBA-16 material was synthesized from the sol-gel process [5], once obtained we functionalized it with APTES
(3-aminopropyltriethoxysilane) and MEA (monoethanolamine).

Functionalization of the SBA16 with APTES

The functionalization of the MMO SBA-16 with APTES (3-aminopropyltriethoxylan) is carried out by reflux where the
SBA-16 obtained is dried for 24hs at 80°C, later we add 1g of SBA-16, Iml of APTES, 100ml in a round bottom flask
of toluene we leave it for 24hs under agitation at 90°C. After 24hs, the supernatant solid is washed with toluene and then
dried for 24hs at 80°C in an oven.

Functionalization of the SBA16 with MEA
This functionalization process is carried out in a 50ml beaker where we add 10ml of methanol, 0.42ml of MEA

(monoethanolamine), mix for 0.5h, then deposit 1g of SBA16 in the solution, mix for 60min, the solid obtained is washed
with methanol and dried for 24hs in the oven at 80°C.

Characterization of the materials obtained

Scanning Electron Microscopy (SEM)

Zum

H EHT=1000KY  Meg= 200KX WD= 15mm  Signal A= S5E1 ﬁ

Figure 1. SEM micrographs of SBA-16 materials

In the figure we can see the SEM micrographs of the mesoporous silica SBA-16 where it can be seen that the particles
of said material have spherical shapes of very uniform size and the rest of the material that does not have a spherical shape
is part of the material that was not functionalized [7].
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Energy Dispersive Spectroscopy (EDS)

Si
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Figure 2. Chemical analysis by EDS of the material SBA-16

Figure 2 shows the spectrum of microanalysis carried out on the functionalized and impregnated SBA-16 material. As
you can see, there is the presence of the chemical elements that are silicon and oxygen indicating that this material is SiO.,.

Adsorption-desorption of N, at 77K
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Figure 3. Isoterma de adsorcion-desorcion de N, de la SBA-16
Figure 3 shows the experimental N, adsorption-desorption isotherm at 77 K of the SBA-16 material under study.

A type 1V isotherm is observed, indicating that it is a mesoporous material. In addition, the presence of an H2 type

hysteresis loop can be observed, indicating that this material presents an important degree of ordering of its pores, which
are characteristic of this type of material [8].
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Pore size distribution (PSD)
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Figure 4. Pore size distribution of the SBA-16 material.

Figure 4 shows the pore size distribution of the MMO SBA-16 that was obtained using data from the adsorption
branch. Said pore size distribution presents a uniform distribution of mesopore sizes, centered approximately at 8.1nm.

Infrared analysis by Fourier transform. (FTIR)
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Figure 5. Infrared Spectrum of pure SBA-16 functionalized with MEA and APTES
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Figure 5 shows the IR spectrum of the samples under study, where it can be seen that the stretching band of the bond
of the Si-OH group (silanol group) located at 950cm-1 decreases after SBA-16 was functionalized with APTES and
with MEA, indicating that in the functionalized materials the amino groups could be anchored in the —OH groups of the
silanols.

Absorbancia (a.u)

APTES

1 I 1
1700 1600 1500 1400 1300

Figure 6. Representation of the band spectrum of the NH, amino groups.

The previously mentioned can also be observed in figure 6, since this spectrum (which is only from the region where
the bands of the amino groups appear) we can observe that the functionalization of SBA-16 with MEA and APTES has
been effective. due to the fact that in the functionalized materials the 1550cm-1 band appears, which is characteristic
of amino groups —~NH,, where the one with the greatest intensity of said band is the SBA-16 functionalized with MEA,
demonstrating a greater anchorage of amino groups with said reagent [6].

Modification of the surface of the central channel
In the bioanalytical stage, we developed a microfluidic immunosensor [5] in which the central channel (CC) was modified

with the functionalized material SBA-16-MEA. This material was chosen as the nanoplatform since it presented a higher
band intensity in FTIR and this confirms that more groups (NH2) were anchored in the SBA-16.
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Anticuerpos

CC + SBA-16-MEA

Anti T-2

Figure 7. Central channel (CC) modification representation

Determination of mycotoxin T2 by commercial Elisa

A series of standards covering a concentration range from 0 to 400 pg kg-1, were provided by the RIDASCREEN®FAST
ELISA Kit for T2 toxin. Thus, a calibration curve was built following the manufacturing protocol for spectrophotometry.
The T2 toxin concentrations of the samples were determined using this commercial ELISA Kit and were detected
spectrophotometrically by measuring the absorbance changes at 450 nm.
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Figure 8. Calibration curve for the determination of T2 toxin by ELISA
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In addition, the commercial ELISA was performed following the manufacturer’s instructions. The absorbance changes
versus the corresponding T2 toxin concentration were graphically represented in Figure 8. The linear regression equation
was: A= 1.71 — 0.003* CT2 , with a linear regression coefficient r = 0.985 and a CV for the determination of 100 pg kg-1
of 6.78% T2 toxin (six replicates).

Determination of T2 toxin by amperometric analysis

A calibration curve was obtained to predict the concentration of T2 toxin present in the sample, which is linear in a
concentration range of 0-400 pg kg-1. For its construction, the T2 toxin standards provided by the commercial ELISA
Kit were used. The linear regression equation was: i =214.50 — 0.46* CT2, with a linear regression coefficient r = 0.998,
figure 9. The coefficient of variation (CV) for the determination of 100 pg kg-1 of T2 was less than 4 % (six replicates)
with a Detection Limit of 0.05ug Kg-1. These results demonstrate that our microfluidic immunosensor can be used to
quantify T2 toxin in unknown samples.

0 T T T T T T T T T
0 100 200 300 400

-1
C ., (Mg kg )

Figure 9. Curva de calibracion para la determinacion de T2 por el método amperométrico

Correlacion con el método de ELISA comercial

The developed method was compared with the commercial spectrophotometric method for the quantification of T2 toxin
in 20 samples of agri-food interest. The slope obtained was reasonably close to 1, indicating a good correlation between
both methods Figure 10. Compared with the commercial ELISA, our method shows a significant increase in sensitivity,
and this sensitivity is high enough to determine T2 toxin in unknown samples with very low levels of mycotoxin
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Figure 10. Correlacion entre el método propuesto y el ensayo ELISA comercial

Conclusions

In this work, a microfluidic immunosensor coupled to a flow injection system with amperometric detection was
developed to rapidly, sensitively and selectively quantify T2 toxin in samples of agri-food interest. The use of the selected
nanoplatform modified with monoclonal anti-T2 antibodies allowed a significant increase in sensitivity without reducing
selectivity, this being an important advantage. The increase in the reactive surface and the reduced diffusion distances
of the present device allowed a total analysis time of 21 min, which was less than the time reported for the commercial
ELISA Kit (40 min). In addition, this methodology, being a microfluidic-based device, minimized the cost of expensive
reagents, showed physical and chemical stability, low background currents, a wide range of work potential and accuracy.
Finally, we can propose this device as a possible analytical tool for its application in the agri-food industry in order to
guarantee the safety and quality of these foods, as well as the health of consumers.
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