#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online
View Journal | View Issue

REVIEW

Interaction of anionic Fe;O4 nanoparticles with
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This review focuses on the deformation and poration of lipid vesicles caused by the interaction of anionic
magnetite nanoparticles (MNPs). Effects of various factors, such as surface charge density, salt and sugar
concentrations in buffer, membrane cholesterol content, polymer-grafted phospholipid, and membrane

potential have been discussed for the interaction of MNPs with lipid vesicles. To quantify these effects on
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Accepted 10th August 2024 the vesicles, compactness, fraction of deformation and poration, dynamics of membrane permeation,
and kinetics of membrane permeation have been critically evaluated. The review explores the

DOI: 10.1039/d4ra05686h potential advancements as well as future directions of the research field in the biomedical application

Open Access Article. Published on 19 August 2024. Downloaded on 10/16/2025 4:53:19 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances of MNPs.

1. Introduction

Nanoparticles are considered to be potential biomedical tools,
offering promise in both diagnostic and therapeutic endeavors
due to their adaptability and compatibility with biological
systems.'”® Magnetite nanoparticles (Fe;O,; MNPs) exhibit
promising applications in various fields including MRI
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contrast, precious delivery of drugs, bacteria identification, cell
labeling, bioseparation, and anticancer therapy due to their
physical and chemical properties.®™** For instance, MNPs can be
enveloped with either pharmaceutical compounds or biomole-
cules to facilitate interaction with, or binding to, specific bio-
logical targets, thus enhancing their suitability for various
medical interventions.>™® However, the adverse effects of the
NPs have also been reported.**" MNPs are found in the envi-
ronment from natural sources like volcanic eruptions and
meteorite impacts, and from human activities such as indus-
trial processes, power plants, and marine seeds.*»** The pres-
ence of MNPs potentially impacts human health and the
environment.”* Depending on the MNPs size, shape and
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coating, they have varying characteristics and levels of toxicity.*
The substantial ratio of surface area to volume of MNPs induces
aggregation to minimize surface energies.”® Moreover, the
inherent high chemical reactivity and subsequent oxidation of
uncoated MNPs necessitate strategies for their structural and
property preservation, commonly achieved through coating
with the organic/inorganic molecules. This coating not only
enhances stability but also facilitates functionalization of the
MNPs.”*** The type of coating also affects their interactions
with cell membranes.*

Recently, researchers have focussed on studying the giant
unilamellar vesicles (GUVs) as a model of cells in various
experiments.>** Vesicle deformation and membrane poration
are two vital processes that result from interactions between
MNPs and biomembranes/lipid bilayers.***” The interaction
with anionic MNPs provides insights into membrane perme-
ability, fluidity, and mechanism of interaction.*®** Studies on
their interaction with GUVs help in enhancing drug delivery.*
MNPs used in magnetic hyperthermia can be optimized by
studying their interactions with GUVs.” In diagnostic and
imaging applications, MNPs can enhance the sensitivity and
specificity of biosensors,* improve the contrast in MRI, and
their interaction with GUVs is essential for improving imaging
contrast and biocompatibility.*> In toxicological studies, devel-
oping biocompatible NPs involves understanding their inter-
action with GUVs.*

Comprehending the mechanism of interactions between
MNPs and vesicles membranes is pivotal for ensuring their
safe and efficient utilization in medicine.**** Until now, there
has been a lack of comprehensive review devoted to investi-
gate the impacts of MNPs on vesicle deformation and
membrane damage (poration or rupture) under various
experimental conditions. We discussed the interaction of
MNPs with cell mimetic GUVs under various membrane
charges, buffer salt concentrations, sugar concentrations,
membrane cholesterols, polymer-grafted phospholipids, and
membrane potentials. These conditions greatly influence the
membrane bending rigidity.***® We discussed several
parameters, e.g., compactness, fraction of deformation and
poration, dynamics of membrane permeation, and the
kinetics of permeation.
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2. Experimental techniques for
preparing vesicles and NPs

Natural swelling is a popular approach for preparing the GUVs
(size 1 pm to 100 um)* by varying membrane surface charge
and buffer salt concentration,* sugar concentration,* polymer
grafted phospholipid,® and membrane potential.>* Purification
is essential to separate the GUVs from lipid aggregates and
small vesicles.”*® The extrusion method is also a well-known
technique to prepare liposomes, such as large unilamellar
lipid vesicles (LUVSs) of sizes 10 nm to 1 pm.”” MNPs of size
18 nm were prepared using the green synthesis technique.*® The
zeta potential of the MNPs was —21.3 £ 4.8 mV.** The interac-
tion of MNPs with GUVs was conducted using an inverted phase
contrast fluorescence microscope. A modified oxidative hydro-
lysis method was employed for coating the MNPs cores of 25—
30 nm with polyethyleneimine (PEI-MNPs) and poly(acrylic
acid) (PAA-MNPs).”® The zeta potential evolution of PEI-MNPs
and PAA-MNPs after incubation in DMEM supplemented with
FBS showed —12 mV and —11 mV, respectively. The in vitro
experiments on PEI-MNPs and PAA-MNPs uptake were carried
out on human neuroblastoma cell line (SH-SY5Y).

3. Findings and interpretations
3.1 Effect of surface charge and salt concentration

3.1.1 Deformation and compactness of a GUV induced by
MNPs. At first, the deformation of a ‘single GUV’ induced by
MNPs is discussed by varying the membrane surface charge
density and aqueous NaCl concentration. In the absence of 3.33
pug/mL MNPs, the DOPG/DOPC (60/40)-GUV exhibits a perfectly
spherical shape (time ¢ = 0 min in Fig. 1a). After inducing the
MNPs into the vesicle's suspension, the shape of GUV remained
the same for a while and start deformation at ¢ = 14 min and the
deformation increased with time (Fig. 1a). The degree of
deformation was determined by measuring its compactness
(Com)'SLGO

P2

Com = o 1
41tS,, (1)
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Fig.1 Deformation of GUV and compactness. Phase contrast images shows the deformation of a (a) DOPG/DOPC (60/40)-GUV and (b) DOPC-
GUV interacted with 3.33 ng/mL MNPs. The numerical values above each image represent the duration (in minutes) of MNPs adsorption. (c) Time
dependent compactness (Cepm) of the GUVs as shown in (a) and (b). (d) The MNPs concentration dependent of average compactness (C2y,,) for
various DOPG%. (e) The MNPs concentration dependent of Cay, for different NaCl concentrations. The figures have been adapted from ref. 51

with permission from Elsevier B. V., copyright 2020.

where Pis the perimeter and S, is the cross-sectional area of the
two-dimensional view of the vesicle. At ¢ = 0 min, the Cy,, = 1.0
and then gradually increased to 1.274 at ¢t = 56 min and
remained nearly steady afterward (Fig. 1c). The similar experi-
ment was performed for DOPC-GUVs (Fig. 1b), and hence
measured the C,, (Fig. 1¢). The average compactness (Cay,) with
+SE increased with the increase of DOPG% (Fig. 1d), while
Cim were greater at lower NaCl concentration (Fig. 1e) at
different MNPs concentration. Thus, the deformation of GUVs
is influenced by surface charge density and the buffer salt
concentration.

In DOPC, hydrophilicity is maintained by a single dipole,
wherein a phosphate group (PO,") is separated by approxi-
mately 0.5 nm from a N choline group, forming a substantial
dipole denoted as (P"-N"), with a considerable magnitude of
around 20 debye.®* The orientation of the dipole vector is 50—
80" concerning the normal to the bilayer surface.®? In DOPG,
hydrophilicity is achieved through multiple short dipoles
formed by OH groups, each with an equilibrium bond length of
0.097 nm. The total dipole moment of a PG molecule is 1.76
debye.® The stronger adsorption of anionic MNPs onto DOPG/
DOPC-GUVs compared to DOPC-GUVs leads to increased
lateral tension in the external layer of the membrane. This
elevation in tension results in greater total elastic energy and
a mismatch in surface areas between the two layers (Fig. 1c).
The impact of electrostatic interactions is crucial in colloidal
systems and lipid vesicle suspensions.®**” As the surface
charge density increases, the repulsive forces among lipid
molecules also rise, thereby enhancing electrostatic effects.®®
On the other hand, higher salt ion in the colloidal solution acts

25988 | RSC Adv, 2024, 14, 25986-26001

to shield the surface charges of membrane lipids and leads to
weaker the electrostatic effect.®”®® Thus, the electrostatic
interaction effect is more pronounced at higher DOPG and
lower NaCl concentrations. Consequently, higher DOPG
(Fig. 1d) and lower NaCl concentration (Fig. 1e) correspond to
higher C,,, values. Additionally, increased MNPs concentra-
tions induce greater membrane tension, further enhancing
compactness.

3.1.2 Fraction of vesicle deformation induced by MNPs.
Considering the electrostatic effect,*~***7* the fraction of
deformation (Frq) of GUVs is discussed under various
membrane charge density and NaCl concentration. Frq is
defined as the ratio of number of deformed GUVs to the total
number of examined GUVs. Frq increases with time for different
DOPG% and NaCl induced by 3.33 pg/mL MNPs (Fig. 2a and c).
The higher surface charge density deformed more the GUVs
(Fig. 2b). In contrast, Frq is higher for lower salt concentration
(Fig. 2d).

The formation of vesicles can result in various stationary
forms with different shapes, each associated with its specific
energy.”>”® The perfectly spherical shaped GUV is characterized
by a minimum free energy (Es) compared to other stable forms.
Nevertheless, there is invariably a finite chance for a GUV to
maintain a stable non-spherical, or deformed, configuration,
characterized by an energy (Eq) considerably exceeding that of
the preferred spherical shape (E;). Under normal situation, the
probability of a vesicle adopting a spherical shape is almost one
(100%), while the probability of non-spherical shaped GUV is
nearly zero. The fraction of deformed GUVs can be assessed
accordingly.”*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Influence of membrane surface charge density and NaCl concentration on MNPs-induced fraction of deformation (Frq) of DOPG/DOPC-

GUVs. (a) Time course of Frgq induced by 3.33 ug/mL MNPs at various DOPG%. (b) Dependence of Frqy on MNPs concentration for several DOPGY%.
(c) Time course of Frq induced by 3.33 ng/mL MNPs for different NaCl concentrations. (d) Dependence of Fry on the concentration of MNPs for
various concentration of NaCl. The figures have been adapted from ref. 51 with permission from Elsevier B. V., copyright 2020.
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The increases of E; due the adsorption of MNPs increase the
possibility of getting non-spherical GUVs. The transition rate
from a spherical to a non-spherical shape is maintained by the
height of the barrier energy. As the energy of Es increases, the
height of barrier energy decreases, resulting to increase the rate
of transformation of spherical shaped vesicles to non-spherical
ones.

3.2 Impact of sugar concentration

3.2.1 Membrane permeation induced by MNPs. Sugar's
impact on membrane properties extends beyond cellular
regulation,”*”® with widespread medical and industrial appli-
cations.”””® Its influence spans from altering the spontaneous
curvature of vesicles” to modulating membrane-specific
capacitance,® bending rigidity, and susceptibility to
electroporation.®® The leakage of calcein (calcein has the
Stokes-Einstein radius of 0.74 nm)®*®* from the lumen of
DOPG/DOPC (40/60) and DOPC-GUVs due to 3.33 ug/mL MNPs
under various concentrations of sugar has been discussed
(Fig. 3). At a sugar concentration of 50 mM, prior to interaction
with MNPs (at time ¢ = 0), phase contrast microscopy displayed
two GUVs in Fig. 3a(i) and b(i), while fluorescence microscopy
captured the same GUVs shown in Fig. 3a(ii) and b(ii). The

© 2024 The Author(s). Published by the Royal Society of Chemistry

internal fluorescence intensity (FI) remained relatively constant,
with minimal decay attributed to photo-bleaching, until 39 s
(Fig. 3a(ii)) and 31 s (Fig. 3b(ii)), after which the GUVs became
indistinguishable from the background due to a rapid decrease
in luminal intensity. Following complete calcein leakage, phase
contrast images revealed spherical GUV shapes without
detectable breaks, as depicted in Fig. 3a(iii) and b(iii).

The time dependent FI of these representative GUVs are
presented in Fig. 3(c) and (e), respectively. The decrease in FI of
the GUV-lumen is attributed to the leakage of calcein molecules
from the interior to the exterior of the GUVs. Consequently,
upon interaction with MNPs, two distinct states of GUVs
emerge: an intact state where luminal fluorescence remains
unchanged, and a pore state characterized by the decrease in FI
over time until reaching zero. Fig. 3(d) and (f) display the time
dependent FI for several such GUVs, demonstrating that pore
formation occurs at different times, indicating a stochastic
process. Before starting the calcein leakage, MNPs initially bind
to vesicles, inducing surface pressure on the membrane and
subsequently leading to transmembrane pore. The stochastic
formation of pore in several GUVs arises from the stochastic
initiation of prepore in the membranes.*”* The average time of
poration increases with rising sugar concentrations for both
GUV types (Fig. 3g).

3.2.2 Compactness and fraction of deformation. Fig. 4(a)
presents the average compactness (Csy,,) of DOPG/DOPC (40/60)
and DOPC-GUVs interacted with 3.33 pg/mL MNPs at different

RSC Adv, 2024, 14, 25986-26001 | 25989
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Fig. 3 The impact of sugar concentration on the calcein leakage from the interior of GUVs interacted with 3.33 ug/mL MNPs. a(i and iii) and b(i
and iii) display the phase contrast images of DOPG/DOPC (40/60)-GUVs and DOPC-GUVs, respectively. The fluorescence images of the
corresponding GUVs reveal a gradual reduction in calcein from the interior of the GUVs. The numbers on each image indicates the time (in
second) after inducing the MNPs into the suspension of GUVs. Time dependent fluorescence intensity (Fl) of calcein for (c) DOPG/DOPC (40/
60)-GUVs and (e) DOPC-GUVs as displayed in (a) and (b), respectively. The inset displays the quick shift of Fl over time. Time course of Fl for
several (d) DOPG/DOPC (40/60)-GUVs and (f) DOPC-GUVs under same condition. (g) The average time of poration varies in accordance with the
concentration of sugar. The figures have been adapted from ref. 52 with permission from PLOS, copyright 2022.

sugar concentrations. Cqy, decreased with rising sugar concen-
tration. Fig. 4b presents a comparison between the charged and
neutral GUVs in terms of Frq and the fraction of poration (Frp).
Fr,, is defined as the ratio of number of pored GUVs to the total
number of examined GUVs. Both Frq and Fr, exhibit a decrease
with increasing sugar concentration. Charged GUVs demon-
strate higher Frq compared to neutral GUVs, whereas the
opposite trend is observed for Fry,.

The bending rigidity of lipid membranes is influenced by the
concentration of sugar.®® At relatively low sugar concentra-
tions, sugar molecules interact strongly with the lipid
membranes, positioning themselves between the head groups
of phospholipids.® This interaction reduces the area of the lipid
head groups by increasing the surface pressure. In the aqueous
phase, some of the carbohydrate molecules integrate into the
membrane, acting as an additive.”* The interaction between
sugar and lipid head groups at lower sugar concentrations is

25990 | RSC Adv, 2024, 14, 25986-26001

ascribed to enthalpy-driven forces, fostering an attractive
interaction. Conversely, at higher sugar concentration, the
repulsion between sugar and head group of lipids is attributed
to entropy-driven forces. This interplay of attractive and repul-
sive interactions between sugar and lipid molecules aligns with
findings from previous studies.”*® Under a specific concentra-
tion of MNPs, surface pressure is lesser at higher sugar
concentrations compared to lower ones, owing to the differing
amount of bound sugar molecules at the bilayer interface.
These variations in surface pressure significantly impact the
membrane stability, compactness as well as deformation.

3.3 Cholesterol effect

3.3.1 Encapsulating calcein leakage induced by MNPs.
Lipids and cholesterol are fundamental constituents of cell
membranes.®* Fig. 5 presents an experimental finding due to
the interaction of 3.33 ng/mL MNPs with DOPG/DOPC/Chol (46/

© 2024 The Author(s). Published by the Royal Society of Chemistry
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from ref. 52 with permission from PLOS, copyright 2022.

39/15)-GUVs. Prior to MNPs interaction, Fig. 5a(i) displays the
phase contrast image of the GUV, while Fig. 5a(ii) depicts the
same GUV under fluorescence microscopy, exhibiting high
lumen intensity attributed to calcein presence within the GUV.
As seen in Fig. 5a(ii), the fluorescence intensity (FI) remained
constant for 40 s after adding MNPs. Then the FI decreased
gradually for a while. The intensity dropped off significantly
between 40 s and 65 s, and it quickly dropped to zero at 68 s.
Upon the completion of calcein leakage, the same GUV was
revealed with unchanged size and shape in the phase-contrast
microscopy (Fig. 5a(iii)). The permeation of calcein occurs
through the nanopore.” The vesicle lumen intensity with time
is presented in Fig. 5b.

The stochastic nature of pore formation reveals variations in
poration timing among multiple GUVs (Fig. 5c). The average
poration time increases with higher cholesterol (Fig. 5d). In
addition, the average poration time for DOPG/DOPC/Chol-GUVs
is much greater than that of DOPC/Chol-GUVs. Thus, the
incorporation of cholesterol into membranes suppresses MNPs-
induced poration.

3.3.2 Compactness, fraction of deformation, and poration.
Fig. 6a displays the time dependent increase in Cay, of DOPG/
DOPC/Chol-GUVs induced by 3.33 upg/mL MNPs. The
Ciin decreased with the rise of cholesterol for both charged
DOPG/DOPC/Chol-GUVs and neutral DOPC-GUVs (Fig. 6b).
Both the Frq and Fr, decrease with increasing cholesterol
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Fig. 5 Calcein leakage from the interior of DOPG/DOPC/Chol-GUVs interacted with 3.33 pg/mL MNPs. (a) Phase contrast fluorescent
microscopic images of the DOPG/DOPC/Chol (46/39/15)-GUVs. (i) and (iii) show the phase contrast image, and (ii) shows the fluorescence
images of the gradual change in encapsulating calcein. The numerical values on each image represent the duration (in seconds) of MNPs
introducing into the suspension of GUVs. (b) Time dependent fluorescence intensity (FI) of GUV as shown in (a). The inset displays the quick shift
in Fl over time. (c) Time dependent Fl for five separate GUVs as the same conditions of (b). (d) Cholesterol dependent pore formation time (with
SD). The figures have been adapted from ref. 95 with permission from Royal Society of Chemistry, copyright 2022.
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Fig.6 The CZl,, Frq, and Fr, of DOPG/DOPC/Chol-GUVs induced by 3.33 ng/mL MNPs. (a) Time course of Cgy, for various cholesterol contents.
(b) Cholesterol dependent CZy,, of charged and neutral GUVs at 50 min. (c) Cholesterol dependent Frq and Fr, at 50 min. The figures have been
adapted from ref. 95 with permission from Royal Society of Chemistry, copyright 2022.

(Fig. 6¢). The Frgq for DOPG/DOPC/Chol was higher compared to
DOPC/Chol-GUVs. As the bilayer bending rigidity increases with
cholesterol,* hence presence of cholesterol content decreases
the poration along with deformation.

3.4 Effect of polyethylene glycol (PEG)-grafted phospholipid

3.4.1 Vesicle compactness induced by MNPs. Polyethylene
glycol (PEG)-grafted phospholipids are recognized for their
significant contribution to membrane stability through various
mechanisms, including increasing lateral membrane-tension,
enhancement of membrane hydrophilicity, and modulation of
mechanical properties such as the bending rigidity.**®® To
observe the effects of PEG-grafted 1,2-dioleoyl-sn-glycero-3-
phospho ethanolamine-N-[methoxy(polyethylene glycol)-2000]
(e.g., PEG-DOPE) on the deformation, the interaction of 2.00
pg/mL MNPs with the PEG-DOPE/DOPC-GUVs has been dis-
cussed. Fig. 7a shows the time dependent C3y, in which Cay, is
higher for PEG-DOPE/DOPC (5/95)-GUVs and lower for PEG-
DOPE/DOPC (0/100)-GUVs. Fig. 7b shows the linear increase
in C3y, on the PEG-DOPE% at different time of interaction. The
large PEG polymer connected to the DOPE headgroup increases
the deformation induced by MNPs. This is due to the develop-
ment of large entropy in the membrane-water interface,
attributed to the extended chain of PEG polymer in the head-
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groups of PEG-DOPE, which continually disrupts the stability
of the lipid membrane.*

3.4.2 Leakage of encapsulating calcein. The study exam-
ined the interaction between 2.00 pg/mL MNPs and PEG-DOPE/
DOPC-GUVs as depicted in Fig. 8. The reduction in fluorescent
intensity (FI) of the GUV-lumen signifies the leakage of encap-
sulated calcein, as shown in Fig. 8a. Fig. 8b displays the time
dependent FI, revealing the initiation time of pore formation in
the membrane observed in Fig. 8a. Furthermore, Fig. 8c pres-
ents the FI of multiple GUVs, highlighting the stochastic pore
formation. Fig. 8d indicates that with the increase of PEG-
DOPE%, the average time of pore formation (¢,.) decreased
(i.e., poration required shorter time). Finally, Frq and Frj, have
been compared for various PEG-DOPE in Fig. 8e. The presence
of higher PEG-DOPE in the membrane accelerates MNPs-
induced deformation of GUVs. The Fr,, also increases with the
increase of PEG-DOPE, however, the rate of increment of Fr;, is
higher than that of Fry. In the scenario involving PEG-DOPE/
DOPC-GUVs, two distinct interaction effects come into play:
electrostatic attraction between MNPs and N* (whereas repul-
sion occurs between MNPs and P™), and the intra-membrane
electrostatic effect attributable to PEG-DOPE, with DOPE
serving as a negatively charged lipid. The adsorption of MNPs
onto the outer layer triggers the stretching in the membrane,
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Fig.7 Compactness of PEG-DOPE/DOPC-GUVs interacted with 2.00 pg/mL MNPs. (a) Time course of C3y,, under various PEG-DOPE%. (b) PEG-
DOPE% dependent C2y, at several times. The figures have been adapted from ref. 53 with permission from PLOS, copyright 2023.
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Fig. 8 Effects of PEG-DOPE on the calcein leakage from the interior of GUVs interacted with 2.00 ng/mL MNPs. (a) PEG-DOPE/DOPC (2/98)-
GUV in the phase contrast and fluorescence images before and after the interaction of MNPs. The time in second indicates the time of interaction
of MNPs with GUVs. (b) Time dependent fluorescence intensity (Fl) as displayed in (a). (c) Time dependent Fl for several GUVs under the same
conditions of (b). (d) PEG-DOPE?% dependent average poration time in GUVs. (e) PEG-DOPE% dependent Fry and Fry, at 60 min of interaction of
MNPs. The figures have been adapted from ref. 53 with permission from PLOS, copyright 2023.

ultimately leading to pore formation. This mechanism is
similar to the pore formation induced by antimicrobial
peptides.®®

3.5 Effect of membrane potential

3.5.1 Membrane permeation and leakage constant. Living
organisms typically uphold a negative membrane potential (¢,,)
spanning from —20 to —120 mV,*” a phenomenon attributed to
ion diffusion through ion channels connecting the interior and
exterior aqueous medium of cells.'® This membrane potential
is crucial for various cellular functions, including membrane
permeability, cell proliferation and division, protein localiza-
tion, and binding.'**** Furthermore, it significantly impacts
the efficacy of ion transport, secretion, metabolism, and
homeostasis.’*® The value of ¢,, was determined using the
Nernst equation,'*”'®

_RTK)

® —1In out — 25.71n LSy [mV]
" F K], - K]

(3)

in
In this equation, R represents the molar gas constant, T denotes
the absolute temperature, and F represents the Faraday

© 2024 The Author(s). Published by the Royal Society of Chemistry

constant. The [K']oy: and [K']i, indicate the respective concen-
trations of K" outside and inside the GUVs.

To discuss the effects of ¢.,, at first, 2.00 pg/mL MNPs
interacted with DOPG/DOPC/GrA (40/60/0.01)-GUVs under
¢m = 0. Utilizing GrA (i.e., Gramicidin A) primarily aims to
establish ion channels in the lipid bilayer, as studies
earlier.'®*" These ion channels are effective in generating
a membrane potential across the bilayer, thereby contributing
to crucial cellular processes.'®****> Fig. 9a(i) shows the phase
contrast image of the GUV before addition of MNPs. After
adding the MNPs, the fluorescence of the GUV-lumen remained
same for a while as shown in Fig. 9a(ii). The lumen intensity
started decreasing gradually and at a certain stage, the GUV-
lumen was indistinguishable from the background. The phase
contrast image at 240 s of the same GUV shown in Fig. 9a(iii).
Fig. 9b shows the time dependent leakage of fluorescence
intensity (FI) as presented in Fig. 9a. The FI of GUV-lumen is
shown to remain nearly constant until 68 s, and ~90% calcein
leaked out in 180 s. Fig. 9c shows the time dependent leakage of
several GUVs, in which the leakage happens at different times.
Subsequently, the impact of 2.00 ng per mL MNPs on DOPG/

RSC Adv, 2024, 14, 25986-26001 | 25993
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Fig.9 DOPG/DOPC/GrA (40/60/0.01)-GUVs under ¢, = 0 and ¢, = —90 mV interacted with 2.00 pg/mL MNPs. (a) Calcein leakage from the
inside of GUV under ¢,, = 0. Phase contrast images before and after the interaction of MNPs are shown in (i) and (iii), respectively. (ii) Fluo-
rescence images of the GUV after the introduction of MNPs. (b) Time dependent fluorescence intensity (Fl) as shown in (a). (c) Time dependent Fl
for several GUVs under the identical condition of (b). (d) Time dependent logarithm of FI under ¢,, = 0, where the fitting curve of egn (4) is
represented by a solid red line. (e) Calcein leakage from the inside of GUV under ¢, = —90 mV. Phase contrast images captured both before and
after the introduction of MNPs are shown in (i) and (iii), respectively. (ii) The fluorescence images of the same GUV following the interaction of
MNPs. (f) Time dependent Fl for several GUVs under the identical condition of (e). (g) Time dependent Fl for several GUVs under the same
condition of (f). The time of interaction, depicted in seconds, is annotated on each fluorescence image in panels (a) and (e). (h) Time dependent
logarithm of Fl at ¢, = — 90 MV, where the solid line (red) shows the fitting curve of egn (4). (i) Membrane potential dependent kleax/kfeak. The
figures have been adapted from ref. 54 with permission from Royal Society of Chemistry, copyright 2023.

DOPC/GrA (40/60/0.01)-GUVs is examined under ¢,, = - 90 mV, the time course of logarithmic FI was fitted at initial state and
contrasting with observations made at ¢, = 0 mV. Fig. 9e final state separately using an equation as follows:

presents microscopic images of a single GUV at ¢,,, = - 90 mV, ) )

showing the phase contrast image prior to MNPs addition In[FI"(0)/F1"(29)] = —kiear(t — 10) (4)
(Fig. 9¢(i)), fluorescence images captured at various interaction
timepoints (Fig. 9¢(ii)), and the phase contrast image at 240 s
post-interaction (Fig. 9e(iii)). Additionally, Fig. 9f presents the
time dependent FI observed in Fig. 9e.

This indicates, until 35 s, the FI remains constant, and then
gradually dropped to zero at 240 s. The same leakage pattern is
observed for several GUVs under the same condition (Fig. 9g). At
¢m = - 90 mV, 60% GUVs experienced pores, but at ¢, = 0, it
was 30%. At ¢, = 0 mV, the leakage exhibits a decay pattern
consistent with a single exponential function (Fig. 9d), con-
trasting with the absence of such decay pattern observed at ¢,
= -90 mV (Fig. 9h). To obtain the leakage rate constant (kieai),

where FI'™(t,) is the initial lumen intensity (i.e., lumen inten-
sity at ¢ = ¢,), FI(¢) is the lumen intensity at any other time ¢,
and t, is the onset time of decrease in FI (i.e., the onset time of
leakage of GUV's internal contents). In some cases, two rate
constants of leakage, termed as Klear and kf..; are considered as
the rate of initial stage leakage and final stage leakage,
respectively.

At ¢, = 0 mV, the leakage constant (kiq) for several GUVs
was obtained (9.20 & 0.09) x 107> s~ ", For ¢, = —90 mV, both
the initial and final stages were fitted using eqn (4), and ob-
tained two rate constants, namely initial leakage constant
k}eak and final leakage constant klfeak. The corresponding values
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Fig. 10 Membrane potential dependent (a) Fr, and (b) Frq of DOPG/DOPC/GrA (40/60/0.01)-GUVs due to the interaction of 2.00 ung/mL MNPs.
The figures have been adapted from ref. 54 with permission from Royal Society of Chemistry, copyright 2023.

of klear and kb, for several experimented GUVs were obtained
(23.02 4 0.09) x 10 > s~ and (1.96 + 0.02) x 10 > s~ *. The kjcai/
Keax rises with the negative membrane potential (Fig. 9i).
Consequently, the rate of leakage at the beginning stage
increased more quickly and the rate of leakage at the end stage
decreased more slowly as the ¢, increased. The similar calcein
leakage is also observed for the antimicrobial peptide.'*®

3.5.2 Fraction of poration and deformation. The fraction of
poration (Fr,) and fraction of deformation (Frq) of DOPG/DOPC/
GrA (40/60/0.01)-GUVs induced by 2.00 pg/mL MNPs for
different ¢, have been investigated. Fig. 10a shows the Fr,
increases with the increase in ¢,. On the other hand, the ¢,
dependent Frq indicates that the GUVs only exhibited defor-
mation when there was no membrane potential (Fig. 10b).

The absence of GrA in DOPG/DOPC (40/60)-GUVs results in
a rapid leakage phenomenon (shown in Fig. 3), where the
logarithm FI follows a linear trend. The rapid leakage is
attributed to the creation of submicron pores in the
membrane.*”"** Adding GrA significantly alters the membrane's
surface tension.™® Furthermore, GrA impacts the spontaneous
curvature of the monolayer,"" leading to changes in the
mechanical characteristics of the bilayer. This alteration results
in a slower leakage of calcein from the DOPG/DOPC/GrA (40/60/
0.01)-GUVs due to the adsorption of MNPs (Fig. 9¢). Under
higher ¢, a considerable number of MNPs become adsorbed to
the outer layer of the bilayer, consequently increasing tension in
the external layer. In the early stages of leakage, a larger single
pore forms as a result of increased surface pressure caused by
the enhanced tension. At the first stage of poration, a rapid
leakage is seen because the larger pore causes a greater rate of
calcein leakage. After initiation of leakage, the pore size
becomes smaller, resulting a slow leakage at final stage.>* When
a membrane potential is present, it induces elevated external
tension on the vesicle membrane, exceeding the energy
threshold required for deformation. Consequently, under
higher membrane potential conditions, vesicles are more prone
to undergo poration rather than deformation.

© 2024 The Author(s). Published by the Royal Society of Chemistry

4. Interaction of anionic polystyrene
NPs with liposomes

In this section, we discuss the interaction of anionic NPs with
liposomes (size 10 nm to 1 pm) instead of GUVs (size 1-100 um).
The carboxyl-modified (=0.91 e~ nm™?) anionic white poly-
styrene nanoparticles (PNPs) latex of size 20 nm were mixed by
vortex into the DLPC liposome containing embedded Laurdan,
which is an uncharged fluorescent dye whose emission indi-
cates the phase state of phospholipid membranes (Fig. 11).*®
The local phase state of lipid bilayer can be altered by the
binding of anionic PNPs, which preferentially interact with the
N-terminus of the PC head group. This interaction increases the
tilt angle from 0° to 3°, characteristic of the fluid phase (Fig. 11a
and b). The deformation of vesicles can be well explained by the
analysis of changing the dipole angle. In Fig. 11c, the progres-
sive rise of blue emission and loss of red emission as PNPs
concentration increased—suggestive of fluid-gel phase coexis-
tence such that the proportion of fluid to gel phase varies.
Fig. 11d shows the intensity fraction of these two peaks plotted
against the normalized concentration of PNPs, revealing that
the changes are linear over a considerable range of PNP
concentrations. The findings are independent of the lipid
choice. The interaction between anionic PNPs and liposomes
was confirmed by the shrinking of liposomes, as the area per
lipid head group is smaller in the gel phase compared to the
fluid phase.'”®

5. PEI-MNPs and PAA-MNPs uptake
by SH-SY5Y

We discuss the cell viability of SH-SY5Y cell line when incubated
with PEI-MNPs and PAA-MNPs at 15 and 72 h incubation time
in Fig. 12.% The analysis, conducted using Trypan blue assays
and flow cytometry, revealed that cell viability levels for both
PEI-MNPs and PAA-MNPs were comparable to the control
sample, even at a concentration of 50 pg/mL of MNPs. Notably,

RSC Adv, 2024, 14, 25986-26001 | 25995
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Fig.11 Binding of anionic PNPs to the lipid bilayer. Schematic diagram of the binding-induced reorientation of the PC head group causes lipids in
the fluid phase to have lower density (a) than in the gel phase (b). The fluorescence spectrum of Laurdan shows (c) normalized emission plotted
against wavelength after anionic PNPs bind to 200 nm DLPC liposomes and (d) the intensity fraction of blue and red emission at 416 (blue) and
473 nm (red) is plotted against Cyps/C,. Lines with slope of unity are drawn for comparison. The figures have been adapted from ref. 115 with
permission from The National Academy of Sciences of the USA, copyright 2008.
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the amount of MNPs associated with the cells was significantly
higher for PEI-MNPs than for PAA-MNPs. Consequently, the
data in Fig. 12 pertains to MNPs that are either incorporated
into or strongly attached to the cell membrane. A linear rela-
tionship was observed between the total amounts of added and
incorporated MNPs for both types. At 15 h, the uptake rate as
a function of MNP concentration was fitted with straight lines,
yielding slopes of 0.54 for PEI-MNPs and 0.27 for PAA-MNPs,
respectively. The cells were able to incorporate only a 54%
(PEI-MNPs) and 27% (PAA-MNPs) of the particles available. At
72 h, the increase was also linear, but the slopes 1.03 for PEI-
MNPs indicated that after replication the new cells were able
to incorporate the 100% of the MNPs added. In contrast, for the
PAA-MNPs, the slope was 0.58, meaning that only 58% of the
MNPs could be incorporated. Hence different proteins adsor-
bed could in turn determine different cell internalization
pathways. The MNPs can be completely engulfed by the cell
membrane and subsequently detach from the inner surface in
a process known as fission, leaving behind a typically transient
membrane pore.”*"” If the adhesion energy is not sufficiently

© 2024 The Author(s). Published by the Royal Society of Chemistry
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strong, the NPs undergo Brownian collisions with the
membrane without adhering. Alternatively, the NPs can sit at
the membrane interface, partially wrapped by the lipid bilayer.

6. Mechanism of deformation and
poration of vesicles induced by MNPs

To consider the mechanism of MNPs-induced deformation
(shape change) and poration (membrane permeation),
a hypothesis has been proposed on the adsorption of MNPs into
the external layer of lipid membrane as illustrated in Fig. 13.
The adsorption mechanism of anionic MNPs is quite similar as
discussed in Section 4. In DOPC head groups, electric dipole
(e.g., PN dipole) occurs between the choline group (N*) and
the phosphate group (P™) (Fig. 13a). At the beginning, the
bilayer-surface and the vector of dipole moment is aligned at an
acute angle. Because of the electrostatic attraction that
considerably alters the dipole's alignment, the adsorbed MNPs
are attracted to the N* terminus (Fig. 13b). In accordance with
the bilayer coupling model, the vesicle's spherical shape is
governed primarily by the elastic energy (W), which arising
from the bilayer bending energy (W},).****® It doesn't consider
the monolayer stretching energy (W,). In the ADE (area differ-
ence elasticity) model,"'*'*° W, = W}, + W, where W, « (AA —
AA,).2 Here AA, denotes the area difference in the absence of
MNPs and AA denotes the area difference in the presence of
MNPs between the exterior and interior layer of the bilayer.
MNPs adhering to the exterior layer induce membrane
stretching, causing an area mismatch between the layers and
resulting in GUV deformation. The adsorption of MNPs on the
exterior layer induces a stretching, e.g., lateral tension (¢) in
both the layers. Such tension leads to the creation of membrane
pores or vesicle rupture.”” "> However, the direction of ¢ is
opposite for the interior and exterior layers, as indicated by
arrowheads in Fig. 13c. Consequently, thermal fluctuations of
lipid molecules in the MNPs-binding region increase, leading to
prominent local condensation and rarefaction of lipid mole-
cules. This heightened local rarefaction enhances the proba-
bility of forming nanopores. The initial stage of nanopore
formation can be evaluated by monitoring the decrease in
fluorescence intensity from the inside of GUVs.*®'*” Neverthe-
less, the nanopore are unable to undergo further growth into
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micrometer-scale pore due to the dominance of line tension, I',
(e.g., pore edge tension) at the pore rim, which effectively
counters the lateral membrane-tension (¢) and facilitates the
closure of the pore (Fig. 13d).**** The prepore free energy is
expressed as follows:'>4131-134

E(r, 0) = 2murl — o, (5)

where, r denotes the pore radius. The transmembrane pore
formed when overcomes a threshold value (e.g., energy barrier,
Ey, = wI*/0). In this case toroidal pore (shown in Fig. 13d) is
considered.*>*** Thus, the deformation is explained using the
ADE model, in which the MNPs are trapped at the outer layer of
the membranes before poration. In the case of poration, the
MNPs might diffuse to the inside of the GUVs through pores.

7. Significance of this study

The interaction of anionic NPs with giant vesicles, liposomes,
and cells can significantly contribute to multiple scientific
disciplines, including chemistry, physics, materials science,
biology, and chemical engineering. Understanding the inter-
action mechanisms between anionic MNPs and GUVs aids in
the synthesis of more effective MNPs with specific surface
chemistries tailored for biomedical applications.*” This can
shed light on the chemical stability and reactivity of MNPs in
biological environments, influencing the development of MNPs
that maintain functionality under physiological conditions.”
This also help in exploring how MNPs interact with GUVs can
inform on their magnetic behavior in biological systems,
essential for applications in magnetic hyperthermia and
imaging.*® This review can delve into the physics of electrostatic
interactions between anionic MNPs and lipid bilayers,
enhancing the understanding of fundamental principles gov-
erning NPs-membrane interactions. In materials science, the
insights into the interaction between MNPs and GUVs can guide
the design of nanomaterials with specific properties for targeted
drug delivery and other biomedical applications.*” In addition,
understanding how MNPs interact with lipid membranes helps
in developing colloidally stable formulations that are crucial for
in vivo applications.* In biology, the MNPs-GUVs interaction
can elucidate how NPs affect cellular membranes, which is
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Fig.13 Anillustration on the adsorption of anionic MNPs in the membrane. (a) A DOPC molecule where lipid head acts as a dipole. (b) Adsorption
of a MNPs into the DOPC lipid head. (c) Adsorption of MNPs into the lipid membrane. (d) Formation of a toroidal pore in the membrane.
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critical for understanding MNPs uptake and intracellular traf-
ficking.**® It highlights how functionalized MNPs can be used
for targeted drug delivery and diagnostic applications,
enhancing the therapeutic potential of these nanomaterials. In
chemical engineering, understanding the interaction mecha-
nisms helps in optimizing the production processes for MNPs,
ensuring reproducibility and scalability for industrial applica-
tions.” This can provide a comprehensive overview of the
safety and efficacy of MNPs in biomedical applications, guiding
the development of safe and effective NPs-based therapies.*
Thus, this review on the interaction of anionic MNPs with GUVs
contributes to the development of multiple scientific disciplines
by providing a comprehensive understanding of the funda-
mental principles and practical applications of these interac-
tions. This interdisciplinary knowledge fosters innovation in
nanotechnology, enhances the development of targeted thera-
pies, and informs the design of safer and more effective
nanomaterials.

8. Concluding remarks

This review explores the influences of several elements on
vesicle deformation and poration induced by anionic MNPs.
The factors such as the membrane surface charge, salt and
sugar concentrations in the buffer, as well as the membrane
potential, can all play roles in influencing the deformation and
poration of cell sized vesicles. The inclusion of membrane
cholesterol and polyethylene glycol influence MNPs-induced
vesicle deformation and lipid membrane poration signifi-
cantly. Gramicidin A impacts the adsorption mechanism of
MNPs. Taking into account the membrane potential,
researchers along with clinicians have the opportunity to refine
the design and optimization of MNPs, aiming to mitigate their
detrimental impacts on cellular membranes and overall cellular
functionality.™® The exploration of various leakage regimes
holds significant importance in evaluating the impact of MNPs
on cells. Overall, this review contributes in revealing the
fundamental mechanism underlying the interaction of anionic
NPs with cells/vesicles, and offers crucial insights for the secure
and efficient advancement of nanotechnology-based biomed-
ical applications.
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