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Abstract

Rapid methods for assessing engineered nanoparticle (NP) and their interactions with lipid

membranes is important to several fields including pharmaceutical, clinical and toxicological studies.
This study presents Resonance Enhanced Surface Impedance spectroscopy (RESI) as a method for
real time assessment of NP interactions. RESI, used in a flow-injection analysis mode, provides a
rapid and versatile method for revealing lipid disruption and reorganisation. Ferrocenated gold NPs
(FCHT-AUNP) of three different sizes, were used to study their interactions with supported lipid

layers. Electrochemistry and Atomic Force Microscopy (AFM) was used to complement RESI results,
showing, that with increased incubation, AuNPs tend to agglomerate on the substrate. The effect of
the change in hydrophilicity of the FCHT-AuNP upon oxidation, was immediately evident, using
RESI, giving direct evidence that in its ferrocenium form the NPs tend to resist lipid adsorption.

Keywords
Phospholipids, gold nanoparticles, Resonance Enhanced Impedance spectroscopy, electrochemistry,
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1. Introduction
Modified gold nanoparticles (AuNPs) interactions with lipid bilayers are of fundamental importance
in biomedical and biophysical studies. Factors such as the inherent large surface to volume ratio of
NPs can be enhanced and harnessed by surface functionalisation, making NPs particularly tuneable to
a wide range of functions, including biomedical and pharmaceutical applications [1,2,3,4,5].
However, the properties of AuNps that are engineered for interactions with cells need to be carefully

monitored to avoid cytotoxic effects [6,7,8,9]

AUNPs interactions with cell membranes are dictated by the physicochemical properties of the NPs.
Size and shape have been reported to have a significant influence on cellular uptake [9,10,11]. Roiter
et al,[12] investigated the effect of silica NP sizes on lipid bilayers. Their studies revealed two distinct

mechanism; one where the lipid bilayer envelopes polar NPs (> 22 nm) and the second, where polar



NPs formed pores in the lipid bilayer (< 22 nm). This effect was due to the curvature of the lipid
membrane upon contact with the NPs, expressed as wrapping of the membrane around the NPs (fully
or partially). Bailey and co —worker’ investigations of citrate stabilised AuNPs of various sizes; 2, 5,
10 and 40 nm, and their interactions with lipid membrane revealed small losses of lipid mass (up to 6
ng) resulting in the removal of lipid molecules from the lipid bilayer [13]. The shape of the NPs also
plays a crucial role in the cellular uptake of NPs, affecting the amount of time the NPs reside inside
the cell and the length of time taken to get to the target cells [13,14]. Using similar particle sizes but
different shapes, it was reported that spherical NPs penetrate cells more readily compared to rod-

shaped NPs [9,15,16]

The surface charge and the balance of hydrophobic and hydrophilic groups of modified NPs are
additional parameters influencing the translocation properties of AuNPs [6,17,18]. In general,
cationic NPs can cause permanent destabilisation of the cell membrane via formation of pores in the
membrane structure or membrane thinning whereas anionic and neutral NPs can penetrate the lipid
membrane without causing major membrane disruption. [18,19]. Cationic NPs interact with
negatively charged cell membranes via electrostatic attraction [20]. Coarse-grained molecular
dynamics simulations have shown that cationic AuNPs interact with the phosphonate head group of
the membrane made up of zwitterionic lipids altering of the tilt angle of the lipid molecules. Such
interactions have been reported to perturb membrane architecture, without necessarily affecting the
membrane fluidity [21,22,23] Another way that cationic NPs interact with lipid membrane is by the
NPs becoming wrapped around by the lipid membrane, forming NPs-lipid vesicles. This interaction is
driven by enhanced electrostatic attraction with the hydrophobic portion of the lipid bilayer resulting

in membrane thinning, membrane rupture, and defect formation [24,25].

Interactions of NPs with cell membranes, resulting in internalization, can be either specific
internalization, that requires the cell to actively interact with NPs into the cytoplasm, and non-specific
internalization, in which random processes occur, where the cell has no active control. NPs modified
with neutral ligands such as PEG (polyethylene glycol) [26,27], polysaccharides [28, 29], polymeric

NPs [30], peptides and proteins [31] have been reported to facilitate the penetration of NPs as drug



carriers into the cell without signs of nonspecific NP-membrane interactions. Anionic NPs are shown
to have non-specific cellular uptake pathways as reported by Ayala et al. [32], using carboxymethyl
dextran-coated iron oxide NPs. Cationic NPs were reported to become engulfed within the lipid
bilayer whereas anionic particles, are adsorbed at the surface of the membrane. Subsequently,
absorbed, anionic NPs can form clusters at cationic sites on the plasma membrane [27,18,33].
Anionic NPs-membrane interactions, can, additionally, cause membrane gelation leading to the
formation of lipid liposome [34]. The various types of NP-Lipid membrane interactions possible are

illustrated in ESI FigureS1.

Several experimental methods have been developed to probe AuUNP interactions with surface
supported cell membranes. Surface sensitive techniques such as Quartz Crystal microbalance with
dissipation monitoring (QCM-D) [34,35,36,39], is a popular label-free and contact-free method for
studying the interaction of NPs with model surfaces and supported lipid bilayers (SLBs). Vibrational
sum frequency generation (SFG), [37,38] a second-order nonlinear optical spectroscopic method has
been used to study NP/membrane interfaces showing that AuNPs surface area and surface
functionalization affect the lipid bilayer flip-flop. Other methods include surface plasmon resonance
(SPR) [39], total internal reflection fluorescence microscopy (TIRFM) [39], Atomic Force

Microscopy, [40,41,42] and impedance spectroscopy [43]

The importance of a rapid method for investigations of NP and cell membrane interactions is crucial.
In this work, Resonance Enhanced Surface Impedance (RESI) is presented as an alternative technique
for a rapid assessment, in real time, for probing the effects of AuUNPs with supported lipid membranes.
Fundamental studies on size, incubation time and charge effects were performed using redox active
ferrocene hexane thiol modified AuNPs (FCHTAuUNP). AFM was used to study the effects of

incubation time using non redox active, 1-dodecane thiol modified NPs (DDT-AuUNP) .

The RESI methodology has been discussed in detail in previous publications. [44,45]. Briefly,
Resonance enhanced surface impedance (RESI) is an electrochemical method using an instrument
acquired from Layerlab AB z-LAB, Sweden, (ESI, Section 1, Figure S3) to effectively calculate real-
time changes in capacitance and electrical resistance at surface interfaces. The instrument can perform
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measurements at a user-defined temperature within the range of 20 and 40 ° C (x 0.1 °C). RESI
provides an efficient method for resolving small capacitance changes of less than 0.2 pF with a time
resolution of 0.25 Hz. A surface process will prompt a change in interfacial capacitance and
resistance, leading to a resonance peak shift. Surface adsorption processes decrease capacitance,
whilst desorption processes cause a capacitance increase. Surface capacitance additionally responds to
changes in dielectric properties, charge distribution, molecular organization and conformational

changes.[44].
2.Experimental section
2.1 Chemicals Reagents and Solvents

1-dodecanethiol (DDT), 6-(Ferrocenyl) hexanethiol (FcHT), potassium phosphate monobasic
(KH,PQ,), potassium phosphate dibasic (K,HPO,), potassium nitrate (KNO;), sodium perchlorate
(NaClO, ), ethanol (EtOH) and toluene were purchased from Sigma-Aldrich. 1,2-dipalmitoyl-sn-
glycero-3-phosphothioethanol (DPPTE), 2-oleoyl-1-palmityol-sn-glycero-3 phosphocholine (POPC)
were purchase from INstruchemie, the Netherlands. Structures of molecules used for NP and substarte

modification are shown in ESI Figure S3.

All solvents used were without purification and all solutions were made with purified (resistivity >

18.2 MQ c¢m) water from a Sartorius Atrium Comfort I water purifying system.

2.2 Methods and Techniques

2.2.1 Synthesis and Functionalisation of AUNPs. 1-dodecanethiol (DDT, Sigma-Aldrich) stabilised
AUNPs were synthesised using the Brust—Schiffrin method [46]. To obtain 6-(Ferrocenyl) hexanethiol
modified NPs, a DDT-AuNPs colloid was mixed with an equal volume of 6-(Ferrocenyl)
hexanethiol (FCHT, 10 mM, Sigma-Aldrich) in toluene, shaken on a vortex stirrer for 48 hours. The
FHT-metal NPs were purified by sonication, followed by extraction of solvent and re-dispersion in

ethanol

solvent for storage.



AUNPs were characterised using transmission electron microscopy (TEM; JEOL 2100F FEG TEM);
TEM samples were prepared by air drying TEM grids made of copper mesh, pipetted with droplets of
the colloid solutions. ImageJ software was used for particle size determination, measured with a
minimum of 150 particles, ESI (Figure S4). Particle size distribution from TEM analyses
demonstrated spherical shape for all samples with average core diameter sizes (5.5 = 2.9 nm), these
will be referred to as 5 nm FCHT-AuNPs; 11 + 0.69 nm , these will be referred to as 10 nm FcHT-
AuNPs; and 22 £ 2.9 nm, these will be referredtoas 20 nm FCHT-AuNPs. DDT-AuNPs used for the

AFM studies were 2.8 £ 1.0 nm

2.2.2 Preparation of organic lipid solutions. 1,2-dipalmitoyl-sn-glycero-3-phosphothioethanol
(DPPTE, INstruchemie, the Netherlands), received in powder form, was dissolved in chloroform
(Sigma-Aldrich), to form a 1mM solution which was then dried in a clean glass vial under N, stream,
re-dissolved in 99.5% ethanol (1ml, Sigma-Aldrich) and stored in the fridge until use. 2-oleoyl-1-
palmityol-sn-glycero-3-phosphocholine  (POPC, Sigma-Aldrich), received as a lipid solution in
chloroform, was dried in a clean glass vial under N, stream then the vial was left in a desiccator
overnight to remove any remaining solvent. The dry lipid was rehydrated using phosphate buffer
solution (PBS, 0.1 M, Sigma-Aldrich) making lipid concentration of 1 mg/ml. For POPC lipid
vesicles to form, the solution was sonicated for 45 min. All lipid solutions were stored in the fridge

until use.

2.2.3 Substrate modification. Substrates used for electrochemistry,z-lab and AFM measurements
were cleaned in a 1:1:5 solution of hydrogen peroxide (25%), ammonia (30%) and Milli-Q water at
85 C for 10 min, rinsed with Milli-Q water, and then immersed in DPPTE in ethanol (99.5%) for 48
hours at 4 °C. Any loose thiols on the electrode surface were removed by rinsing with ethanol and
water, creating the tether monolayer. The SAM modified electrodes were immersed in a solution of
POPC lipid vesicles and the tBLM (tethered bilayer lipid membrane) layer was left to form overnight
by vesicles fusion process for the AFM and electrochemistry measurements. t-BLM formation on the
z-lab chips was monitored in real time as described in Section 3.1.
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2.2.4 Atomic Force Microscopy. Atomic Force Microscopy was used to determine the
morphological changes to the lipid membranes. The equipment used for all AFM measurements was
Nanoscope V MultiMode 8 and NCR-50, AFM tapping mode was used throughout the experiments.

The height images were analysed NanoScope Analysis 1.5.

Glass microscope slides were used as substrates in AFM experiments. These were chemically cleaned
by immersion in different solutions then sonicated for 15 min at each step; acetone, propanol, a
mixture of decon90 and deionised water (1:3 ratio) and deionised water. The substrates were then
blow dried with pure N2. Gold substrates were prepared by evaporating 100 nm of gold thin film on a

glass slide with 10 nm chromium layer for adhesion using an electron-beam (e-beam) evaporator.

2.2.5 Electrochemistry. Electrochemical measurements (Cyclic Voltammetry, Differential Pulse
Voltammetry and Impedance measurements) were performed on Autolab PGSTAT 12 potentiostat
(Metrohm Autolab B. V.) using NOVA 2.0 software for both measurements and data analysis. The
measurements were performed in an electrochemical cell containing the electrolyte solution using
three-electrode configuration; platinum wire as the pseudo reference electrode, a platinum flag as the
counter electrode and the gold working electrode ( WE ) .The WE were purchased from BASi (West
Layfette, US) with a WE area 0.02 cm’. The WEs were polished with diamond polish slurries in a
figure-eight pattern, and then sonicated with ethanol and water for 10 min, soaked in piranha solution
(mixture of H,SO, and H,0, at 3:1 volume ratio) for 5 min followed by another sonication in water
for 10 min then drying with N2 gas. Further cleaning was carried out in an electrochemical cell with
cyclic voltammetry (CV) in 1.0 M H,SO, between0and 1.4 V (vs. Ag/AgCl reference electrode) at a

scan rate of 0.1 V/s until a stable voltammogram was obtained.

The procedure followed for electrochemical measurements for both BLM and SAM modified

electrodes was

1. The modified electodes were incubated in FCHT-AUNP solutions.
2. The electrodes were then taken out of the solution and rinsed with MilliQ water

3. Electrochemical measurements were performed in background electrolyte using cyclic



voltammetry (CV) and differential pulse voltammetry (DPV)

Both CV and DPYV techniques were used to follow the behaviour of redox active FCHPT-NPs on SAM

and BLM modified electrodes. For the FCHT-AuUNPs, an estimate of the amount of charge required
for oxidation of the FCHT-AuUNPs was calculated using Q = f and, where Q is the amount of charge

required for oxidation, A is the integrated area under the oxidation peak, v is the scan rate (50 mV/s)
(Table 1). However the CVs were obtained varied is shape and we did not use them for estimating

surface coverage.

DPV is a more sensitive technique which can be adapted to an approximate estimation of surface

concentrations of adsorbed redox active molecules when the concentrations of adsorbate are low.[47].

DPV measurements at stationary electrodes are affected by preceeding voltage steps. DPV of surface
confined molecules can be complicated by a parallel combination of double layer capacitance and
potential dependent faradaic pseudocapacitance in series with uncompenstated cell resistance. Non
ideal behaviour can arise if the faradaic pseudocapcitance undergoes changes during the lifetime of
the pulse. However, if the surface concentration of adsorbate is low enough any nonideality
(represented by ‘r’ in equation 2) can be neglected, at a low scan rate. In order to obtain approximate
surface coverage, we used the equation when faradiaic pseudocapacitance is much larger than double

layer capacitancnc [47]

2RTi
Tr = — 2w ()

Where AE=pulse amplitude, t=the time after the pulse application when the current is measured,
e=2.718, r~0, where r is the non-ideality term, I'r the total surface coverage of reactant,i, the peak

current, F the Faraday constant, R the gas constant and T the temperature.

2.2.6 Surface capacitance measurements were carried out using z-LAB-210-S2 (Layerlab, Sweden).
Gold sensor chips provided by Layerlab AB were cleaned by UV-ozone explosion for 10 min
followed by Milli-Q water rinse; all measurements were carried out using z-Measure software from
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the same company [44,45]. (ESI Section 1). The gold electrodes, had a total area of 0.002 cm’ per

electrode and spaced by a 30 um gap,

The RESI capacitance can be calculated from the maximum resonance frequency, at f,, when the
current is minimum, and the total impedance is at the maximum. Below f,, the circuit is inductive and
above fo, the circuit is capacitive and dominated by the electrode impedance. For most ordinary
electrolytes, the solution resistance (R;) matches the inductor resistance R, (Rs~R,) [1]. From the
circuitry (ESI, Figure S3), the electrode pair becomes the resonator and its resonance frequency is
related, relatively accurately, to the RESI capacitance (C), according to Eq.1, valid for an ideal RCL-

resonator.

1

fo=5 7= e (2)
Where f, = resonance frequency, L = inductance and Cr = RESI capacitance.

RESI, data acquisition can be performed in realtime, which enables time-resolved measurements with
enhanced sensitivity and improved signal resolution. When a nanoparticle passes through the cell, it
can form reversible agglomeration or pass through the flow cell. The effective capacitance and
resistance in the region between the electrodes will change, accordingly, resulting in a shift in the

actual resonance frequency.

An interpretation of the RESI capacitance (Cg) is complex in a flow cell and needs further
exploration. In a qualitative explanation, the RESI capacitance (Cg) can be viewed as influenced by
the interface at an electrode-electrolyte interface comprised of the compact layer (C.) with the inner
and outer Helmholtz planes and the diffusion layer (D). The capacitance increases with decreasing
separation between the electrode surface and plane of closest approach of ionic charges. When an
adsorbed layer comprised of NPs is deposited on the electrode surface, the electrolyte will be partially
shielded from the electrode, if the adsorbed layer is insulating or result in a rougher and larger surface
area, if it’s conducting. This canbe described as a serial connection between a Helmholtz-type

capacitor (C¢.) and the diffuse layer capacitance (Cp, ) with the total capacitance (Cg) given by:



-t 3)

CrR  CcL  CpL
Where Cr = RESI capacitance, Cc. = compact layer capacitance and Cp, = Diffuse layer capacitance.

At planar surfaces and high electrolyte concentrations, the compact layer capacitances (C¢.) tend to
be significantly smaller than diffuse layer capacitances (Cp.) and dominate values Cg (Cc.-Cg). Ccy IS
nominally determined by eg,Ad™, where gis the dielectric constant of the medium, &, the permittivity
of free space, A the electrode area and d the distance that separates the electrolyte from the electrode.
In microfluidic systems, Cp,_ can vary empirically with bulk properties such as electrolyte charge,
concentration, dielectric constants of solvents, physical structure of microfluidic channels and flow

rates
3. Results and Discussions
3.1 Formation of supported lipid layers

The lipid formation bilayers on gold electrodes was monitored using RESI (Figure 1) and with CV

3-14-

using potassium Fe(CN)s""" as probe for the electroanalytical measurements, CV showed that redox

reaction is completely inhibited, indicating that the film formed is pinhole-free,(ESI Figure S6).

The formation of a good tethered lipid bilayer on a gold electrode surface can be monitored at each
step of bi-layer formation using RESI. Initially the gold electrodes were modified with DPPTE to
form a self-assembled monolayer, SAM, followed by lipid vesicles fusion. The lipid bilayer formation
was monitored in real time with the z-LAB, recording the changes in RESI capacitance values over
time (Figure 1). After 15 min equilibration time, with constant flow of phosphate buffer, the value for
the RESI capacitance was around 1825 + 200 uF cm™, Upon injection of POPC lipid solution (20 min
duration) an initial dip in capacitance was observed due to the of presence of lipids in background
phosphate buffer. The recorded changes in the capacitance values denoted the stages of lipid bilayer

formation:

I. Adsorption of lipid vesicles on DPPTE-modified gold sensors observed as a slight increase in

capacitance values from its initial value at the start of the injection



il. Vesicles fusion: small decrease in capacitance that was found to remain stable for up to 50

min

iii. Lipid vesicles rupture and molecules rearrangement on surface, seen by the dramatic decrease
in RESI capacitance to 110 nF (ca 94% decrease from initial capacitance)

iv. Bilayer formation seen as the RESI capacitance value remained steady for 20 min

After the bilayer was formed on the modified sensor, defects were checked by running a blank
injection; only defects free sensors were used for this study to prevent penetration via pre-formed
defects instead of penetration via NPs-membrane interactions. A further decrease in RESI capacitance
values was recorded after the modified sensor was taken out of the system and flushed through with
distilled water and re-fitted onto the zLAB, This decrease is attributed to the stabilisation of the
membrane as any unerupted vesicles and loosely bound lipid fragments were washed out of the

system.

3.2 Tethered SAMs and BLMs and interactions with FcHT-AuNPs

Tethered lipid layers (t-BLM) on solid supports retain their integrity by a combination of
intermolecular forces between the lipid molecules which dictate their organisation, phase behaviour
and stability. On exposure to a metallic particle, the t-BLM can interact locally with lipid domains by
electrostatic interactions, lead to lipid restructuring by embedment, due to hydrophobic interactions or
cause local deformation forming pores [48] Both the t-BLM and the NP have surface charges,

enabling Derjaguin—Landau—Verwey—Overbeek (DLVO) electric-double layer interactions and van

der Waals interactions [49].

In this work the interactions of AuNPs with SAMs and BLMs were studied as follows

i.  the effect of increasing incubation time of modified electrodes in NP solutions using AFM
for non-electroactive (dodecanethiolated) AuNPs, and electrochemical techniques for

electroactive (ferrocenylthiolated) AuNPs.
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ii.  the effect of NPs sizes for electroactive (ferrocenylthiolated) gold NPs using their RESI and

electrochemical responses.
3.2.1 Effect of incubation time of AUNPs on lipid membrane interactions
3.2.1.1 Electrochemical Measurements

BLM and SAM modified electrodes were exposed to FCHT-AuNP solutions (5 nm size, 2.8 um
concentration) to different times. The electrodes were then taken out of the solution and the NPs-
phospholipid membrane interactions monitored using cyclic voltammetry (CV) (Figure 2). and

differential pulse voltammetry (DPV) (ESI Figure S7, Table 1).

Redox activity was detected with the penetration of FcHT-AuNPs through both SAM and tBLM (not
shown). A significant depletion in current density as well as a positive shift was observed for BLMs
compared to SAMs. Further investigations were carried out with SAM modified electrodes (Figure 2
shows CVs, ESI Figure S7 shows DPVs). Initially, flat CVs were observed changing to well defined
CVs after approximately 60m immersion in the FCHT-AUNP solution. Positive shifts in peak potential
were recorded (Figure 2) fromt = 60 to 480 min (0.06 V to 0.101 V) compared to a negative shift to -
0.005 V at increasing incubation times. The approximate charge Q, the amount of charge required for
oxidation, were estimated (Table 1). Calculations showed was an increase in the redox active charge
shown by the increased Q values. for the first 120 min incubation duration. After 240 min, Q values
decreased to 10.9 * 3.5 uC cm® (t = 1800 min), this decrease in Q values was accompanied by a
negative shift of the peak potential from +0.101 V to -0.005 V and a change in CV curves from peak-

shaped to sigmoidal-shape (Figure2).

This is an interesting result that probably suggest the formation of agglomerated gold particles and of
pin-holes. These initial results correspond with Atomic Force Microscopy AFM studies conducted

with DDT-AuNPs discussed in the following section.

3.2.1.2 AFM measurements with DDT-AuUNPs
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Thin film microscope glass slides coated with Cr/Au thin film (10/100 nm, were used as substrates .
The substrates were immersed in the lipid DPPTE solution for 48 hrs at 4 °C to form a lipid
monolayer. The lipid modified gold substrates were then immersed in 1 ml of 1.2 ym DDT-AuUNPSs
(size ~3nm) for different incubation times and analysed by atomic force microscopy (AFM), to allow
the determination of changes to the morphology of the monolayer resulting from interaction with the

AuUNPs. (Figure 3).

AFM images (Figure 3) show a the progressive increase in the heights: from 3.62 + 0.02 nm (t = 0) to
5.73 £ 0.51 nm (t = 60 min) to 7.31+ 0.41 (t=480 min) suggesting that the NPs were embedded within
the membrane creating defects in the lipid membrane. Similar results were recorded by Abraham et
al. [50] with their AFM study on the penetration of cysteine coated AuNPs (10 nm) through DPPC
monolayer (avg. length at 2 nm). They reported an increase in height to 7 nm. At t = 1920 min and a
clear difference in peak height was seen, showing possible agglomeration of NPs, forming big NP
clusters (width of 64 nm and height of up to 20 nm) with the presence of small shoulder peaks. These
results and conclusion was supported by a study by Gordillo et al. [51] who reported that the main
factor affecting the interaction of PEGylated AuNPs with phospholipid monolayer on mercury
electrode was the NPs sizes; they observed that only small AUNPs (2-3 nm) were able to penetrate
through the lipid monolayer compared to larger AuNPs (10 nm) that were adsorbed at the lipid’s
surface and, for longer immersion of the modified electrode in NPs solution, the smaller NPs formed a
monolayer at the electrode’s surface displacing the lipid membrane. More details on the AFM images

and height profiles are available in ESI Figure S5

These AFM results support the electrochemical results showing that with increased incubation time,
AUNPs penetrate and form agglomerates and defects. With the redox active FCHT-AuUNPSs, such
agglomeration can result in electroactive islands with microelectrodes like behaviour, accounting for

the sigmoidal shape of the CVs

3.2.2.1 Effect of size with FcHT-AuUNPs

12



Reports have, shown that NPs sizes have a major impact on the NPs interaction with lipid membrane,
with bigger NPs causing the removal of lipid molecules from the lipid bilayer architecture [52,53].
RESI and electrochemical techniques were used in this section to investigate the penetration
behaviour and the electrochemical responses of FCHT-AUNPs, of different sizes, as they interact with

lipid membranes.

3.2.2.2. RESI Studies

Real-time measurements were carried out by injecting 200 Wl of FCHT-AuUNPs solution (5, 10 and 20
nm) into the system fitted with tBLM-modified gold sensors. The background electrolyte solution was
allowed to flow through the system for 15 min, till a stable response was obtained, NP suspensions
and background solutions were injected, alternately, at regular intervals to check the structural

integrity of the membrane layer.

Dips in RESI capacitance were observed as the FCHT-AuNP impacted the lipid surface. The RESI
capacitance dips caused by the injections of 5 nm NPs , were attributed to the penetration of NPs
through the lipid bilayer seen by a decrease of 63 % from initial RESI capacitance, when the
background solution was flowing through the system (Figure 4; 5 nm). The U-shaped dip recovered
showing that the NP was probably engulfed by the lipid layers. This was, followed by a recovery of
the membrane integrity observed, as a return to background solution RESI capacitance values. A

second injection showed a similar response.

Injection of 10 nm NPs showed a much smaller change of 5.9 nF in RESI capacitance, after the first
injection (Figure 5;10 nm; point ‘c’). This can be attributed to the adsorption of NPs at electrolyte-
lipid interface. Following the first injection of 10 nm NPs, the RESI capacitance did not return to the
initial value, instead, small spiked responses were recorded. Sharp dips were evident following a
second injection of 10 nm NPs, which we believe could be due to the removal of lipids by the NPs,
from the bilayer. A study by Guo and co-workers [54] using a microfluidic device to monitor the
translocation of hydrophobic AuNPs of different sizes, also reported that the penetration of larger NPs

(>5 nm) through the bilayer caused lipid rupture as well as the removal of lipids from the bilayer as
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these NPs are translocated. Similar phenomenon was replicated with the injections of 20 nm NPs,

with lipid rupture occurring much earlier at about 60 m instead of 130 m compared to the 10 nm NPs

An important observation is that even with increased NP size, there is no drastic change to the RESI
capacitance values, even after hole formation and lipid removal. It is likely that this type of

phenomenon is attributable to the fluidic properties of lipid membrane enable self-recovery. [55]

3.2.2.3 Electrochemical Studies

Electrochemical studies were undertaken, looking at the responses of different sizes of FCHT-AuNPs
and their penetration through tBLM modified gold macroelectrodes. tBLM modified electrodes were
immersed in solutions of FCHT-AuNPs of three different sizes (5, 10 and 20 nm) for 60 min and
electrochemical measurements (DPV) were carried out in background electrolyte solution after

thorough rinsing.

In previous studies, small NPs (<5.5 nm AuNPs) were found to easily penetrate cells and localise
inside nucleus of cell compared to larger ones (>16 nm AuNPs), which were found to be unable to
enter the cells [57]. Our results are in accordance with these reports, as seen in the decrease in the
magnitude of the current and surface coverage for the detection of FCHT-AuNPs at electrode’s surface
(Figure 5. and Error! Reference source not found.). The FCHT-AuNPs (5 nm) penetrated further
into the lipid, enabling more NPs to penetrate through the lipid membrane, which are likely to
aggregate at the electrode’s surface, [57,58] consequently increasing their detected redox activity.
The 5 nm FCHT-AuUNPs penetration was attributed to the NP adsorption and further NPs embedment
within the bilayer [59]. On the other hand, larger NPs (10 and 20 nm) have been reported to cause
membrane thinning as well as defects formations i.e. nanoscopic pores/holes within the bilayer

architecture.

Both electrochemical and RESI studies of the effect of size of NPs on lipid NP interactions is
supported by previous studies. A study by Leroueil et.al.[60] suggested that small 2 nm NPs initially

become adsorbed on the bilayer surface and eventually with more adsorption time, these formed
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aggregates resulting in their penetration into the lipid structure via existing defects. However, larger
50 nm NPs were reported to induce lipid defects such as holes, membrane thinning as these NPs

interacted with the lipid membrane.

3.2.3 Effect of potential control

Initial DPV measurements were performed to follow the effect of applying potential control to both
SAM and tBLM modified electrodes. The electrodes were incubated with 5 nm FCHT-AuNPs in 0.1
M phosphate buffer for 60 m at -0.1V, rinsed thoroughly. DPV measurements taken in 0.2 M NaClO,
(Figure ESI S8) by scanning in both the positive and negative directions. Sharp desorption peaks

were observed at approximately +0.4 V in the reverse scan

The influence of applied voltage on t-BLM modified electrodes was studied with RESI
measurements. The electrode potential was switched from open circuit potential to +0.4 V, which was
chosen based on the potential at which desorption was observed in the DPV measurements. (Figure
6). The results generated, suggest that at positive potential hold, ferrocene moieties are partially
oxidised to ferrocinium ions ,which are hydrophilic compared to ferrocene. Itis likely that
hydrophobic repulsions interactions result in a repulsion of FCHT-AuNps and a minimal perturbation
of the lipid membrane architecture. In contrast at open circuit potentials a clear decrease in

capacitance, was observed, indicating adsorption of the FCHI-AuNps.

4. Conclusions

Resonance enhanced surface impedance (RESI) technique is shown as a technique that is capable of
rapid investigations of the effect of nanoparticles on biomimetic cell membranes. RESI results are
supported by atomic force microscopy (AFM) and electrochemical techniques. Incubation time has a
significant effect on the mechanism of NP penetration and recovery of NPs on lipid modified gold
substrates  showing different stages : NPs adsorption at lipid surface followed by lipid defects

formation for eventually leading to lipid collapse and/or membrane displacement by NPs multilayers.

Both AFM and voltammetry results, showed formation of agglomerated NPs with increased

incubation time.
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NP size has a significant effect. Smaller NPs (< 5nm) , showed no effect in the destabilising the
integrity of the membrane. Larger NPs (10 and 20 nm) were found to cause NPs adsorption at lipid-
electrolyte interface and destabilisation of the membrane via the formation of lipid defects. However,
despite lipid removal and hole formation caused by the larger NPs, RESI measurements suggest that

lipid bilayer architecture is capable of self-recovery.

This work illustrates that RESI in an FIA configuration can provided a rapid and convenient method

for investigation of NPs-membrane interaction for toxicological and pharmaceutical applications.
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Figures and Tables
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Figurel: Real time formation of lipid bilayer on SAM electrode chip; i) adsorption of lipid
vesicles onto DPPTE-Au electrodes, ii) vesicle fusion, iii) lipid vesicle rupture and molecules
rearrangement on modified sensor and iv) lipid bilayer or multilayers formed. POPC vesicle
solution injected after 15 min system stabilisation with constant flow of 0.1 M PBS at fixed
flow rate of 5 pL/min
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Figure 2: CVs of the SAM-modified gold electrode (0.02 cm?) in 0.1 M KNO3 at 60, 240,
960 and 1800 min immersion times in FCHT-AuUNPs. Scan rate: 50 mV/s. [FCHT-AuUNPs] =

2.8 M.
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Figure 3: Time-lapsed study for the incubation of lipid immobilised substrates with DDT-
AUNPs;

average max. height of NPson the lipid surface at different incubation times with the NPs
including

AFM images (a) after 60 min and (b) after 1920 min incubation in NPs solution. All images
are 200 x 200 nm. [DDT-AuUNPs] = 1.2 nM.
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Figure 4: Change in RESI capacitance with FCHT-AUNPs injection over time as a function
of NPs sizes; 5, 10 and 20 nm, a running electrolyte solution of 20 mM PBS at a set flow rate
of 5 pl/min; the arrows representing the injection of NPs in the system. [5 nm FcHT-AuNPs]
=2.8 M, [10 nm FcHT-AuNPs] = 3.0 pM and [20 nm FcHT-AuNPs] = 3.0 uM.

The key to alphabets used in the figures are:

(@) the stabilisation of the system for approximately 15 min at set flow rate of 5 plL/min
with a constant flow of buffer (20 mM PBS). (b) = the injection of fresh solvent
(deionised water) followed by 10 min of stabilisation. Stage (c) = the injection of 200
pl of AUNPs, dispersed in deionised water at a concentration of 200 nM into the
system fitted with tBLM-modified gold sensors. Followed by a repeat of the earlier
stages; buffer, solvent, NPs injection and buffer, for (d), (e), (f) and (g) respectively
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Figure 5: DPV responses of the penetration of FcHT-AuNPs (5, 10 and 20 nm) into tBLM-
modified gold electrode ( 0.02 cm?) in 20 mM PBS as a function of NP sizes. Sweep
amplitude: 5 mV. [5 nm FCHT-AuUNPs] = 2.8 pM, [10 nm FcHT-AuNPs] = 3.0 M and [20
nm FCHT-AuUNPs] = 3.0 uM.
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Tables

Table 1: Electrochemical parameters determined by by DPV (ESI Figure S7) for the
penetration FCHT-AUNP through SAM lipid membrane immobilised electrodes at different
incubation times. Ip (optimised peak height), FWHM (Full Width at Half Maximum), T’
(Total reactants at the SAM modified electrode surface)
Q values calculated using CVs in Figure 2 are included in column 2

Incubation Q/ pnC em” | Ip/A FWHM/mV | I't/mol cm™
time (min) I(Ilr; r;) Cvs (from DPVs (from DPVs | (Equation 1)
Fig ESI S7) Fig ESI S7)

60 32.1+5.3 2.2E-06 0.11 2.04 £ 0.20 E-10
120 40.2+4.3 2.1E-06 0.11 2.04 £ 0.65 E-10
240 28.2+4.8 1.68E-06 0.12 1.63+0.76 E-10
480 33.5+3.5 3.56E-07 0.15 3.46+0.53 E-11
960 14.0+4.7 4.72E-07 0.16 4.59+0.24 E-11
1800 10.9£3.5 4.15E-07 0.18 4.03 £0.59E-11

Table 2: Electrochemical parameters determined by DPV (Figure 5) for the FCHT-AuNP

through tBLM lipid membrane immobilised electrodes for different NP sizes.

NPs size | 1,/A I'+/mol cm™*
5nm 7.6E-07 | 7.38+ 0.22 E-11
10 nm 1.9E-07 | 1.85+0.28E-11
20 nm 7E-08 | 6.80+0.23 E-12
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Highlights

1. Resonance Enhanced Surface Impedance spectroscopy (RESI) senses nanoparticles
(NP)

2. RESI enables real time measurements of NP-lipid layer interactions

Effects of NP size showed NPs >5 nm caused reversible lipid bilayer disruption.

4. NP incubation time, studied show agglomeration of NPs on electrode surface
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