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Abstract

In recent years, cells studies are often carried out with the help of three-

dimensional (3D) nanostructured substrates. These kind of substrates can

be useful in assisting the access in to the intracellular compartment and the

delivery of molecules through holes or nanochannels, as well as in increasing

the contact area of a cell with an electrode during electrical recordings. At the

same time, little is known about the interaction of the cells with these sub-

strates and their dynamics on them, and even less it is known about the effects

of the electroporation on the cellular membrane. Surface Enhanced Raman

Spectroscopy (SERS) is a powerful and helpful technique in this regard being

label-free and not invasive.

This thesis explores the universe of the interface within 3D nanostructured

substrates and cultured cells in different ways. First, it develops a 3D nanoflu-

idic platform able to interface with living in vitro cells and locally electro-

porate them, intracellularly injecting molecules. Subsequently, the interface

between the 3D nanostructures and the cultured cells is investigated by elec-

tron microscopy together with ionic milling, revealing a tight sealing between

the substrate and the plasma membrane. Finally, a plasmonic 3D substrate is

exploited to study the cell membrane dynamics on it in presence of an in situ

electroporating pulse train. The findings of the present work are promising to

unveil the mechanisms of the plasma membrane reforming after electropora-

tion.
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Chapter 1

Introduction

The cell is the building block to life as we know it, being the single unit of

plants, animals and humans. There are two different kinds of cells, prokary-

otic and eukaryotic. Both of them are composed by an external membrane

that separates the organism and all its content from the environment, and

that arranges the interactions with the surroundings. Nutrients go through

this plasma membrane as well as molecules that drive the interactions with

other cells and tissues. The cell membrane is composed by a lipid bilayer in

a liquid state with proteins embedded and protruding towards the inside -

the cytoplasm -, the outside, or across the whole membrane (trans-membrane

proteins). The liquid phase is due to the unsaturated hydrocarbon tails of the

fatty acids and cholesterols that mainly compose the plasma membrane [1], [2];

this conformation allows proteins and lipids to move in the plasma membrane.

In the last decades, different domains of the plasma membrane have been iden-

tified as ”lipid rafts” [1]. Lipid rafts are tightly packed domains of the lipid

bilayer, formed by a majority of sphingolipids and phospholipids with satu-

rated hydrocarbon chains that resolves in a denser, ordered area of the plasma

membrane [3]. The exact role of the lipid raft is still under investigation but

there are strong evidences that these rich proteins domains are related to the
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CHAPTER 1. INTRODUCTION

cell bioactivity [4].

There are different mechanisms for molecules to go in and out the cells;

small particles like oxygen can diffuse through the membrane, while nutrients

and ions are actively carried in through specific protein channels and some

products of the cell metabolism are carried out. The plasma membrane also

has an important and active role in the trafficking of molecules; in fact, it

can engulf molecules and particles creating vesicles that are incorporated in

the cytoplasm in a process called endocytosis, or vesicles inside the cytoplasm

can merge within the plasma membrane releasing molecules outside the cell,

and this process is called exocytosis. Recent studies suggest that exocytosis

processes also play a role in the membrane repair after a traumatic event [5].

The trans- and cis- membrane proteins are responsible for some of the

intra and extracellular trafficking mechanisms, for the signaling reception, for

the bending of the membrane and the subsequent endocytosis or exocytosis,

for the movement of the cell and more in general for its interaction with the

environment [6]. Evolution has shaped the plasma membrane to be flexible

and resistant to preserve the cell from external agent attacks and to maintain

its healthiness.

In order to study the cell response to external stimuli, to test new drugs

for treating diseases or to record the electrical activity of neuronal networks

to understand neuronal pathways, the plasma membrane acts as an obstacle

that needs to be overcome [7]. Over the years, biology and medicine exploited

technology and its development in the nano-scaled world to tackle the problem

of gaining the access to the intracellular space with several different techniques.

Some methods provide for modifications in the chemical structure of molecu-

les to promote their natural uptake from the cells by endocytosis pathways.

More complex biochemical techniques involve the encapsulation of the desired

molecules in vesicles or in virus-like nanoparticles and the subsequent coating

of these carries with particles that can be recognized by receptors on the cell
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CHAPTER 1. INTRODUCTION

membrane and therefore uptaken [8].

Physical or mechanical methods relate to the ability of creating transient

hydrophilic nanopores in the lipid bilayer, allowing molecules to diffuse from

the extracellular environment to the cytoplasm. These mechanical methods

have been implemented with nanofabricated surfaces to create the nanopores

through for instance laser-assisted and plasmonic poration [9], [10], microin-

jection [11], [12], acoustic poration [13] and electroporation [14], [15].

1.1 Electroporation and delivery

One of the most common techniques explored to gain the intracellular access is

electroporation and it exploits an electrical pulse train applied for a limited time

on a cell culture. If the effective trans-membrane voltage is high enough (∼
1V ), the lipid bilayer temporary rearranges its molecular structure increasing

the permeability of the plasma membrane, thus allowing the access to the

intracellular compartment through hydrophilic nanopores [16]. The dimensions

of the nanopores created by electroporation have been largely studied together

with their persistency in time, showing an average resealing time in the range

of few minutes [17], [18], [19]. If the radius of the nanopores becomes too large

or when too many nanopores are opened, the plasma membrane is no longer

able to heal and the situation often resolves in the cell death [20].

This method has been originally developed by applying very high voltages

on cells in suspension between two flat electrodes [21]. Hereafter, with the

development of nanotechnologies the technique has been refined and poration

has been performed also on adherent cells through 3D nanostructured surfaces

and microfluidic devices [22], [23].

The applications of electroporation to adherent cells are manifold such as

the recording of intracellular activity of cardiomyocytes [14] and neurons [24],

the delivery of molecules and genetic material inside the porated cells [25],
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CHAPTER 1. INTRODUCTION

[10], or the sampling of the intracellular content of the targeted cells [26].

However, even if 3D nanostructured surfaces demonstrate themselves of being

suitable platforms to electrically porate the lipid bilayer, applying an electrical

field in aqueous solution can create reactive oxygen species (ROS) from the

dissociation of water molecules [27]. The minimum applied voltage on the

single water molecule to create hydrolysis at standard conditions (25 �) is in

fact 1.23V [28], [29], which is a low value compared to the voltage applied over

the whole samples in nanostructured devices used to perform electroporation

[30]. ROS are potentially toxic for the cellular cultures, provoking DNA and

RNA mutations, starting processes of apoptosis and creating oxidative stress

to the mitochondria and the cell culture [6], [31]. Theoretical studies have

already explored the trans-mmebrane voltage needed to open nanopores on

cellular membranes; according to the simulations, only 1V is required to porate

the membrane [32]. However, to have that kind of effective trans-membrane

voltage, the applied voltage on the whole system needs to be much higher

depending on the distance of the electrodes from the lipid bilayer. In fact,

considering two flat electrodes far away from each other, the voltage follows

a trend of 1/r meaning that the farther the cell culture from the electrodes,

the lower the net trans-membrane voltage. Changing the geometry of the

electrodes also changes the V (r) distribution, leading nonetheless to decay in

space when away from the electrodes.

Growing the cells directly in adhesion with one of the electrodes reduces

drastically the applied voltage needed to open transient nanopores in the cell

membrane, getting as low as the minimum voltage required [14]. The nano-

pores are created only in close contact with the nanoelectrodes, because the

plasma membrane adherent to the electrode is the only portion that feels a

sufficiently high trans-membrane potential. This very interesting feature that

finds great applications in the intracellular recording of electroactive cells, has

some drawbacks when it comes to applications in the delivery of particles; in
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CHAPTER 1. INTRODUCTION

fact, molecules dispersed in the cell bath are not able to diffuse in to the cy-

toplasm because of the tight sealing of the cell membrane with the substrate,

and since now it was not possible to electrically porate cells to perform delivery

with very low voltages.

1.2 Tight sealing between cells and 3D nanostruc-

tured surfaces

In recent years, a lot of studies have been done on the interface between bi-

ological samples and nanostructured substrates mainly for the importance of

their interactions in the development of bioelectronics devices [33], medical im-

plants [34] and in the emerging field of regenerative medicine [35], [36]. Rough

and porous materials as well as 3D nanostructured surfaces are vastly used to

couple with cells and tissues [37], [38], [39], but there still is a lack of knowledge

in the adhesion and interaction of them.

To address these questions, optical microscopy in itself is not quiet useful

because of the diffraction limit of the light, whereas fluorescence microscopy

and super-resolution techniques are more suitable to approach the interface

investigation [40]. However, fluorophores that binds with specific molecules

have to be fed to the cells and the tissues, and experiments have to be carefully

designed together with the optical setup to study how cells or tissues interact

with the nanostructured materials [41], [42].

The acquisition times for the imaging in the super-resolution microscopies

can be very long, as the data analysis that follows the experiments, and the

experimental setup has to be finely re-tuned when changing each experiment.

Overall, fluorescence microscopy and in particular super-resolution techniques

are mighty but can be time consuming and require specialized figures to fix

the setup and adjust it to the need of each analysis. A great advantage of

fluorescence microscopy however, is the capability of investigate living in vitro
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CHAPTER 1. INTRODUCTION

samples without the need to add fixatives such paraformaldehyde (PFA) or

glutaraldehyde to the systems.

Being willing to abandon the investigation on living in vitro systems, elec-

tron microscopy is an alternative powerful approach that can make possible to

visualize cell membrane, nucleus, organelles and DNA within the same sam-

ple preparation with no need to customize it for each experiment [43]. When

the interesting portion of the samples is the interface with nanostructured

substrates however, transmission electron microscopy (TEM) loses some of its

capability. In fact, the sample need to be small enough to get inside the TEM

(standard TEM grids are 3.05mm in diameter) and not too bulky (maximum

200nm thick), otherwise electrons are not able to go through it [44], [45]. It is

possible to mechanically slice in advance the sample using a microtome, but in

this way the nanostructured substrate could be ruined and also the mechanical

blade could spoil the natural interface between the substrate and the biological

sample when the cut is perpendicular to the substrate. Moreover, there is no

a priori knowledge on where to cut the specimen, making the chances to guess

the better area and expose the interested interface are thin. Scanning electron

microscopy (SEM) together with focus ion beam (FIB) milling and polishing

is a valid alternative, because of the fine control that can be reached over the

dimension of the incision [46].

The preparation of the samples for electron microscopy (EM) involves sev-

eral steps starting from fixing the biological specimen with a chemical glue

(normally PFA or glutaraldehyde) that quickly kills the cells by crosslinking

their proteins. The shape and the morphology of the sample are then preserved

and maintained to be investigated. After fixing and staining the specimens,

a last step is required in EM in which sample is either dried (for example by

critical point drying technique, CPD), or plasticized in hexamethyldisilazane

(HMDS) or in an epoxy resin [47], [48]. The CPD or the HMDS plasticization

preserve very well all the external structures, but leave voids where the cells
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contained liquid. On the contrary, epoxy resin infiltrates everywhere guaran-

teeing the filling of all the aqueous portion of the cell and allowing a very

good contrast in the imaging. However, the epoxy resin process results in a

bulk piece of crosslinked polymer. Using SEM to analyze these samples, CPD

and HMDS plasticized specimens show a very well preserved surface features

and the nanostructured areas can be easily spotted, but FIB milling reveals

sponge-like sections of cells and tissues [49] (see Figure 1.1 a, b).

Figure 1.1: SEM images of fixed 3T3-NIH cells. a) CPD dried cell on tilted stage
at 52◦. b) FIB cross sectioned of a CPD dried 3T3-NIH cell. c) FIB cross section of
resin infiltrated 3T3-NIH cell.

Resin-embedded samples by contrast allow a 40 nm resolution of intracel-

lular organelles and membranes (see Figure 1.1), but the external morphology

of the system (both cells and nanostructured substrate) is hidden in the thick
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layer of resin, making impossible to localize a priori the area of interest [48].

Recent developments in the sample preparations made FIB/SEM cross sec-

tion and imaging technique much more appealing to investigate the cell - ma-

terial interface. In particular, a drain of the resin and a following wash with

ethanol before its polymerization allows to remove the resin excess from the

specimes [50], [51]. With this new preparation technique, the resin on the spec-

imen that did not infiltrate inside the biological parts of the sample is washed

away leaving the nanostructured surface exposed and visible to the microscope.

The interesting area of the sample can be localized, milled and polished with

the FIB while the SEM imaging reveals the cell membranes preserved and in

contact with the different substrates.

1.3 Surface Enhanced Raman Spectroscopy on bio-

logical samples

There are many techniques for studying biological systems and one of the most

spread is fluorescence microscopy. Nowadays, very high resolution have been

reached even overcoming the light diffraction limits thanks to stratagems re-

lated to fluorophores, photoblinking and multi-photons approaches [41], [52],

[53], [54], [55]. However, using fluorophores, dyes or fluorescent proteins to

investigate cells and tissues systems can have drawbacks, mainly due to the

influence of these molecules to the intracellular processes and the system be-

haviors [56]. Moreover, only labelled molecules can be detected simultaneously,

thus limiting the variety of information that can be collected during a single

experiment.

Raman spectroscopy on the contrary, is a technique that allows the simul-

taneous detection of multiple molecules; in addition it is label-free, meaning

that it is less invasive in respect to fluorescence microscopy since the system

does not need to be stained before performing the experiments [57], [58].
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Raman spectroscopy is based on the detection of the vibrational and ro-

tational modes of the molecules that interact with a monochromatic source in

an inelastic way. Each molecule has its own vibrational modes that represent

its fingerprints when excited with a laser source; by studying the spectrum of

a substance it is possible to identify the molecules that are contained in it. A

way to exploit Raman spectroscopy in complexes systems like in vitro cells is

Raman imaging, in which for each pixel a Raman spectrum is collected in a sub-

micron excitation volume [59]. The typical Raman cross section per molecule

however, is between 10−30 and 10−25 cm2, while the fluorescence cross section

is roughly ten to fifteen times higher (10−16 cm2) [60], [61]. Being the inelastic

light scattering a very weak phenomenon, Raman spectroscopy requires high

acquisition times and the auto-fluorescence emissions are often more intense,

covering the signals of interest [62].

Nanotechnology comes into aid with the plasmonic features of particular

nanostructured materials. Plasmons are collective oscillation of the electronic

cloud (the free electron density) in a metallic material. Localized surface

plasmon resonances (LSPR) are collective electron charge oscillations at the

metal-dielectric interface that are excited by light. At their resonant wave-

length λp = 2πc/ωp they show highly localized enhanced near-field amplitude

in metallic nanostructured geometries that quickly decays away from the nano-

structures surface. To generate LSPR, the real part of the relative permittivity

(εr) of one of the materials has to be positive (a dielectric), while the real part

of the relative permittivity of the other material needs to be negative (nor-

mally a metal or a doped semiconductor) and larger in respect to that of the

dielectric.

By shaping the geometry of the nanostructures, it is possible to make them

resonant at specific optical frequencies and to generate hot-spots of highly

enhanced field in extremely localized regions [63]; these substrate are used in

the Surface Enhanced Raman Spectroscopy (SERS) to enhance the Raman
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signal of molecules adsorbed on or in very close proximity to the hot-spots.

SERS reveals itself to be a suitable compromise for the study of biological

systems [64] being able to enhance the Raman signal up to 14 or 15 orders of

magnitude [60], [65]. In recent studies, 3D plasmonic nanostructures have been

used to investigate the Raman spectra of living cultured cells [62], [66]. The

3D nanostructures have the capability to locally enhance the electric field and

consequently the Raman signal coming from the cells that are tightly sealed

around them; the largest enhancement is concentrated in the hot-spot located

at the tip of the 3D nanostructure. The SERS substrate can be engineered to be

resonant at a chosen wavelength, allowing for example to exploit a λ = 785nm

laser source for Raman spectroscopy; this wavelength is particularly suitable

to study biological samples because photons in the near-IR range have an

insufficient energy to excite the majority of the fluorescent phenomena within

cells and tissues, and provokes much less phototoxicity in respect to light in

the UV or in the visible range [57].

1.4 Aim of the work

The present thesis aims at exploiting a 3D nanostructured surface that can

interact with in vitro cultured cells for multiple purposes such as electrical po-

ration and intracellular delivery of molecules. Additionally, taking advantages

of the 3D nanostructures plasmonic properties, it is presented a SERS study

on the permeabilization of the cell membrane by electrical pulse application

(electroporation) and its subsequent rearrangement.

The device is composed by patterns of 3D hollow gold nanoelectrodes on

which cells are cultivated. The close proximity of the cell membrane to the

nanoelectrodes allows generating a high trans-membrane potential exploiting

a low applied voltage thus limiting the formation of ROS within the cell cul-

ture. In this way, a soft-electroporation is performed and nanopores in the
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plasma membrane are opened in correspondence of the 3D nanoelectrode tips.

Since the vertical nanoelectrodes are hollow, molecules can flow through the

inner nanochannel from a separated compartment beneath the culture well and

diffuse inside the porated cells.

To better understand the sealing of the plasma membrane around the 3D

nanoelectrodes, FIB slicing and SEM imaging are performed on the device.

The membrane results always in close contact with the three-dimensional na-

nostructures, tightly wrapping the vertical nanoelectrode.

Tuning the dimensions in height and diameter of the gold 3D nanoelectrodes

it is possible to couple laser light with these nanostructures and exploit their

plasmonic proprieties to locally enhance the Raman signal of the molecules in

contact with them.

In the last part of the present work, this ability has been used to study the

plasma membrane dynamics of in vitro living cells cultured on the 3D plasmonic

substrate. The device geometry has been revisited to be plasmonic at the

desired wavelength and removing the nanofluidic proprieties; a new substrate

has been designed to address pattern of 3D nanoelectrodes individually within

the same device. The dynamics behaviors of the plasma membrane have been

monitored by means of SERS over 30 consecutive minutes and electroporation

have been induced during the experiments.

This study aims at enriching the knowledge about the nanopores creation

in the cell membrane after the application of an electroporating train pulse,

and the rearrangement that follows this permeabilization. Results have been

compared to the same analysis of the unperturbed system and with the data

already present in literature finding great agreement.
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Chapter 2

Materials and Methods

2.1 Fabrication

The 3D nanostructures are fabricated on thin Si3N4 membranes (100nm or

500nm thick) or on quartz Multi Electrode Arrays (MEAs) depending on the

design of each specific set of experiments. In particular, delivery experiments

were performed on devices fabricated on Si3N4 membranes so to have 3D

hollow nanostructures protruding on one side of the device, being the back of

the membrane accessible through the inner channel of the 3D nanostructures.

Raman Enhanced measurements have been performed on MEA devices, in

which the 3D nanoelectrodes have been fabricated on the flat electrodes of a

custom made quartz chip.

The fabrication process of the 3D nanostructures includes the inversion

of an optical polymer (S1813 by Shipley) by the secondary electrons emitted

during focused ion beam (FIB) milling; this process was recently developed

and published [67]. In detail, a thin silicon nitride membrane (Si3N4) on a

bulky silicon substrate is immersed in acetone and isopropanol to be cleaned

and then dried by gently blowing N2 on it. The resist S1813 is spin-coated

at 4000 rpm to a final height of 1.8µm. The back of the Si3N4 membrane is
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coated with some tenth of nm of gold to prevent charging during the milling

process and then gallium ions are focused on the back of the Si3N4 membrane -

or from the top of the quartz MEA device through a sacrificial layer of gold - in

regular patterns with defined pitch. The secondary electrons generated when

the beam interacts with the resist invert the surrounding polymer making it

insoluble; in this way, the resist will not dissolve when immersed in a solvent

(acetone) that will remove instead the unexposed polymer. By tuning the

current of the beam, the milling depth and the height of the resist the 3D

nanostructures can be fabricated with a variety of sizes in diameter and height.

The 3D nanostructures are then sputtered in gold to make them electrically

conductive, plasmonically active and biocompatible.

Figure 2.1: Fabrication process of 3D nanoelectrodes. a) - d) Fabrication process on
thin Si3N4 membrane. The FIB milling occurs from the bottom of the device. e) - h)
Fabrication process on a quartz MEA. In this case the FIB milling occurs from a top
sacrificial layer of gold that is wet-etched before the removal of the unexposed resist.
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In the present work, the height of the 3D nanostructures has been kept

constant at 1.8µm and two different diameters have been used, namely 500nm

of external diameter in the soft-electroporation experiments and 100nm in

the Raman enhanced experiments. The fabrication process is schematically

represented in figure 2.1.

The final devices are either a single electrode patterned with different arrays

of large (500nm in diameter) 3D hollow nanoelectrodes [10], or a MEA-like

device with 24 flat small electrodes, each patterned with a single array of thin

(100nm in diameter) 3D plasmonic nanelectrodes [68]. Figure 2.2 a, b shows

the MEA device with a magnification at the optical microscope of six flat

electrodes; on each flat electrode, arrays of 3D nanoelectrodes are fabricated.

SEM image of a three-dimensional nanoelectrode and its cross section are in

figure 2.2 c, d.
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Figure 2.2: a) Picture of a custom-made MEA with b) magnification of six flat
electrodes. Each of the flat nanoelectrodes have arrays of 3D nanostructures fabricated
on them. c) SEM image of a 3D hollow nanoelectrode used for electroporation and
delivery of molecules and d) SEM image of its FIB cross section, where the inner
nanochannel is clearly visible.
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2.2 Passivation

In both the configurations, either single electrode or multiple electrodes, a pas-

sivation step has been implemented to generate electroporation only through

the tip of the 3D nanostructures and not from irregularities on the planar gold

surface.

The passivation step required optimization and multiple approaches have

been explored. The first attempt was made with a spin-coated layer of PMMA

on the nanofabricated surface. PMMA is a well-known biocompatible polymer

[69], [70] that can have different densities resulting in various thicknesses due to

the changing in the surface tension during the spinning. The final device should

have at least 1µm of passivation layer, so to insulate the flat surface covered

in gold from the cell culture and to leave exposed a suitable portion of the 3D

nanostructures. The process needs to be as easy as possible and reproducible

over the whole sample and on different samples. Several densities of polymer

950 PMMA have been tested with different spinning rates but the results were

never satisfying. The process was seldom reproducible even bringing uniformity

problems, showing a different interaction with the 3D nanoelectrodes also on

the same device (see figure 2.3 a, b). Some dilutions where too dense and the

entire 3D nanoelectrodes were covered by it, while other dilutions resulted in

a too thin flat polymer layer (figure 2.3 c, d, respectively).

A second attempt for creating the passivation layer involved the evaporation

of a silicon oxide (SiOx) layer on the device. Since the evaporation process

deposits the material vertically, the result would have left the side walls of the

3D nanoelectrodes free from the silicon oxide coating, while the flat substrate

would have been covered by a glass insulating layer. However, the thermal

evaporator used to deposit this passivation layer did not allowed control over

the purity of the deposited material and the resulting SiOx revealed itself to

be toxic for the cell culture.
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Figure 2.3: Passivation tentative with 950 PMMA. a), b) SEM images of 3D nano-
electrodes within the same device spin-coated with 950 PMMA A8 at 4000 rpm. The
meniscus is different from 3D nanoelectrode to 3D nanoelectrode, and the amount of
exposed tip is not the same. c), d) SEM images of different dilution of PMMA that
resulted in either a too thick passivation layer, or a too thin one.
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Pursuing the possibility of using glass to insulate the flat part of the de-

vice, an Atomic Layer Deposition (ALD) process was tested. This deposition

technique allows for a much more pure deposited material in respect to the

one thermally evaporated, but the deposition is homogeneous over the entire

sample instead of vertical as the previous one. In fact, ALD processes consist

in the sequential exposure of the desired surface to different gaseous species

(the precursors); each of the gaseous specie interacts with the surface of the

material until all the possible sites of binding are saturated and a single layer is

deposited. At that point, the chamber of the ALD is cleaned and the following

precursors are pulsed inside the chamber to create a second layer on the surface

with a new ALD cycle. In the end the substrate presents itself entirely covered

in pure material (in the present case SiO2), and there is the need of removing

the passivation from the lateral walls of the 3D nanoelectrodes leaving the sili-

con dioxide on the flat substrate. Hydrofluoric acid (an aqueous solution made

by hydrogen fluoride, HF) is the best candidate to etch the SiO2 from the 3D

nanoelectrodes, being its ability to dissolve glass known since the seventeenth

century [71].

A polymeric mask of PMMA has been spin-coated on top of the glass

covered substrate, exploiting the information already gathered on the different

height of the PMMA depending on the velocity of the spinner and on the

density of the polymer. Hydrofluoric acid in fact, should etch the PMMA

polymer with a very slow rate compared to the rate of dissolving the silicon

oxide on the vertical walls of the 3D nanoelectrodes. A wet etching procedure

in hydrofluoric acid is then developed to remove the SiO2 from the lateral walls

of the 3D nanoelectrodes followed by the removal of the mask layer of PMMA.

SEM imaging is performed to assess the validity of the method (see figures 2.4

a, b, c) but again the results were not satisfying. PMMA mask resulted not so

effective as should have be, allowing the penetration of the acid in proximity

of the 3D nanoelectrodes and from the edge of the device. In that way, the
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silicon oxide is etched also in proximity of the 3D nanoelectrodes at its base

exposing part of the gold on the flat substrate (see figure 2.4 d, e).

In the end, the best choice to passivate the device resulted to be a layer of

an epoxy polymer (SU8) spin-coated on the device to a height that matches

the one of the 3D nanoelectrodes and cross linked by the exposure to UV

light. Part of the device is masked from the UV lights and the unexposed

resist is then developed in SU8 developer so to leave a portion of the sample

electrically accessible; in particular, an angle of the square samples used in the

delivery experiments, and the final part of the conductive traces in the MEA-

like devices. Afterwards, a plasma etching procedure has been implemented

so to leave only 700nm of the 3D nanostructures free from the SU8 polymer

and electrically conductive (see sketch in figure 2.5). Hard bake is performed to

make the polymer inert and to ensure the complete evaporation of the solvents,

making the flat substrate biocompatible [15]. This choice was dictated not only

by the reproducibility of the process but also by the easiness of the protocol.

The final 3D nanostructures, both the small and the large in diameter, show

only a gold tip to the surroundings, being the flat substrate passivated by the

inert SU8 epoxy polymer; SEM images of the single nanoelectrodes with the

respective cross section are shown in figure 2.6.
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Figure 2.4: SEM images of the passivation trial with ALD deposited SiO2 and
removal with hydrofluoric acid of the glass from the vertical walls of the 3D nano-
electrodes. a) SEM image of a 3D nanoelectrode with 70nm of SiO2 heterogeneously
deposited on the device and a mask layer of PMMA spin-coated on the device. From
the SEM image is not possible to distinguish the SiO2 from the PMMA. b) SEM image
of the 3D nanoelectrode exposed tip after 3 minutes of wet etching with 4% hydroflu-
oric acid. The PMMA layer seems intact at the base of the vertical nanostructures. c)
and d) SEM images of different 3D nanoelectrodes on the same device after dissolving
PMMA with acetone. e) wide field SEM image of a pattern of 3D nanoelectrodes
after the entire process of SiO2 deposition, PMMA masking, HF etching and PMMA
removal. The sample results not homogeneous.
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Figure 2.5: Sketch of the passivation process. a) 3D hollow nanoelectrode covered
in gold. b) spin-coating of SU8 epoxy polymer on top of the device, c) inversion of
the polymer by UV light exposure. d) Plasma etching procedure to make the polymer
thinner on the device and e) hard bake of the device and creation of the electrical
connection.
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Figure 2.6: SEM images of the finished 3D nanoelectrodes a) and c) are SEM images
of the 3D nanoelectrodes respectively of 100nm (used in the SERS experiments) and
500nm (used in the delivery experiments) diameter. b) and d) are SEM images of the
cross sections of the same 3D nanoelectrodes. The inner nanochannel that connects
the two side of the Si3N4 membrane is clearly visible.
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2.3 Microfluidic chamber and packaging

Since one of the goals of the present research is to deliver molecules inside

the porated cells from a separated compartment, a microfluidic chamber has

been designed to be interfaced with our device. The microfluidic chamber

communicates with the back of the Si3N4 membrane allowing molecules to flow

through the 3D hollow nanoelectrodes. In this configuration, molecules would

be injected from the back side of the membrane - where the molecules are stored

- to the front side of the membrane - where the cells are in adhesion with the 3D

hollow nanoelectrodes -. An Acrylonitrile Butadiene Styrene (ABS) mold has

been designed and 3D printed, so to pour inside it polydimethylsiloxane (PDMS

Sylgard 184 elastomer by Dow Corning, Midland, MI, USA). The PDMS has

been degassed and cured at 65� for one hour to shape the microfluidic chamber,

then removed from the mold. The 3D nanostructured Si3N4 device is bonded

with fresh PDMS to the top of the microfluidic chamber (the back of the

membrane facing the inside of the microfluidic chamber) and a glass ring is

plasma bonded on top of the microfluidic chamber, so to create a well in which

the cells are cultured. A wire is bonded with silver paste to the golden flat

surface of the 3D nanostructured device and embedded into the PDMS. The

last precaution is essential for two main reasons; first, to avoid toxicity in the

cell culture due to silver paste dispersed in the medium, and second to prevent

electrical pulses to be delivered from the wire or the silver paste to the cell

culture, but only through the 3D nanoelectrode tips. The final microfluidic

chamber with the sample mounted on it is shown in figure 2.7.

The 3D nanostructured MEA-like substrates have been exploited without

the implementation of the microfluidic chamber. However, a packaging proce-

dure was still necessary in order to create a well in which to grow the cells and

to create the electrical connection with an external pulse generator. Each track

of the MEA-like device has then been bonded with silver paste to a Printed
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Figure 2.7: Microfluidic chamber with 3D nanostructured Si3N4 membrane mounted
at the center.
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Circuit Board (PCB) so every flat electrode, patterned with 3D nanoelectrodes,

could be individually addressed with an electrical pulse train. A glass ring has

been bonded on top of the device with epoxy glue (353NDT) to create the well

in which the cells could be grown and to further passivate the device. The

resulting platform is shown in figure 2.8.

Figure 2.8: Picture of a MEA device bonded to a PCB and packaged in epoxy glue.
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2.4 Cell Culture

The cells used to perform most of the soft-electroporation experiments and the

totality of the SERS experiments are mice fibroblasts NIH-3T3; cardiac cells

HL-1 have been used in some of the soft-electroporation experiments. Before

the seeding of the cells, the devices have been treated with 60 seconds of plasma

oxygen (100% O2, 100W ) to improve their wettability and sterilized with 20

minutes of UV exposure in laminar flow hood. NIH-3T3 cells have been seeded

on the devices with a concentration of 1.5 × 104 cells/cm2 in DMEM cellular

medium with 1% penicillin/streptomycin (pen/strep) antibiotic and 10% Fetal

Bovine Serum (FBS, all by Sigma-Aldrich) and grown at controlled humidity,

CO2 concentration and temperature for 36 hours prior to perform experiments.

Before the seeding of the HL-1 cell line, samples have been treated 5 minutes

with 0.001% poly-L-lysine solution to increase the cell adhesion on the 3D

nanostructured substrate. The samples have been extensively washed with

distilled water and dried in sterile condition. HL-1 cells have been seeded at a

concentration of 8.5×104 cells/cm2 and grown with Claycomb culture medium

supplemented with 10% FBS, 100µM Norepinephrine, 300µM ascorbic acid,

2mM L-glutamine and 100µg/ml pen/strep antibiotic. Cells have been grown

in incubator at 37 �and 5%CO2 concentration with a daily change of cul-

ture medium until confluency has been reached. Before the experiments, the

samples have been extensively washed in PBS and all the experiments have

been performed with cells in PBS. Electroporation of cell membranes has been

performed by applying an electrical pulse train between the fabricated 3D na-

noelectrodes and a reference platinum electrode immersed in the electrolyte

(PBS). The parameters used were a 10 second long pulse train of different am-

plitudes - depending on the experiments -, with 100µs long pulses and 20Hz

repetition rate.
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2.5 Fluorescence microscopy

Fluorescence experiments of delivery have been performed using an upright

Eclipse FN-1 microscope (Nikon) equipped with a halogen lamp (50W ). Ap-

propriate excitement light was provided by the addition of specific filters, de-

pending on the desired wavelength. In particular, we injected the impermeable

propidium iodide (PrI) dye that is excited at 535nm and has the emission wave-

length centered at 617nm, and we used calcein AM permeable dye to assess

the viability of the cells after the electroporation; calcein AM has the exci-

tation/emission spectrum centered respectively at 495nm and 515nm. Nikon

TRITC filter has been chosen for the detection of the PrI, and Nikon TRIC

for the Calcein AM dye. The images have been acquired with a 10× air ob-

jective with long working distance (21.5mm) and NA = 0.25 and with a 60×
water immersion objective (Nikon) with NA = 1 by means of a camera Hama-

matsu Orca Flash R2. Images have been merged and analyzed with ImageJ

and GIMP software.

2.6 SERS (Surface Enhanced Raman Spectroscopy)

2.6.1 Experiments

Surface Enhanced Raman Spectroscopy has been performed with a backscat-

tered setup of a Raman spectrometer system (Renishaw inVia). The λ785nm

laser has been focused through a 60× Nikon water immersion (WI) objective

with numerical aperture of NA = 1.0. The 3D nanoelectrodes with the cells

wrapped around them have been excited at 0.25mW power, to limit the dam-

age to the biological system. Exposure time has been fixed at 1 second and

each spectrum is the result of 5 accumulations to improve the signal to noise

ratio of the acquisition. In this configuration it has been possible to record

automatically one spectrum every 6 seconds on the same 3D nanoelectrode
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and on the same cell. The laser power has been kept that low in the attempt

of avoiding any stress to the cell under investigation, lasting each experiment

30 minutes of continuous spectral acquisition. Experiments on NIH-3T3 cells

have been performed after 2 days in culture (DIVs) removing the cell medium

and washing the sample twice with sterile phosphate saline buffer (PBS), the

medium in which the experiments have been performed. In situ electropora-

tion has been induced after 10 minutes from the beginning of the experiments

through a custom-made micromanipulator that allowed delivering the electrical

pulse train without perturbing the setup and the ongoing measurements.

2.6.2 Data analysis

Raman spectra are acquired with WIRE from the Renishaw system, and data

analysis of the acquired time-resolved spectra has been performed in Matlab.

Color maps are visualized in Matlab or Origin, while single spectra graphs

are visualized by Origin. To remove isolated Raman peaks due to cosmic rays

interaction with the setup, each single data-set has been interpolated in time

using the built-in Matlab function interp2. The time resolved Raman spectra

from different experiments have been averaged together to study a collective

behavior of the molecular dynamics of the cell membrane in presence of in situ

electroporation on the 3D nanostructures. The average intensity of the Raman

spectra for each time instant ti and every wavenumber Rj , has been calculated

as

〈I〉(ti, Rj) =
1

N
=

NS∑
s=1

IS(ti, Rj)

where NS represents the number of experiments over which the average

has been calculated. Two sets of experiments have been performed: they differ

from each other only for the presence (or the absence) of the in situ electropora-

tion after 10 minutes from the beginning of the experiments. Electroporation
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have been performed at t = 600sec delivering a 10 seconds electrical pulse

train, being each pulse 3V intense and 100µs long, with a 20Hz repetition

rate. 10 samples perturbed with the electroporation have been analyzed and

averaged together; the results have been compared with the same analysis over

6 experiments in which electroporation has not been applied and the samples

remained unperturbed for the whole duration of the measurements (30 min-

utes). An average in time has been calculated to highlight which peaks have

shown changes in time (appearance or disappearance) after the electroporation

and different binning times have been evaluated. In the end, an average over

the first 10 minutes (preporation time) has been compared to bins of 5 minutes

after the electroporating event (postporation time).

The background of the peaks has been substracted from the measurements

after its evaluation. The background estimation algorithm is written in C++

programming language, adopting graphic and analytical libraries of Cern Root

Data Analysis Framework. In particular, the TSpectrum Class Reference is

used as Advanced Spectra Processing routine. This class contains advanced

spectra processing functions for:

� One and two-dimensional background estimation

� One and two-dimensional smoothing

� One and two-dimensional deconvolution

� One and two-dimensional peak search

This function calculates background spectrum from source spectrum. The func-

tion allows to separate useless spectrum information (continuous background)

from peaks, based on Sensitive Nonlinear Iterative Peak Clipping Algorithm.

The sensitive nonlinear peak clipping algorithm is the basis of the methods for

estimation of the background in multidimensional spectra, leaving the signal

intact.
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2.7 Staining and cell cross section

To study the tight sealing of the cells on the 3D nanoelectrodes and on the flat

passivated substrate using FIB/SEM cross sectioning, the cells have to be fixed

and stained with heavy metals. In this way the lipid and the protein content

of the cells will gain enough contrast to be detected by EM analysis.

2.7.1 Staining

Cells have been washed 3 times for 5 minutes in 0.1M sodium cacodylate buffer

and then fixed with a 2.5% Gluta solution in 0.1M Na cacodylate buffer for

at least 1hour on ice. Samples have been extensively washed in buffer solution

and a RO - T - O staining protocol has been performed. The first step of

the protocol involves the staining of the lipid membranes by a reduced osmium

solution (RO) for 1 hour on ice. In particular, the RO solution is made of equal

volumes of 2% potassium ferrocyanide [K4(FeCN)6] and 2% osmium tetroxide

(OsO4); the reduced osmium (OsFeCN) results to be more reactive allowing

a better staining of the cellular membranes. The cells are washed three times

for 5 minutes in chilled milliQ water at room temperature and filtered 1%

thiocarbohydrazide (TCH) in milliQ (T step) has been added for 30 minutes

at room temperature. Being TCH osmiophilic, it enhances the staining of the

lipids by the osmium. In fact, TCH attaches itself to the previously osmium

stained membranes, and allows the deposition of additional OsO4. The excess

of TCH is washed three times with room temperature milliQ and osmium

tetroxide (O step) is added for 1 hour at room temperature allowing it to bind

to the TCH, enhancing the staining [43].

To stain proteins, nucleic acids and hydroxyl groups in carbohydrates, 5%

uranyl acetate filtered solution is added after three washes in milliQ water

to the samples and kept overnight in the fridge. Uranyl acetate is washed

thoroughly with chilled milliQ on ice, and then increasingly concentrations of
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ethanol have been substituted to the aqueous solution (30%, 50%, 70%, 90%,

96% and 100%) on ice, each step lasting at least 15 minutes. The last step has

been made at room temperature and repeated once.

Embedding the samples in resin is essential to perform high resolution imag-

ing of the cells and to visualize the cell membranes - nanostructures interfaces.

FIB cross sectioning has been preferred to microtome cutting for its higher

precision and because it avoids mechanical stress during the slicing process.

However, once the sample has been embedded in resin, it is impossible to lo-

cate the position of the 3D nanostructure with SEM technique. To overcome

this limitation, the samples have been infiltrate in epoxy resin and a recently

developed procedure has been added to the protocol to remove the excess of

resin from the sample [50], [51], [72].

Figure 2.9: SEM images of fixed cells cultured on a 3D nanostructures substrate
and embedded in resin. The excess of epoxy resin has been washed away before the
polymerization, allowing to see the topography of the cells and to localize the areas of
interest on the sample such as the 3D nanostructures. a) overview of the culture and
b) zoom in and tilted image (52o).

Infiltrations of increasing concentration of epoxy resin Spurr in ethanol have

been performed (3 : 1, 2 : 1, 1 : 1, 1 : 2, 1 : 3, only resin) for a minimum of three

hours each step. The only resin infiltration stage has been performed for at least
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24 hours. Each of the stages has been performed in a sealed environment to

avoid evaporation of ethanol. The draining of the resin excess has been made

by mounting the sample vertically for 1 hour and, prior the polymerization

(65� overnight), rinsing of the resin excess has been made by pipetting twice

with ethanol the samples. The final results are samples in which the cells

interior is infiltrated by resin, but the sample topography remains visible by

optical microscopy as well as SEM (see figure 2.9).

2.7.2 Cross section and imaging

Each specimen is mounted on a standard FIB stub and it is grounded to it

with colloidal silver paste. Samples are sputtered with a thin layer of gold

before the imaging to prevent charging during the imaging. A double platinum

layer is deposited on the region of interest to preserve the samples and to avoid

contamination in the cross sectioned area. The first Pt layer has been deposited

by electron-assisted deposition using the gas injection system (GIS) of the dual

beam Helios Nanolab 650 (ThermoFischer), while the second layer of Pt has

been deposited on top of it with ion - assisted deposition. The electron -

assisted deposition is not destructive for the sample, but the average velocity

of deposition is low; on the contrary, ion-assisted deposition is considerably

faster, especially when high currents are used, but in that case the ionic beam

can be destructive, milling the sample faster in respect to the deposition rate.

The first electron - assisted deposition is a sort of sacrificial layer, allowing

the use of more energetic ion - assisted deposition without ruining the region

of interest. Electron - assisted deposition occurs using a very high current

(6.4nA) and low acceleration beam (1 − 2 kV ). In fact, the electron beam -

assisted platinum deposition exploits the secondary electrons emitted from the

substrate to grow a carbon-rich layer of platinum; the presence of the carbon

is due to the incomplete fractionation of the metal-organic precursor gas. The

deposition process is driven by the secondary emitted electrons because the
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scattering angle with primary electrons is very wide, bringing to a low rate

deposition in respect to the secondary electrons that have a narrower scat-

tering angle that allows for efficient Pt deposition; the energy needed for an

efficient secondary electron deposition process is around 100 eV , depending on

the initial acceleration of the electron gun and on the substrate material [73].

Ion-assisted platinum deposition has been performed tilting at 52o the mi-

croscope stage with the sample on it, so to make it perpendicular to the ion

gun. The platinum has been deposited with a current of i = 0.79nA and beam

acceleration of 30 kV , while the dwell time has been kept low, in order to use

nearly all the injected gas with each beam scan; in this way, the net deposition

rate is maximized, minimizing the etching rate of the substrate.

Trenches are milled with a high ion current (i = 9.3nA) in cross section

mode so to expose the part of the cells at the interface with the 3D nanoelec-

trodes, then a polishing cut with lower current (i = 0.43 or 0.79nA) and in

cleaning cross section mode has been made.

Figure 2.10: SEM image of a FIB cross sectioned 3T3-NIH cell cultured on top of
3D nanoelectrodes without passivation. Colors are inverted in post - production.

Imaging of the cross sectioned cells at the interfaces with the 3D nanoelec-

trodes have been acquired with the sample still tilted, in immersion mode and
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detecting the backscattered electrons with an acceleration of 3 kV and current

i = 0.80nA. Colors have been inverted in some of the cross section images

with GIMP to enhance the membrane of the cells and of the organelles (see

figure 2.10).
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Soft-electroporation

The surface of the final device is composed by a flat cured SU8 substrate with

700nm high hollow nanoelectrodes protruding from it; the device is mounted

in a PDMS microfluidic chamber and cells are cultured on top of it confined

by a glass ring bonded on the PDMS chamber. In this configuration, cells

are in contact with the cured flat SU8 substrate and tightly wrapped around

the 3D nanoelectrodes, while the molecules to be injected are confined in the

underlying PDMS microfluidic chamber separated from the cell culture (see

sketch in figure 3.1). The low height of the 3D nanoelectrodes (only 700nm

from the flat passivation) promotes a tight adhesion of the membranes and

permits the normal migration and proliferation of the cells during their growth

[42], [74], [75].

For the electroporation procedure, cells are washed in PBS (the electrolyte)

and a platinum counter-electrode is immersed in the electrolyte. The counter-

electrode is connected to a pulse generator together with the wire contacting

the 3D nanoelectrodes and embedded in the PDMS microfluidic chamber. The

sample is placed under an upright microscope and imaged in both bright field

and fluorescence in this configuration. The microfluidic chamber below the

sample is filled with a solution containing 0.1% of propidium iodide in PBS.
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Figure 3.1: Sketch of the soft-electroporation system. Cells are in tight adhesion
with the entire substrate: in yellow the 3D nanoelectrodes covered in gold while in
green there is the SU8 passivation layer. When a pulse train is applied to the cell
culture, nanopores are opened at the interface with the 3D hollow nanoelectrodes.
The molecules that are initially stored in the separated compartment beneath the cell
culture are now free to diffuse through the 3D hollow nanoelectrodes inside the cells.
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A pulse train with 20Hz repetition rate is applied for 10 seconds to the sam-

ple; each pulse is 100µs long with an amplitude of 2V (soft-electroporation

protocol).

Since the cells are in tight adhesion with the 3D nanoelectrodes and being

the platinum counter-electrode few mm away from the electrically active area

of the device, an applied pulse train of 2V in amplitude and few µs long is

sufficient to generate a trans-membrane voltage high enough (> 1V ) to open

nanopores in correspondence of the 3D nanoelectrodes tips, but not far away

from it. The molecular structure of the plasma membrane is then locally re-

arranged, hydrophilic nanopores are generated and rapidly filled with aqueous

medium. Since the permeabilization is generated on the membrane in contact

with the 3D nanoelectrodes, the only liquid available to fill the nanopores is

the one that comes from the underlying microfluidic chamber that contains the

molecules to be delivered. In fact, the portion of the cell membrane that is not

in close contact with the 3D nanoelectrodes, that is all the cell exposed to the

electrolyte or adherent to the SU8 substrate, will feel a weaker trans-membrane

potential and will not undergo to permeabilization. Propidium iodide is deliv-

ered in the electroporated cells, staining them in red when it intercalates in the

DNA double strand. It also has a low affinity for RNA and single strand DNA,

showing a background in the cytoplasm. 3T3-NIH cells electroporated and de-

livered through different spatial arrangement of the 3D hollow nanoelectrodes

are showed in figure 3.2.

In this configuration, the setup allows to have selectivity over the cells that

become temporary accessible, being only the electroporated ones those to be

delivered with exogenous molecules. In addition, having a microfluidic system

connected to the sample allows the perfusion of heated medium below the cell

culture, maintaining a basal temperature during the experiments. Calculations

about the amount of delivered molecules through the nanoelectrodes have been

performed using the software COMSOL Multiphysics in previous work [10],
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Figure 3.2: 3T3-NIH cells on top of different arrangement of 3D nanoelectrodes
arrays on Si3N4 membranes. The cells have been electroporated and propidium iodide
(in red) diffused inside the porated cells from the separated microfluidic chamber. Only
the cells that grew on top of the 3D nanoelectrode arrays have been electroporated
and stained.
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leading to the result of 106 molecules/minute. These calculations consider

an initial concentration of the propidium iodide dye of 1.5 × 10−3M and are

developed using a pure diffusion model as

∂c

∂t
+∇ · (−D∇c) = R.

In the diffusion equation, c is the dye initial concentration, R is a source

term and D is the diffusion coefficient of the dye in aqueous solution (such

the PBS); it was derived by the relation D = (kBT )/6πηr. Here, kB is the

Boltzmann constant, temperature T was set to 300K, the dynamic viscosity

of the PBS solution was considered η = 1× 10−3Pa · s, and r is the dye aver-

age radius. The so calculated diffusion coefficient is D = 2.1 · 10−10m2/s, in

accordance with experimental results previously found in literature [5]. Via-

bility tests have been performed to confirm the well - being of the cell culture,

and permeable Calcein AM (that becomes green when processed by live and

healthy cells) has been administered for this purpose. Figure 3.3 shows details

of fluorescence images of PrI delivery and viability tests.

To prove that the nanopores on the plasma membrane are opened only

in correspondence of the 3D nanoelectrodes, experiments in which Propidium

iodide was added directly in the cell culture were performed. Since the dye

is impermeable to the cell membrane, only dead or apoptotic cells presented

the red staining after the addition of the Propidium iodide in the culture well

and before the electroporation. Then, when the electroporation protocol was

applied, the lack of additional stained cells proved that no cells were presenting

nonspecific permeabilization over the plasma membrane, but only permeabi-

lization in proximity of the 3D nanoelectrodes (see figure 3.4). These exper-

iments also proved that the cells are tightly sealed to the substrate and to

the 3D nanoelectrodes, preventing molecules from the cell bath to infiltrate

between the lipid bilayer and the substrate.
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Figure 3.3: Detail of cells on 3D nanoelectrodes. a) Viability test performed with
permeable dye Calcein AM. b) Soft-electroporated cells have been stained by Propidium
iodide injected through the 3D hollow nanoelectrodes. c) viability test with permeable
dye Calcein AM in the culture well after soft-electroporation and delivery through 3D
hollow nanoelectrodes have been performed.
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Figure 3.4: Propidium iodide has been added to the cell culture well and then soft-
electroporation has been performed. The number of stained cells did not increase
because nanopores on the plasma membrane have been opened only in contact with
the 3D hollow nanoelectrodes and the cells present a tight sealing with the substrate,
avoiding molecules to penetrate from the cell bath.
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The soft-electroporation protocol consists in 200 electric pulses delivered

with a frequency of 20Hz for 10 seconds, each pulse lasting 100µs and 2V in

amplitude.

When the soft-electroporation protocol was performed, the statistic showed

a > 80% efficiency of molecules delivered in the cells that lied on top of the

3D nanoelectrodes, with a standard deviation of 7% and cell viability > 98%.

These results are calculated on 6 experiments with NIH-3T3 cultured on dif-

ferent devices; for each experiments the number of cells that are lying on the

3D hollow nanoelectrodes arrays has been considered.

The NIH-3T3 cell line is a good system to test and to develop a tech-

nique because these kinds of cells are easier to treat and to grow in respect

to other cell lines and especially in respect to primary cells. Cardiac mus-

cle cells are used as test systems in several studies both in medicine and in

electrophysiology because of their electrical activity that mimics neuronal ac-

tion potentials. Cardiomyocytes require more attention and are harder to

deliver respect to fibroblasts such as NIH-3T3; in this regard, once the micro -

nanofluidic electroporating system was developed and the soft-electroporation

protocol established, it was tested on HL-1 cardiomyocytes. The developed

platform and poration protocol was able to successfully target HL-1 cells and

to deliver molecules inside the electroporated cardiomyocytes with an efficiency

slightly inferior to the previous study (see figure 3.5 a). However, raising the

amplitude of the delivered pulses (3V ), the efficiency is restored to the values

reached with the soft-electroporation protocol applied to NIH-3T3 cell line.

The 3D nanostructures are combinable with flat electrodes in MEA-like

devices [24], [68], [76] that can record electrical signals and interact with indi-

vidual cells due to their comparable dimensions (5µm in diameter). Addressing

a single cell at the time can be interesting for multiple applications not only

in electrophysiology but also in the study of cell behavior after the uptake of

molecules from the environment. Delivering different molecules in adjacent
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Figure 3.5: a) Cardiomyocytes HL-1 soft-electroporated and delivered with Propid-
ium iodide through the 3D hollow nanoelectrodes in conditions similar to 3T3-NIH
cells, and b) on smaller 3D nanoelectrodes arrays that mimics the dimension of a single
cell.

cells can be interesting for unravelling intercellular interactions or to stimulate

different responses within the same cell culture.

To investigate the possibility of single-cell delivery, smaller arrays of 3D

nanoelectrodes were fabricated with dimensions that matched a single cell

(10µm × 10µm), being each array far away from the others (50µm). When

the electroporation was performed and molecules were delivered in this config-

uration (see figure 3.5 b), single cells were successfully addressed.

The soft-electroporation protocol is similar to a previous work that exploited

the nanopores on the plasma membrane to get access to the intracellular elec-

trical activity of cardiomyocytes and to record it [14]. This particular study is

one of the few that uses voltages as low as the one needed for the electrolysis of

water molecules and is designed to record action potential from the adherent

cells; however, it is not able to deliver molecules to the targeted cells. The

3D nanopillars are in fact bulky and without an inner nanochannel that could

communicate with a separated compartment.

When comparing the present work with other similar studies in which de-
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livery has been performed [25], it can be noticed that the soft-electroporation

achieves the same results and success rate using a much lower applied poten-

tial due to the adhesion of the cell membrane with one of the electrodes of the

system. This configuration reduces drastically the formation of ROS in the cell

bath, increasing the long-term healthiness of the cell culture.

Experiments with higher applied voltages have been performed. Above

4−4.5V the formation of electrolytic gas bubbles has been detected on the tip

of the 3D nanoelectrodes. After the pulse train ended, the bubbles disappear

in few seconds but the cells resulted to be damaged.
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Cell-3D nanoelectrode

interface

To better understand the interaction between the cells and the 3D nanostruc-

tures and to confirm the tight sealing that the cells exhibit with the presented

substrate, the adhesion of cells on the 3D nanoelectrodes arrays has been stud-

ied with ionic beam ablation together with electron microscopy imaging.

NIH-3T3 cells have been grown on passivated 3D nanostructured substrates

and processed to be imaged by electron microscopy. The recently developed

preparation technique [50], [51], [72], [77], exploits the hard staining of the cell

membranes by heavy metals (osmium and uranyl acetate) and the embedding

in resin of the whole sample as in the transmission electron microscopy (TEM)

preparations. The final step however differs from the classical preparation

technique, allowing the sample to be imaged by scanning electron microscopy

(SEM) because most of the resin has been removed and it remains only in the

intracellular compartments.

Whit this new preparation it is possible to visualize the region of interest

(ROI) where the 3D nanostructures are located and to identify the best cells

45



CHAPTER 4. CELL-3D NANOELECTRODE INTERFACE

Figure 4.1: SEM image of a NIH-3T3 cell grown on top of an array of large 3D
nanoelectrodes (400nm in diameter), prepared following the described protocol.
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to analyze.

Normally, in dealing with resin embedded cellular samples, the specimen

needs to be cut in advance with a mechanical method (microtome) and then

all the slices have to be imaged until a suitable region has been found. Al-

ternatively, performing FIB cross sections using a dual beam equipped with a

SEM there is no possibility of locating the ROI in a resin embedded cell sample

before performing the slicing. For this reason, the recently developed method

in which the resin excess is removed from the sample before the polymeriza-

tion [51], [72] is revolutionary and extremely useful when the topic of interest is

the interface between nanometer structures and biological samples (see figure

4.1 in which the ROI is clearly visible with the 3D nanoelectrodes protruding

from the flat substrate and the cells that lies on top of them).

The improvement in respect to TEM imaging is that the samples no longer

require to be sliced with mechanical methods that could break the substrate

in a not controlled way; moreover, is possible to perform very thin slices of

the sample without damaging neither the 3D nanostructures nor the cell mem-

branes in adhesion on them.

NIH-3T3 cells have been fixed after 36 hours in culture and the staining

protocol previously described has been performed on the samples. In the end,

the specimens were mounted on standard FIB stubs and glued to them with

silver paste to allow the grounding of the specimens. A thin layer of gold has

been sputtered on them and the cutting and imaging process has been carried

out.

In figure 4.2 the same cell is imaged from the top and with the sample tilted

at 52o before the FIB cutting in correspondence of the dotted line. Panel c is the

SEM image acquired with a backscattered detector of the cell cross section; all

the substrate layers are clearly visible, from the gold at the base and on the 3D

nanoelectrodes (in black because of the inverted colors) to the SU8 passivation

layer (in white) that covers half of the vertical gold nanoelectrodes. The cell
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Figure 4.2: a) SEM image of NIH-3T3 cells grown on small (150nm in diameter) 3D
hollow nanoelectrodes array, fixed, stained and embedded in resin with the protocol
previously described. b) SEM image of the same ROI tilted at 52o before the deposition
of the platinum and the trench of the sample. The dotted lines represent where
the trenches have been milled. c) SEM image of the FIB cross sectioned cells in
correspondence of the dotted lines in a) and b). The colors in the cross section SEM
image are inverted to improve the visualization.
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nucleus is visible with denser regions of chromatin in the central part. The

double envelope that contains DNA seems to lean on the 3D nanoelectrodes

and the nucleus is accordingly deformed. Looking in more detail around the

vertical protruding nanostructures, the plasma membrane can be seen in close

contact with the 3D nanoelectrode, as shown in figure 4.3, demonstrating that

there is no impaling process or spontaneous penetration of the cell membrane

as previous studies suggest [78].

Figure 4.3: SEM backscattering image of the cell membrane tightly wrapped around
one 3D nanoelectrode on a SU8 passivated substrate. The arrows indicate the plasma
membrane tightly wrapped around the vertical nanoelectrode. On the right, a bending
of the membrane can be ascribable to a clathrin-mediated endocytosis event. Colors
in the SEM images are inverted.

The cell membrane is tightly sealed both on the flat SU8 substrate and

around the 3D nanoelectrode, guaranteeing a very high and localized trans-

membrane potential when an electrical pulse train is delivered and promoting

the local permeabilization of the cell.

From the inset in figure 4.3 and 4.4 it is also visible the inner nanochannel of
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the 3D nanoelectrode, through which molecules are delivered from the bottom

part of the device (the microfluidic chamber).

Figure 4.4: SEM cross section image of a cell on top of a 3D nanoelectrodes substrate
passivated with SU8. Nucleus (1), nucleolus (2) and mitochondria (3) are identifiable
from the image. The inset is the single 3D hollow nanoelectrode embedded in the
SU8 passivation. In this particular cross section, the nuclear double envelope is well
defined (top arrow) and it can be seen how it follows the contour of the tip of the
nanoelectrode coming in close contact with it. The plasma membrane instead, tightly
wraps the whole vertical nanoelectrode all the way down to the flat substrate (bottom
arrows), to which remains in close contact. Colors in the SEM images are inverted.

When slicing through a 3D nanoelectrode in correspondence of the nucleus

of one cell, it is possible to investigate the different behavior between the plasma

membrane, that divides the cellular cytoplasm from the surrounding, and the

nuclear envelope that is composed by two lipid membranes separated from each

other of approximately 20−40nm, creates the perinuclear space and separates

the genetic material from the cytosol [79]. The nuclear envelop eases down on

the 3D nanoelectrode tip, but presents just a soft bending around the edges

and then ”floats” in the cytoplasm trying to maintain its original shape [72]
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(see figure 4.4). On the contrary, the plasma membrane is in close contact

with the 3D nanoelectrode following closely its contours all the way down to

the SU8 planar passivation. Small curvatures ascribable to clathrin-mediated

endocytosis events [42], [72] are visible around the vertical nanostructures and

at the interface with SU8 (see insets of figures 4.3 and 4.4).

The proximity of the nuclear envelope to the 3D nanoelectrodes suggests

the possibility of electrically porate also the double membrane that contains the

genetic material, and to have access to a completely new set of information.
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Chapter 5

Membrane dynamics during

electroporation

Once the platform able to electrically porate the cellular membrane in corre-

spondence of the nanoelectrodes tips has been developed, it has been possible

to blend this technology with the plasmonic proprieties of the 3D vertical nano-

electrodes. In this regard, by shaping properly its geometry, the nanostructure

can be coupled with a near infrared laser (NIR) and act as an enhancer for

Raman signals through the plasmonic proprieties of the gold. The spectro-

scopic capabilities of the 3D nanostructures have been largely studied in the

past years [80] together with their coupling and efficiency in detecting cellular

samples spectroscopic fingerprints [62]. The idea is to exploit the plasmonic

characteristics of the device to investigate the dynamics of a cell in adhesion

on it before, during and after in situ electroporation.

Since for these kinds of study there is no need to deliver molecules inside the

cells, the device has been fabricated slightly differently from the one used in the

delivery experiments; namely, the 3D nanoelectrodes have been fabricated on

a bulk piece of quartz so that they do not act as a nanochannels. The sample
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is a MEA-like device with 24 gold electrodes on which 3D nanoelectrodes have

been fabricated; the whole sample is also passivated with SU8 so that only

the 3D nanotips of each electrode result electrically active. Thus, the cell

- nanostructure interface closely resembles that of the delivery experiments,

allowing for the use of the same soft-electroporation protocols. NIH-3T3 cells

have been seeded and grown in the packaged samples and experiments are

performed with cells at confluency in the culture well. Cells have been washed

in PBS and the sample has been placed under the microscope equipped with

the Raman spectrometer; the micromanipulator has been arranged accordingly

on the optical table to connect the chosen electrode on which electroporation

has to be performed.

Figure 5.1: Sketch of the system. Cells are wrapped around the 3D nanoelectrodes
and the electric pulse is applied to open nanopores on the cellular membrane. A laser
is focused on the tip of one 3D nanoelectrode that enhances the Raman modes of the
molecules close to the hot spot, and the Raman signal is recorded.

The Raman signal is excited by focusing the λ = 785nm laser on the tip of

a 3D nanoelectrode with a cell on it; the enhanced Raman spectra are recorded
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for 30 minutes. A sketch of the setup is shown in figure 5.1. Each recording

is the accumulation of 5 spectra acquired with 1 second of laser excitation to

maximize the signal to noise ratio, maintaining a high temporal resolution in

respect to the investigated time-window.

Electroporation of the targeted cell has been performed during the exper-

iments by applying a potential difference between the 3D nanoelectrodes and

a platinum reference electrode immersed in the cell bath. Electroporation was

always performed 10 minutes after the beginning of the Raman acquisition.

This procedure allows having 10 minutes of cell membrane dynamics ”at rest”,

meaning with no external stimuli, and 20 minutes of cell membrane dynam-

ics recordings after the aperture of nanopores. Because the Raman signal is

enhanced enough to be detected only in a very small region around the plas-

monic hot-spot, that is the nanoelectrode tip, the recorded spectra follow the

rearrangement dynamics of the plasma membrane in close contact with the it.

The parameters used to open the nanopores are similar to those of the soft-

electroporation protocol [15]. In particular, the amplitude of the pulses has

been set to 3V being each pulse 100µs long with 20Hz of repetition rate; the

pulse train has been kept on for 10 seconds delivering a total of 200 pulses.

In figure 5.2 three enhanced Raman spectra recorded at the interface with

a 3D plasmonic nanoelectrode and a cell wrapped to it are shown. The spectra

have been acquired from the same nanoelectrode tip in different time moments

of the recording. In particular, the black spectrum is the acquisition after

5 minutes from the beginning of the measurements but before any external

stimuli have been applied to the sample; its Raman peaks are then related to

molecules presents in the plasma membrane in close contact with the 3D plas-

monic nanoelectrode when the cell is in its basal conditions. The red spectrum

however, is recorded in the same spatial position but after the application of the

electroporating pulse train that opened nanopores in the plasma membrane.

Some of the peaks that appear in the Raman signal are much more intense
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Figure 5.2: Raman spectra recorded from the same 3D plasmonic nanoelectrode
before (black), 2 minutes after the application of the electroporation pulse train (red)
and 20 minutes after the application of the electroporation pulse train (blue). Three
regions of the Raman shift are highlighted in which there are a majority of peaks
related to lipids (1 and 3) and proteins (2). The background of the spectra has been
subtracted and the intensities coherently shifted to improve the visualization. Data
from a single experiment.
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in respect to those recorded before the electroporation. That could be related

to the increase in number of the molecules close to the 3D plasmonic nanoelec-

trode, or to the molecules having moved closer to the hot-spot of the nanostruc-

ture during the rearrangement that follows the permeabilization. Interestingly,

the majority of new and intense peaks are confined in the shift regions (num-

bered with 1, 2 and 3) that contain the vibrational modes of mostly lipid [81]

(780 − 890 cm−1 and 1400 − 1550 cm−1) and protein [82] (1240 − 1310 cm−1)

related molecules. After 20 minutes from the electroporation pulse train ap-

plication, the blue spectrum in figure 5.2 shows a decrease in the intensity of

the peaks, and the disappearing of the majority of the proteins related modes

that were visible after the permeabilization of the membrane, suggesting that

the lipid bilayer is completely reformed having close all the nanopores.

Some of the experiments have shown a loss in the signal after the applica-

tion of the electroporation, while others spectra exhibited an increase in the

signal intensity; the reason being the different position of the cell on the 3D

nanoelectrodes. The following graphs are color maps of time-resolved mea-

surement over 35 minutes of acquisition. On the x-axis the wavenumber k, or

Raman shift in cm−1 is represented, while on the y-axis there is the time. The

different colors are different intensities of the signal, from the low intense in

blue, to the most intense in red/dark red.

It has been noticed that when the plasma membrane is wrapped around

the 3D nanoelectrode and is also tightly attached to the flat substrate around

it, on average the signal following the electroporation increases in intensity

(see figure 5.3 a, b). On the contrary, when the tight sealing between the 3D

nanoelectrode and the cell is limited only to a part of the membrane (see figure

5.3 d), the initial spectrum results lower in intensity and an electroporating

event will cause the loss of the signal with no recovery in time.

The best hypothesis to explain these behaviors is that, if the membrane

is floating on the 3D nanoelectrodes, in situ electroporation will cause the
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membrane to detach from the 3D plasmonic hot-spot (see figure 5.3 c, d). On

the contrary, when the cell is tightly adherent around the 3D nanoelectrode,

an electrical pulse train will increase the adhesion tightness.

To find an average behavior of the cell membrane dynamics during the

in situ electroporation, the spectra of 10 samples in which the nanoelectrode

was in contact with a central part of the cell, and not at the edge, have been

averaged together and plotted in figure 5.4 c. The acquisitions have been

made along 30 minutes, one acquisition each 6 seconds with electroporation

performed after 10 minutes from the beginning of the experiments (t = 600 s,

represented by the dotted line in the color map) and lasting 10 seconds (2

acquisitions). The resulting graph has been compared with the average spectra

of samples in the absence of the electroporation during the recordings (figure

5.4 a). The presence of an electroporation pulse train changed dramatically the

Raman response of the samples, while the Raman peaks remained stable in time

when no external stimuli have been applied, suggesting that the measurement

did not affect the system dynamics during the whole experiment.

The excitation laser power is very low (around 0.25mW ) and the excitation

wavelength is in the near infrared (λ = 785nm) to minimize the interaction

with the biological samples and the cell degeneration [57]. The not porated

samples present stable peaks in time and in intensity, with only few single spec-

tra with more intense peaks over the whole Raman shift. This kind of behavior

can be related to the dynamics of the cell membrane that move closer to the

3D plasmonic nanoelectrode, allowing a higher enhancement of the vibrational

modes of the plasma membrane molecules. Nevertheless, such behavior is not

comparable with previous studies because of the lack of similar time-resolved

measurement on living in vitro systems. Most of SERS studies on in vitro cells

are in fact performed on fixed specimens [83], [84], while those that measure

the SERS of living cells, usually acquire a single spectrum and do not study

the plasma membrane dynamics during long period of times [66], [85]. When
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Figure 5.3: a) time-resolved Raman enhanced acquisition over 35 minutes of time
coming from a 3D nanoelectrode in contact with a central part of the cell membrane.
After 10 minutes electroporation protocol is applied (dotted line); the signal increases
in intensity, new peaks appear and other start to shift in wavenumber. b) SEM image
of 3D nanoelectrode with a cell on top of it tightly wrapped. The cell membrane is also
in adhesion with the flat substrate surrounding the 3D nanoelectrode. c) Time-resolved
Raman enhanced acquisition over 35 minutes of time coming from a 3D nanoelectrode
in contact with a cell edge. The initial spectrum is lower in intensity respect to the
previous; after 10 minutes electroporation protocol is applied (dotted line) and the
signal disappears and do not recover in time as if the cell moved away from the 3D
nanoelectrode. d) SEM image of a 3D nanoelectrode in contact with a cell edge. The
cell membrane is not tightly sealed all around the 3D nanostructure.
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Figure 5.4: a), c) Color maps of the time-resolved average Raman enhanced spectra
of cell membrane dynamics in contact with a 3D plasmonic nanoelectrode with b), d)
the relative sketches of the conditions. The λ = 785nm laser excites a 3D plasmonic
nanoelectrode and the acquisition have been taken every 6 seconds (5 accumulations of
1 sec acquisition) during 30 minutes of recording. a) average of 6 experiments without
the application of external stimuli. c) average of 10 experiments with an electropo-
ration pulse train applied at t = 600 sec and 10 seconds long after the beginning of
the measurements (dotted line). The background has been subtracted to the original
acquisitions.
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analyzing the average spectra collected in the presence of an electroporating

event (figure 5.4 c), three different temporal behaviors are visible; from t = 0

to t = 600s, before the electroporation has been induced, the signal is following

the same behavior of the unperturbed samples. The detected molecules are the

same as in the unperturbed samples, and the intensities are comparable. After

the electroporation event, from t = 600s to roughly t = 1200s, the average sig-

nal changes dramatically, showing the appearance of new peaks with a much

higher intensity than the baseline, together with old peaks that increase their

intensity while other disappear temporarily. The majority of changes happen

in the Raman shift regions corresponding to proteins related peaks and lipid

related molecular vibrations, suggesting that these molecules are involved in

the rearrangement of the cell membrane. In fact, when the plasma membrane

undergoes to a process of permeabilization, it follows a period of rearrangement

of the lipids bilayer with the aid of several membrane proteins at the interface

with the membrane [5], [86], [87].

The last 10 minutes (from 1200 sec to 1800 sec) of acquisition are char-

acterized by a general decrease in the intensity of the peaks to a condition

resembling the initial one and by the disappearance of some of the peaks that

emerged after the electroporating event. The most convincing reason being the

closure of the nanopores at the interface with the 3D nanoelectrode hot-spots,

and the membrane reformation to the pre-electroporation conditions [19].

To test this hypothesis, the time evolution of single molecules has been

studied through the evolution of their peaks. Before that however, a time

average analysis has been performed to more clearly highlight the peaks that

underwent to the most dramatic changes during the experiments.
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5.1 Time evolution of single peaks

The analysis has been made on the average Raman signal showed in figure 5.4

c. Spectra have been divided in time bands and the average of the Raman

signals over these intervals has been calculated. A time band called PrePora-

tion represents the average spectrum of all the acquisitions that precede the

electroporation event, from t = 0 sec to t = 594 sec. The PostPoration signals,

from t = 612 sec to t = 1800 sec, have been divided in four time bands, each

consisting of 5 consecutive minutes and the relatives averages have been cal-

culated. The acquisitions between 594 sec and 612 sec have been discarded to

avoid the influence of the electrical pulse train.

With the time-average analysis it has been possible to isolate the Raman

peaks correlated to interesting molecular vibrations and studying their dynamic

in time, in the attempt of explaining the plasma membrane behavior when

perturbed with in situ electroporation.

The results are showed in figure 5.5, in which the five spectra represent

the averages of the time-binned signals. From this analysis, some peaks result

to have a stable intensity during the whole recording time, such as 954 cm−1

assigned to cholesterol [62] and 975 cm−1 related to fatty acid vibrational modes

[81]. Their temporal evolution during the 30 minutes of experiments are showed

in figure 5.6 a and b, and compared to the temporal behavior of the same

molecules in the absence of the electroporation (spectra in black in the graphs).

The electroporation moment is identified by a dotted line, after which the

spectra present some broader oscillation respect to the not porated samples.

However, the changes in intensity is at maximum of 1000 counts for both the

detected molecules. Thus, their presence is constant overall the experiments,

both in case of the electroporation and ”at rest”.

The behavior of these peaks suggests that the relative molecules are present

in the enhancement area, close to the 3D plasmonic nanoelectrodes, during the
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Figure 5.5: Time means of the averaged Raman signals. The black spectrum is the
average of the Preporation signals, from t = 0 sec to t = 594 sec. The others Raman
spectra are the averages of different time slots after the electroporation, in particular
the average of the Raman signals between t = 612 sec and t = 900 sec (red line), the
average of the Raman spectra from t = 900 sec to 1200 sec (blue spectrum), from
t = 1200 sec and 1500 sec (pink spectrum) and from t = 1500 sec to t = 1800 sec
(green line).
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Figure 5.6: Temporal behavior of the a) cholesterol related peak at 954 cm−1 and b)
fatty acid related peak at 975 cm−1 of the average spectrum both in the presence of
the electroporation process (pink spectrum) and in the absence of it (black spectrum).
The moment in which the electroporating pulse train has been applied is identified by
the dotted line.
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whole duration of the experiments.

Other molecules instead, exhibit their fingerprints only after the electropo-

ration stimulus.

Lipid related peaks have been analyzed, including the 875 cm−1 peak, as-

signed to the C - C stretching of phospholipids [81], the 1378 cm−1 peak gener-

ically assigned to lipids [88], and the peak in 1464 cm−1 related to CH2 CH3

deformations in cholesterol and triacylglycerols [89]. Their time behavior is

showed in figure 5.7 a, b and c respectively.

Figure 5.7: Time behavior of a) C - C stretching of phospholipids related peaks at
875 cm−1, b) lipid related peak at 1378 cm−1 and c) CH2 CH3 deformations of fatty
acid and triacyglycerols vibrations (1464 cm−1) in the plasma membrane. In black
the time behavior of the average lipid related peaks without the application of the
electroporation. In pink the time evolution of the average peaks when electroporation
has been performed at 600 sec (dotted line).
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In each of the graph the time evolution of the peak in the absence of the

electroporating event is depicted in black, while the dynamic of the molecular

vibration when the electroporating pulse train has been applied is depicted in

pink.

All the three peaks, and with them the relative molecules, present a dra-

matic increase in the intensity after the electroporation, suggesting a drastic

change in their presence and orientation in the plasma membrane. It is in-

teresting to notice how the oscillations are not synchronized, suggesting that

each molecule has a specific role in the rearrangement of the membrane after

the permeabilization in a certain temporal order. This lack of synchronization

among the temporal evolution of different peaks together with the comparison

with the samples without electroporation, are useful to confirm that the de-

tected changes are not related to the measurement (laser power, environment

conditions) but only to the electroporation event. Moreover, the molecules that

are detected in the absence of electroporation, present changes in intensities

comparable to those of the pre-poration time.

Time evolution of the protein vibrational modes have been studied (figure

5.8), in particular it has been investigate the dynamics of four peaks assigned to

amino acids such as tyrosine, identified at 830 cm−1 [88], the more intense one

at 1002 cm−1 related to the phenylalanine [90], the peak at 1211 cm−1 assigned

to both tyrosine and phenylalanine [88] and the one at 1552 cm−1 assigned to

tryptophan [88]. In addition, the dynamics of two peaks at 1302 cm−1 and at

1545 cm−1 assigned respectively to the C −N stretching and N −H bending

vibration modes of the Amide III [82], [90] and to Amide II [91] have been

studied.

Different behaviors have been noticed when electroporation was induced

(purple lines in figure 5.8) in respect to measurements made without external

stimulations (black spectra in figure 5.8).

In particular, the amino acids modes have a very stable and almost null
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Figure 5.8: Time behavior of proteins related peaks when the system has been
porated (purple spectra, electroporation indicated with the dotted line at 600 sec) and
when the system has not been perturbed (black spectra). In particular, a) tyrosine
related peak at 830 cm−1, b) phenylalanine peak at 1002 cm−1 and c) peak related to
both tyrosine and phenylalanine at 1211 cm−1. Then the vibrational modes related
to d) amide III at 1302 cm−1, e) amide II centered at 1545 cm−1 and finally to f)
tryptophan at 1552 cm−1.
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intensity in absence of the electroporation, while appeared after it with a very

strong intensity. The amide II and amide III vibrational modes on the contrary,

present some intense peaks also before the application of the electrical pulse

train. However, also on them the effect of the plasma membrane permeabiliza-

tion is visible. These dynamics, and in particular the amino acids vibrational

modes, suggests the formation of hydrophilic nanopores on the plasma mem-

brane that allowed cytoplasmic proteins to get closer to the 3D plasmonic

nanoelectrode and led to the consequent detection of their enhanced Raman

spectra.

Before the electroporation, the tyrosine, the phenylalanine and the tryp-

tophan fingerprints are almost absent from the Raman spectra. Their peaks

appear with a high intensity just after the electroporating pulse train and

slowly decrease as the molecules move away from the 3D plasmonic nanoelec-

trodes after some time (5 minutes for the tyrosine). Also the amide II related

peak shows a decrease in intensity after roughly 5 minutes from the electro-

poration, while the amide III vibrational mode persist until almost the end of

the measurements (more than 15 minutes, see graph in figure 5.8 d).

The presence of hydrophilic nanopores on the plasma membrane can be

induced in close proximity of the nuclear envelop. Looking to the cross section

images, it is possible to imagine that nanopores can open also in the nuclear

membrane (see inset in figure 4.4) when the nucleus is very close to the 3D

plasmonic nanoelectrodes. In that scenario, DNA can exit from the safety of

the nucleus and move close to the plasmonic enhancer, thus being detected from

their vibrational modes. In this regard, temporal behavior of peaks assigned to

DNA and nucleic acid have been analyzed with and without electroporation.

In figure 5.9, the peak at 790 cm−1 has been assigned to O - P - O stretching

modes related to DNA backbone [92] (figure 5.9 a), the vibrational modes at

1120 cm−1 have been assigned to nucleic acid [88] (figure 5.9 b), the peak cen-

tered at 1252 cm−1 has been assigned to the NH2 vibrational modes of cytosine
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and guanine [93] (figure 5.9 c), while the peak at 1573 cm−1 has been assigned

to guanine and adenine vibrational modes [58] (figure 5.9 d). The four Ra-

man enhanced peaks showed a similar behavior among the experiments, with

minimal changes in intensity, if the peaks were present, in absence of the elec-

troporation and large intensities after the application of the electroporating

pulse train. These results are very promising, suggesting the possibility of

porating directly the nuclear envelop and gain access not only to cytoplas-

mic compartment, but also to the nuclear environment. Interestingly, protein

related peaks and DNA related peaks behave differently; the nucleic acid and

backbone vibrations in fact, appear after few minutes from the electroporation,

while the peaks associated with protein vibrational modes present an increase

in their intensity just after the electrical pulse train application.

In the attempt of shed some light on the rearrangement of the plasma

membrane after and electroporating event, the peaks related to the α-glucose

of glycoproteins [6], situated respectively at 847 cm−1 (monosaccharides [94])

and 1343 cm−1 (glucose [81]), have been analyzed. Glycoproteins are trans-

membrane proteins abundant in lipid rafts that exhibit abundant glucose and

monosaccharides molecules in the extracellular domains. Understanding their

recruitment after an electrical pulse train can help to prove the role of lipid raft

and their proteins in helping exocytosis processes and the consequent sealing

of the membrane nanopores [87].

The effects of electroporation are visible at 600 seconds when the peak

signals appear and start to oscillate in time (see figure 5.10 a, b). Monosac-

charides reach a peak in their presence after roughly 5 minutes (1200 sec) from

the electroporation event, dropping their intensity radically as if their role has

been performed and the molecules can scatter again in the plasma membrane,

far from the permeabilized region.

The biological phenomena involved in the nanopores closure are still a mat-

ter of debate. Recently, it has been demonstrated that endosomal sorting
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Figure 5.9: Dynamic behavior in time of DNA and nucleic acid associated peaks.
a) 790 cm−1 peak associated to O - P - O stretching of DNA, b) vibrational mode
assigned to nucleic acid at 1120 cm−1, c) peak centered at 1252 cm−1 associated to
vibration of cytosine and guanine, and d) peak at 1573 cm−1 related to guanine and
adenine vibrational modes. Red spectra are the average of electroporated samples at
600 sec (dotted line), while black spectra are the reference, to which electroporation
have not been applied.

69



CHAPTER 5. MEMBRANE DYNAMICS DURING ELECTROPORATION

Figure 5.10: Time-resolved dynamics of a) monosaccharides peak at 847 cm−1 and b)
glucose peak at 1343 cm−1. With electroporation (blue) and without electroporation
(black). The dotted line represents the moment in which the electroporating pulse
train have been applied.
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complexes required for transport (ESCRT) are key players in the reforming of

cellular membranes [5]. In particular, these machines allow endosomes to bind

and fuse with plasma membrane. Endosomes are intracellular compartments

responsible for the transport of molecules and vesicles to and from the Golgi

apparatus. When endosomes merge with the plasma membrane releasing their

content into the extracellular space, they are called exosomes [95]. Studies

have been made on the vibrational modes of exosomes isolated from cell cul-

tures with different methods, to remove bias due to the used technique [88]. Lee

et al. in particular, analyzed the Raman enhanced spectrum of exosomes ex-

tracted form cells by a total exosome isolation reagent (TEIR) and confronted

the detected peaks with those excited when the isolation has been made by

ultra-centrifugation; in this way, different sizes and conformations of exosomes

have been characterized by their Raman fingerprints.

Several vibrational modes assigned to ESCRT have been already analyzed

in this thesis, such the peaks at 830 cm−1 (tyrosine), 1002 cm−1 (phenylala-

nine), 1120 cm−1 (nucleic acid),

1211 cm−1 (tyrosine and phenylalanine), 1303 cm−1 (amide III), 1378 cm−1

(lipids), 1552 cm−1 (tryptophan), and each of them showed an interesting be-

havior in time after the electroporation. In addition, also the vibrational mode

at 1394 cm−1 related to the CH2 rocking [88], that is a change in angle between

two hydrogens and the rest of the molecule in the carbon plane, that has been

identified as one of the fingerprints of the exosomes, shows a dynamics similar

to other molecules (see figure 5.11). These results point in the direction of the

presence of exosomes in situ where electroporation has been performed. Such

finding would give new strength to the theory of ESCRT as important play-

ers in the healing of the plasma membrane after its permeabilization, helping

exosomes to merge with the broken lipid bilayer in the attempt of healing it.
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Figure 5.11: Time evolution of CH rocking related Raman peak at 1394 cm−1 in
presence (cyan) and in absence (black) of electroporation (at 600 sec, in correspondence
of the dotted line).
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Conclusion

Interfacing biological samples and nanostructured surfaces finds applications in

countless fields such as tissue engineering [36], electrophysiology over large cell

cultures [96], in vitro and in vivo delivery of molecules and nanoparticles [7],

intracellular sampling [26] and spectroscopic analysis of biological specimens

[62]. The outcomes have impact both on basic research and in medicine.

This work is based on a recently developed 3D nanostructured device [80]

that has been previously exploited to address the extra and intra - cellular envi-

ronment in multiple applications such Raman spectroscopy [62], optoporation

and delivery of molecules [10] and electrical recordings of action potentials [24].

Throughout the results and developments achieved and described in this the-

sis, the performance and the capabilities of the 3D hollow nanostructures have

been extended to new biological application fields, further deepening our un-

derstanding of the cell-nanostructure interface.

The purpose of this thesis has been twofold. Firstly, a novel microflu-

idic bio-device and an optimized electroporation protocol have been realized

and refined exploiting the recent developments on 3D hollow nanostructures.

Subsequently, the behavior of the cellular membrane in contact with 3D nano-

structures has been explored by means of SERS spectroscopy and FIB/SEM
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imaging, revealing new aspects of the membrane dynamics under specific ex-

ternal stimuli and in resting conditions.

The device developed in the first part of the PhD work is made of 3D hollow,

plasmonic and electrically conductive nanostructures arrays protruding from a

flat substrate. The contribution discussed in the present research involves the

implementation of an electroporation protocol to open nanopores on the cell

membrane applying a short pulse train, and to deliver molecules in the targeted

cells through the inner nanochannel of the 3D nanostructures. To achieve this

result, possible optimizations of a passivation layer on the flat substrate have

been explored. The final outcome has led to a soft-electroporation protocol in

which the electric pulse train is applied only through the nanometer tip of the

3D nanoelectrodes, and the permeabilization of the cell membrane is achieved

with a low applied voltage (soft-electroporation), thus reducing the formation

of toxic reactive oxygen species. The permeabilization of the plasma membrane

in correspondence of the 3D hollow nanoelectrode tip has been exploited to in-

tracellularly deliver fluorescent molecules in the targeted cells from a separated

microfluidic compartment. This result represents an important development in

respect to the state of the art because it allows for the reproducible intracellular

delivery in mild and non-invasive conditions.

The interface between in vitro cell systems and the 3D substrate has been

investigated by means of FIB cross sectioning and SEM imaging. The results

are in accordance with several studies on 3D nanostructured substrates [50],

[72], showing a tight adhesion between the cell membrane and the substrate,

in particular where 3D features are present, and the absence of spontaneous

internalization of the 3D nanostructures. Different behaviors of the plasma

membrane and the nuclear envelop have been showed when close to the 3D

nanostructures. Cellular membrane exhibited a tight sealing firmly wrapping

the 3D nanostructure along the totality of its length, while the nuclear envelop

presented only local bending close to the 3D nanostructures, trying to preserve
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the spherical-ish shape that distinguishes the nucleus.

In the second part of this PhD work, the device has been revisited to

make the 3D nanostructures plasmonically resonant at a specific wavelength

and removing its nanofluidic capabilities. Taking advantage of the plasmonic

properties of the 3D nanostructures, the device has been exploited to study the

in situ dynamics of the cell membrane when nanopores have been generated by

an electrical pulse train. Laser light is able to couple with the nanostructures

when the 3D geometry has been properly tuned, and the electric field results

to be locally enhanced in specific hot-spots along the 3D nanoelectrode. The

localized field enhancement allowed to record specific radiation, such as Raman

spectra, otherwise too weak to be detected in respect to more intense signals

like the fluorescence emitted by the system. Since the Raman signal encodes

for the biochemical molecules present in the plasma membrane, the changes in

the spectra have been directly related to molecular changes in the orientation

and composition of the investigated region. The experiments performed in

this thesis represent a novel approach to observe in real time and with high

resolution the molecular dynamics of the cell membrane subjected to external

stimuli. Moreover, the results presented in this work are also in accordance

with data in literature and show an average closure time of the nanopores in the

order of 10 minutes after the electroporation [17], [18]. The molecular changes

due to electroporation have been investigated for 20 minutes, the behavior of

several molecules tightened to the plasma membrane rearrangement has been

studied and the results have been compared to the same measurements when

electroporation has not been induced.

Several molecules have been identified within the recorded Raman enhanced

peaks, and the technique resulted promising in unveiling the mechanisms be-

hind the self-healing of the plasma membrane after the aperture of nanopores

by an electrical pulse train. The results agreed with the hypothesis of exosomes

merging with the plasma membrane to close nanopores, thus supporting the
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involvement of ESCRT machine in the repair mechanism of the cell membrane.

Finally, the presence of very intense vibrational modes related to DNA and

nucleic acid after in situ electroporation hints to the possibility of directly

access the nuclear compartment.

This work is the first study on the electroporation dynamics performed by

SERS and it is located in a landscape of increasing interest from the scien-

tific community on the interaction between nanostructures and cells and their

interface.
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