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The unique and controllable physico-chemical properties of micro- and nano-
materials have allowed the creation of ground-breaking approaches to overcome
some of the major challenges of different branches of technology and science,
including modern medicine. The fast advances in micro- and nanotechnology
have lead to an increasing demand for understanding the behaviour of mi-
cro- and nanomaterials within the physiological environments as well as their
interactions at the bio-interface, including the cellular level, for an efficient
and safe development. In this scenario, the present Thesis aimed to provide an
integrated understanding about microparticle interactions with cells. First, we
assessed the impact of cationic lipids and polymer coating of microparticles on
their uptake by non-phagocytic (HeLa) cells. We found that non-covalently
conjugated PEI at a 0.05 mM concentration offers the best balance between
uptake efficiency and cytotoxicity. Second, we observed that surface modi-
fied microparticles were differently uptaken by tumoral (SKBR-3) and non-
tumoral (MCF-10A) human breast epithelial cells, not only in terms of uptake
efficiency but also of their endocytic pathways. Third, we demonstrated that
polysilicon-chromium-gold multi-material intracellular chips (MMICCs) are
suitable for biological applications due to their biocompatibility and capabil-
ity of developing multiple functions through their bi-functionalization using
orthogonal chemistry. Collectively, our results highlight the importance of as-
sessing cell-particle interactions, in terms of cytotoxicity, uptake, intracellular
location and cell type effect of newly designed micro- and nanomaterials, not
only with respect to the target cells but also the neighbouring cells, in order to

ensure their safety and efficiency.



Els micromaterials i nanomaterials presenten unes propietats fisicoquimiques
uniques i controlables, les quals han permes la creacié d’eines innovadores per
tal d’afrontar alguns dels reptes que presenten diferents branques de la ciéncia
i tecnologia, incloent la medicina moderna. El creixement exponencial de la
microtecnologia i nanotecnologia en els tltims anys ha generat la necessitat
de coneixer millor el comportament dels micromaterials i nanomaterials en
ambients fisiologics, especialment a nivell cel-lular, per tal d’assegurar un de-
senvolupament segur i eficient. En aquest context, 'objectiu principal d’aques-
ta tesi ha estat estudiar la interaccié entre diferents tipus de microparticules
i cellules. Amb aquesta finalitat, es van dur a terme tres treballs diferents.
Primer, s’ha avaluat 'impacte del recobriment de microparticules amb lipids i
polimers cationics en la seva internalitzacié en cel-lules no fagocitiques HeLa.
En concret, s’ha observat que la utilitzacié de PEI a una concentracié de 0.05
mM presenta el millor balang entre eficiéncia d’internalitzacié i citotoxicitat.
En segon lloc, s’ha analitzat si la modificacié de la superficie de les micropar-
ticules té un efecte diferent segons la linia cel-lular utilitzada. En concret, s’ha
observat que les cel-lules epitelials mamaries tumorals (SKBR-3) i no tumorals
(MCEF-10A) mostraven diferéncies significatives, tant pel que fa a la eficiencia
d’internalitzacié de microparticules com als mecanismes d’endocitosi invo-
lucrats. Finalment, sha demostrat que els xips intracel-lulars compostos de
polisilici, crom i or, sén bons candidats per a la seva utilitzaci6 en aplicacions
biologiques, ja que presenten una alta biocompatibilitat i sén capagos de desen-
volupar diferents funcions mitjan¢ant la seva bifuncionalitzacié. En conjunt,
els resultats d’aquesta tesi posen de manifest la importancia de determinar la
citotoxicitat, I’eficiencia d’internalitzacié, la localitzaci6 intracel-lular i efecte
de la linia cel-lular a '’hora de dissenyar nous microsistemes i nanosistemes per

tal de maximitzar la seva eficiéncia i minimitzar els efectes adversos.



Los micromateriales y nanomateriales presentan propiedades fisicoquimicas
Unicas y controlables que han permitido la creacién de herramientas innova-
doras para abordar algunos de los mayores retos que presentan distintas ramas
de la ciencia y tecnologia, incluyendo la medicina moderna. El crecimiento
exponencial de la microtecnologia y nanotecnologia durante los tltimos afios
ha generado la necesidad de comprender el comportamiento de los micromate-
riales y nanomateriales en ambientes fisioldgicos, especialmente a nivel celular,
para conseguir un desarrollo eficiente y seguro. En este contexto, el objetivo
principal de esta tesis ha sido estudiar las interacciones entre diferentes tipos de
microparticulas y células. Para ello, se han llevado a cabo tres estudios diferen-
tes. Primero, se ha evaluado el impacto del recubrimiento de microparticulas
con lipidos y polimeros catidnicos en la internalizacién de estas en la linea ce-
lular no fagocitica HeLa. Se ha determinado que utilizacién de PEI a una con-
centracién de 0.05 mM presenta el mejor balance entre internalizacién y cito-
toxicidad. En segundo lugar, se ha analizado si la modificacién de la superficie
de las microparticulas tenfa un efecto diferente segtin la linea celular utilizada.
Concretamente, se ha observado que las células epiteliales mamarias tumorales
(SKBR-3) y no tumorales (MCF-10A) presentaban diferencias significativas
con respecto a la eficiencia de internalizacién y a los mecanismo de endocitosis
involucrados. Finalmente, se ha demostrado que los chips intracelulares com-
puestos de polisilicio, cromo y oro, son buenos candidatos para su utilizacién
en aplicaciones bioldgicas, ya que muestran una alta biocompatibilidad y son
capaces de desempenar distintas funciones mediante su bifuncionalizacién.
En conjunto, los resultados de esta tesis ponen de manifiesto la importancia de
determinar la citotoxicidad, eficiencia de internalizacién, localizacién intrace-
lular y el efecto de la linea celular de los nuevos microsistemas y nanosistemas

para maximizar su eficiencia y minimizar sus efectos adversos.
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Nanotechnology: a revolution “from the bottom”

The concept of nanotechnology was pioneered by the physicist Richard Fey-
nman in 1959, with his revolutionary talk “There’s Plenty of Room at the
Bottom” at the American Physical Society meeting at California Institute of
Technology. During this talk, Dr. Feynman challenged his colleagues to con-
sider the potential of the until then unexplored field of nanoscale. He envi-
sioned the possibility of fabricating molecular machines, through control and
manipulation of individual molecules and atoms: “We can arrange atoms the
way we want: the very atoms, all the way down!” (FEYNMAN, 1992).

A decade later, Professor Norio Taniguchi first introduced the term
nanotechnology as the precise manufacturing of materials, from a large to
smaller scales, ultimately reaching the nanoscale (TaNiGUCHI, 1974). But it
was not until 1981, when single atoms could be “seen” through the scanning
tunneling microscope, that modern nanotechnology was truly developed.
During that time, the scientist Kim Eric Drexler popularized nanotechnology
with his ideas about the construction of tiny machines that could be used for
manipulating biological systems, for example as a cure to diseases (DREXLER,
1981). In 1996, one of the most relevant nanotechnology scientists, Richard
Smalley, was awarded the Nobel Prize in Chemistry, shared with Harry Kroto
and Robert Curl, for their discovery in 1985 of a new arrangement form of
carbon structure: the Buckminsterfullerene (KrRoTO ET AL., 1985). This struc-
ture, also known as the buckyball, is a molecule resembling a soccerball in
shape and is composed entirely of carbon, as are graphite and diamond. Their
discovery was followed by other relevant findings such as colloidal semicon-
ductor nanocrystals (quantum dots) in 1984-85 (Brus, 1984; EKIMOV ET AL.,
1985), and carbon nanotubes (F1G. 1) in 1991 (Irjima, 1991).

The discovery of all these new materials with singular properties evidenced
the usefulness and potential of nanotechnology as a tool for creating new sys-
tems and materials with unique and controllable physicochemical features.

Nanotechnology is nowadays defined as “the design, characterization,
production and application of structures, devices and systems by controlling

shape and size at the nanoscale” (DowLING, 2004).
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FiGure 1. In situ transmission electron microscopy imaging of carbon nanotube’s different

stages of growth (a-c), with their corresponding ball-and-stick schematic model (d-f), where

blue balls represent Ni, used as a catalyst, and grey rings represent carbon atoms (HormManN
ET AL., 2007). Reproduced with permission from the copyright owner.

The development of nanotechnology is expected to have a considerable
impact on society, as it offers powerful alternative approaches to overcome
many limitations of different branches of technology and science (ALBANESE
ET AL., 2012). Some examples are energy, through the use of solar cells and
high-performance batteries; electronics, by the creation of data storage and
single-atom transistors; or food and agriculture, providing improved delivery
mechanisms for nutrients or screenings for contaminants (ETHERIDGE ET AL,
2013). But one the most exciting applications of nanotechnology is in the bio-
medical field, where nanotechnology is currently giving excellent and prom-
ising results that are expected to overcome the major challenges of modern

medicine, including cancer research.

Micro- and nanosystems for biomedical applications:
opportunities and challenges of Nanomedicine

Nanomedicine is a new emerging discipline, which has been defined by the

USA National Institutes of Health as the use of micro- and nanoengineered

devices for diagnosis, monitoring and treatment of a disease (MOGHIMI ET
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AL., 2005). This includes the development of nanotechnology tools and na-
nomachines for medical research, therapeutics or diagnostics, such as cantilev-
ers with functionalized tips (DAvID ET AL., 2014; CABALLERO ET AL., 20I5),
microneedles (QUINN ET AL., 2014; HAN & Das, 2015), microchips for con-
trolled drug delivery (STaPLES, 2010) or carbon nanotubes (MEHRA ET AL,
2015; MUNDRA ET AL., 2014).

The fast advances in the development of micro- and nanotechnology have
provided a considerable number of promising new approaches to overcome
several medicine challenges. This is possible thanks to the unique and control-
lable physicochemical properties of micro- and nanomaterials, which allow
the design and tunning of “smart” systems to surpass the limitations of current
diagnostics and/or therapeutic approaches (Dav1s ET AL., 2008). For example,
nano-engineered materials have been shown to significantly improve the poor
solubility (MERISKO-LIVERSIDGE & LIVERSIDGE, 2008) and pharmacokinetics
(IMPERIALE ET AL., 2015; KAMINSKAS ET AL., 2015; WANG ET AL., 2015) of cer-
tain drugs. Moreover, nanomaterials specificity can be increased by enhancing
molecular recognition of target cells through the conjugation of antibodies or
peptides to the particle surface (GU ET AL., 2007; JAIN ET AL., 2013; SANNA ET
AL., 2014). Particularly, the use of micro- and nanoplatforms is highly relevant
in cancer treatment, where classical chemotherapies lead to a high number of
undesirable side-effects due to their lack of specificity (FERRARI, 2005; PEER
ET AL., 2007; CHAUHAN & JAIN, 2013; DEL BURGO ET AL., 2014). In this re-
gard, nano-sized particles have proven to be advantageous against smaller mol-
ecules, as they present a higher efficiency to accumulate in tumor tissues, due
to the enhanced permeability and retention effect (MAEDA, 2010; ACHARYA &
SaHOO, 2011). Furthermore, some types of nanoparticles have shown unique
photophysical properties, which can be used for the simultaneous diagnostic
and treatment of cancer cells. This is the case of gold nanoparticles (GNPs),
since their light absorption can be used for both imaging and photothermal
ablation of cancer cells (HuaNG & EL-SAYED, 2011; KENNEDY ET AL., 201T;

JAIN ET AL., 2012).
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Hence, the main goal in nanomedicine is the design and fabrication of
multimodal systems that can integrate several functions in a single entity to
be able to overcome the limitations of current medical approaches. FIGURE 2
shows a schematic representation of how different functions can be integrated

in a single micro-/nanoplatform.

:C}‘ Imaging agent
%’ﬁ Specific targeting moiety
Biocompatible polymer

Cell-penetrating agent

A
é-g’ Qt Orug A

. Q Stimulus-sensitive agent A
k b DrugB

B Stimulus-sensitive agent B

TRENDS in Biotechnotogy

FIGURE 2. Scheme of the possibilities for particle modification in order to achieve a multi-
functional platform (SANVICENS & MaRco, 2008). Reproduced with permission from the
copyright owner.

In recent years, a wide range of micro- and nanoparticulate systems, ei-
ther of organic or inorganic nature, have been developed. Some of the most
relevant systems are:

a) Gold nanoparticles. Their low cytotoxicity (CONNOR ET AL., 2005; PAN
ET AL., 2007) as well as their ease of surface functionalization (TrwaRI ET
AL., 2011) and unique photophysical properties make them suitable for
imaging, sensing and photothermal therapies (L1 ET AL., 2009; ALKILANY
& MurpHY, 2010). Due to their versatility as dual imaging and thera-
peutic agents, GNPs are nowadays considered a very promising tool for
cancer treatment (KENNEDY ET AL., 201T; JAIN ET AL., 2012).

b) Mesoporous silicon micro- and nanoparticles. Silicon biocompatibil-

ity and tuneable porous size through electrochemical synthesis (ANGLIN
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e

ET AL., 2008) makes them excellent candidates for controlled drug deliv-
ery. Different drugs (SALONEN ET AL., 2005) and siRNA (TANAKA ET AL,
2010; MA ET AL., 2013; MENG ET AL., 2013) can be encapsulated inside
the particle pores in order to improve their efficacy through an efficient
and sustained delivery to the target cells and/or tissues. Moreover, the
silicon surface can be easily functionalised to incorporate extra functions
such as targeting or stimuli-responsive drug release (YANG ET AL., 2012).
Super paramagnetic iron nanoparticles. Their magnetic properties
make them remarkable agents for both diagnostics (magnetic resonance
imaging) and treatment (magnetic heat treatment) of cancer cells (Man-
MOUDI ET AL., 2011; HAYASHI ET AL., 2013). In addition, super paramag-
netic iron nanoparticles have shown low cytotoxicity and their surface
can be functionalized with molecules of interest to achieve targeting or
drug delivery (HUANG ET AL., 2011; YOFEE ET AL., 2013).

Quantum dots. Quantum dots are nanocrystals made of fluorescent
semiconductor materials. They have unique optical properties such as a
narrow and tunable emission spectrum, a broad excitation spectrum and
they do not photobleach. These properties as well as their bioconjugation
with targeting molecules give new avenues for in vitro and in vivo imag-
ing applications (MEDINTZ ET AL., 2005; J. PARK ET AL., 2011; MONTON
ET AL., 2012, 20I5).

Carbon nanotubes. Carbon nanotubes can be considered as a single lay-
er of graphite rolled up into a cylinder, as they are made up of hexagonal
networks of carbon atoms of 1 nm in diameter and 1-100 nm in length.
Carbon nanotubes present unique physical, mechanical and electronic
properties, which are of special interest for several biomedical applica-
tions, such as bone tissue engineering (VENKATESAN ET AL., 2014), stem
cell research (RAMON-AZCON ET AL., 2014) or cancer theranostics (CHEN
ET AL., 2015).

Liposomes. Liposomes were the first nanoengineered drug delivery sys-

tem used in clinics. They consist of enclosed lipid bilayers that can be
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used for encapsulating drugs or nucleic acids. This protects the latter
from degradation, thereby enhancing their cellular uptake and cyto-
plasmic delivery of the cargo (ALLEN & CuLLis, 2013). Furthermore,
liposomes can be combined with different molecules such as polymers
(ADLAKHA-HUTCHEON ET AL., 1999) or targeting molecules (WANG ET
AL., 2014) and this may control and improve the efficiency of the drug
delivery system.

Polymer micro- and nanoparticles. The use of biodegradable polymers
with controllable physicochemical properties, such as polyethyleneglycol,
chitosan or Poly(DL-lactic-co-glycolic acid), among others, has yielded
remarkable results for drug delivery. Polymer particles offer many advan-
tages such as lower clearance by immune system, intracellular delivery
and stimuli-responsive drug delivery (LIECHTY ET AL., 2010).
Dendrimers. Dendrimers are repetitively branched molecules, generally
described as a new class of polymeric materials which have a symmet-
ric structure around a core, often acquiring spherical three-dimensional
conformations (BOSMAN ET AL., 1999). Their uniform size, high branch-
ing degree, high solubility, well-defined molecular weight and available
internal cavities have attracted interest for drug delivery applications

(NANJWADE ET AL., 2009).

Properties and applications of the different types of micro- nanodevices

for biomedicine are summarized in FIGURE 3.

The outlook for micro- and nanoplatforms use in nanomedicine is fasci-

nating and promising, especially in the case of cancer diagnostics and treat-

ment. However, while nanomedicine has reached encouraging outcomes at

an experimental level so far, it still remains a young discipline and there is a

long way to go from its current experimental stages to actual clinical applica-

tions. A recent study identified 247 nanomedicine products that were either

approved or under various clinical stages, of which 100 have reached a com-

mercial stage (TABLE 1) (ETHERIDGE ET AL., 2013).
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Particle type Composition/Structure Applications

Polymer e.g., PLGA, glycercl, chitosan, DNA;  Drug delivery; passive release
menomers, copelymers, hydrogels (diffusion), controlled release
(triggered)
Dendrimer PAMAM, etc. Drug delivery

ORGANIC

Liposomes, micelles Drug delivery
. Quantum dots CdSe, CulnSe, CdTe, ele Optical imaging
Gold Spheres, rods, or shells Hyperthermia therapy, drug delivery
& (‘::Lﬁ:l Silica Spheres, shells, mesoporous Contrast ag_enl‘.s, drug delivery
g s (encapsulation)
% Magnetic Iron oxide or cobalt-based; spheres,  Contrast agents (MRI), hyperthermia
g y aggregates in dextran or silica therapy
Carbon-based Carbon nanotubes, buckybalis, Drug delivery
graphene

FIGURE 3. Summarized classification of the most relevant types of micro- and nanodevices
used for biomedical applications. Adapted from DAwIDCZYK ET AL., 2014.

The translation of nanomedicine research into real clinical applications is
still at an early stage. For instance, in the case of cancer nanomedicine, clinical
trials represent only a 2% of the total number of publications in the field over
the last 10 years (WICKI ET AL., 2015). Furthermore, and in spite of all research
efforts, there are only 12 currently approved nanomedicines, which are listed
in TABLE 2.

This context warrants further discussion about the limitations of applying
nanomedicine into clinical practice. This can be attributed to several issues, as

outlined below.
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Investigational Commercial

Nanocomponent
Hard NP 3 12 15 0 28 28
Nanodispersion 5 0 5 1 1 2
Polymeric NP 23 0 23 9 0 9
Protein NP 4 0 4 2 0 2
Liposome 53 0 53 7 1 8
Emulsion 18 1 19 9 0 9
Micelle 8 0 8 3 1 4
Dendrimer/Fleximer 2 2 4 0 3 3
Virosome 6 0 6 2 0 2
Nanocomposite 0 0 0 0 18 18
NP Coating 0 2 2 0 6 6
Nanoporous material 0 3 3 0 2 2
Nanopatterned 0 2 2 0 2 2
Quantum dot 0 1 1 0 4 4
Fullerene 0 1 1 0 0 0
Hydrogel 0 0 0 0 1 1
Carbon nanotube 0 1 1 0 0 0
Total 122 25 147 33 67 100

TasLE 1. Classification of the different types of identified nanoproducts, according to their
developmental stage. Adapted from ETHERIDGE ET AL., 2013.

First, the lack of uniformity in the experimental conditions, often followed
by inconsistent reports of various parameters such as tumour characteristics,
dose, or physico-chemical properties of nanomaterials, makes it difficult to
compare the obtained results among reports and to drag solid conclusions
about the outcomes (ETHERIDGE ET AL., 2013; DAWIDCZYK ET AL., 2014).

Second, research efforts in nanotechnology have largely been focused upon
the design and fabrication of new nanomaterials and have mainly involved
proof-of-concept studies. This has incurred in a high number of publications
about new and varied nanomaterials at the expense of more fundamental ap-

proaches studying the interactions of nanomaterials with the biological systems.

Unravelling cell-particle interactions for the design of new micro- and nanoengineered systems



Product [company] | Drug | Nanomaterial | Application | Approval

Abraxane® Padlitaxel Nanoparticle Breast, pancreatic, non- 2005
[Abraxis/Celgene] albumin-bound  small-cell lung cancer
DaunoXome® [Galen]  Daunorubicin Liposome Kaposi's sarcoma 1996
Depo(yt® [Pacira] (ytosine Arabinoside  Liposome Neoplastic meningitis 1999
. Kaposi's sarcoma L, [122)
Doxil®/Caelyx® . . . 2003, 2007
Doxorubicin Liposome Ovarian and breast cancer
[Johnson & Johnson] Multiol | (Europe,
ultiple myeloma Canada)
Genexol-PM® ; PEG-PLA Breast, lung and ovarian 2007 (South
; Paclitaxel A
[Samyang Biopharm] polymeric micelle  cancer Korea)
Lipo-Dox® . : Kaposi's sarcoma, breast 1998
) , Doxorubicin Liposome . .
[Taiwan Liposome] and ovarian cancer (Taiwan)
Margibo® [Talon] Vincristine Liposome Acute lymphoid leukaemia 2012 (USA)
Mepact® [Takeda] Mifamurtide MTP-PE  Liposome Osteosarcoma 2009 (Europe)
- . Breast cancer
®
Myocet® [Cephalon] Doxorubicin Liposome (cyclophosphamide) 2000 (Europe)
NanoTherm® [Magforce Iron oxide Thermal ablation
. . . 2010 (Europe)
Nanotechnologies] nanoparticle glioblastoma
Oncaspar® . PEG protein .
L- ; Leuk 2
o Sigmasan asparaginase conjugate eukaemia 006
Zinostatin stimalamer® Styrene maleicanhy- Pol i
) ) . dride neocarzinostatin 0 ymer AT Liver and renal cancer 1994 (Japan)
(Zinostatin) [ Yamanouchi] (SMANGS) conjugate

TaBLE 2. Approved nanomedicines for cancer therapy in 2015. Adapted from Wickr ET AL., 2015.

For example, a major concern that limits the application of nanomedicine-
based therapies is the safety of nanomaterials. While most of the studied nano-
materials have shown to render a high biocompatibility, others, such as carbon
nanotubes (KESHARWANTI ET AL., 2015), metal oxide particles (FROHLICH, 2013;
SARKAR ET AL. 2014; VALDIGLESIAS ET AL., 2015) or quantum dots (DERFUS ET
AL., 2004; KING-HEIDEN ET AL. 2009; BRADBURNE ET AL., 2013) may trigger
toxic effects. In this regard, it is worth mentioning that harmful effects induced
by nanoparticles rely upon certain physicochemical properties of nanomaterials
such as their size, surface properties and functional groups. Further discussion

on how particle design influences cytotoxicity is given in Section 1.3.3.
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In conclusion, a complete characterization of the nanomaterial properties,
as well as a deeper knowledge of the behaviour of micro- and nanoparticles
within physiological environments, have become increasingly important for

the design of efficient and safe micro- and nanosystems (STARK, 2011).

Understanding particle interactions at the bio-interface

Micro- and nanoparticulate systems can be administered into the organism

through several ways: orally (O’HaGAN ET AL., 1993; RoY ET AL., 1999; UL-
AIN ET AL., 2003; URBANSKA ET AL., 2012), inhaled (MARETTI ET AL., 2014;
PARIKH ET AL., 2014), intravenously (PERACCHIA ET AL., 1999; L1OPO ET AL.,
2012; HAYASHI ET AL., 2013) and topically (CAvALLI ET AL., 2002; MULLER-
GOYMANN, 2004; KiM ET AL., 2009). Once inside the organism, they will
encounter several biological barriers (F1G. 4).

Mononuciear phagocyte system Nenspecific distribution Hemorheological limitations

58 | 3
2% 535,502 :

Cell membrane internalization/
endosomal escape

[ Drug-containing
nanoparicle

::Q:} Macrophage

Normoxic
cancer cell

Intratumoral pressure

Multidrug resistance

Intermediate
cancer cell

Hypoxic
~ cancer cell

W MDR pump

FIGURE 4. Biological barriers encountered by nanoengineered drug delivery systems (BLanco
ET AL., 2015). Reproduced with permission from the copyright owner.

First, micro- and nanoparticles will interact with different biomolecules
present in the biological fluids. For example, when micro- and nanoplatforms
reach the bloodstream, molecules present in the serum (mainly proteins) will
adsorb on the particle surface forming the so-called protein corona (Cep-

ERVALL ET AL., 2007; NEL ET AL., 2009; WALCZYK ET AL., 2010; SAKULKHU
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ET AL., 2014). The study of protein corona formation around nanoparticles is
currently a growing focus of interest regarding nanomedicine research, as it
has been shown to play an important role in modulating nanomaterials bio-
distribution (AGGARWAL ET AL., 2009; MONOPOLI ET AL., 201T; BARGHEER
ET AL., 2015), circulation time (SAKULKHU ET AL., 2014) and cellular uptake
(LESNIAK ET AL., 2012; YAN ET AL., 2013; RITZ ET AL., 2015). Moreover, pro-
tein corona has shown to mask targeting ligands, resulting in a significant
reduction of specificity (SALVATI ET AL., 2013).

Second, opsonised micro- and nanomaterials will interact with the im-
mune system, since they will be detected as “foreign” particles and cleared
out of the circulation immediately by the mononuclear phagocyte system
(PATEL ET AL., 1998; ZOLNIK ET AL., 2010).

Third, micro- and nanosystems will access the bloodstream, where their
circulation time, pharmacokinetics and capability of extravasation through
the vascular walls will depend not only on their opsonisation and seques-
tration by the mononuclear phagocyte system, but also on the particle de-
sign (DECUZZI ET AL., 2005; GENTILE ET AL., 2008; TASCIOTTI ET AL., 2008;
DECUZZI ET AL., 2009; ARVIZO ET AL., 2011; TAN ET AL., 2013). In the case of
tumour tissues, although the enhanced permeation effect allows the accumu-
lation of nanoparticles, this accumulation can be severely compromised by
high interstitial fluid pressures in certain tumour microenvironments (HEeL-
DIN ET AL., 2004).

Finally, micro- and nanoplatforms able to reach target tissues need to be
internalised by cells, where they will need to overcome several barriers such as
the cellular membrane (See section 1.3.1) and their entrapment in endolyso-
somal compartments (See section 1.3.2).

In order to design innovative micro- and nanoengineered materials able
to overcome the biological barriers, a deeper understanding about the be-
haviour of nanomaterials within the biological systems is required. For this
reason, in this thesis we have focused on the study of particle interactions at

cellular level.
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Plasma membrane is crucial to maintain the intracellular environment. It is
selectively permeable, so that whereas some small and non-polar molecules
can easily diffuse through the lipid bilayer, ions and other large molecules are
not capable of crossing the hydrophobic membrane by themselves (VERMA &
StELLACCI, 2010). Some of these molecules can be transported across the cell
membrane by specialized mechanisms (CooPErR & HausmAN, 2013; ALBERTS
ET AL., 2014) .

In the case of bigger molecules such as proteins, macromolecules, large
complexes and micro- and nanoparticles, their transport across the cell mem-
brane is actively carried out through an energy-dependent process called
endocytosis (CONNER & SCHMID, 2003). Generally, endocytosis can be di-
vided in two major groups: phagocytosis (“cell eating”, involves the uptake
of large particles) and pinocytosis (“cell drinking”, involves uptake of smaller
molecules, fluids and solutes). FIGURE § shows a schematic representation of

the different endocytic pathways, which will be explained in detail below.
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F1GURE 5. Schematic representation of the different endocytic pathways. Adapted from
Mavor & PaGgaNo, 2007.
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The process of phagocytosis occurs only in specialized cells, such as mac-
rophages, dendritic cells or polymorphonuclear neutrophils (UNDERHILL &
GOODRIDGE, 2012), whereas pinocytosis occurs in all cell types. Several mech-
anisms of pinocytosis have been described, which mainly differ in the size of

the formed vesicle, the nature of the cargo and the machinery involved in the
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vesicle formation. Depending on the endocytic mechanism, vesicles can be di-
rected to different cell compartments, where the content of vesicles is degraded
or recycled (CooPER & HAUSMAN, 2013; ALBERTS ET AL., 2014). Thus, a better
knowledge about internalization mechanisms of nanomedicines is crucial for

an efficient delivery and minimized toxic effects.

Phagocytosis

Specialized cells of the immune system such as polymorphonuclear neutrophils
and macrophages have a special mechanism, which allows them to endocyte
big particles such as foreign materials, pathogens or dead cells, in order to clear
them out of the organism. Phagocytosis is triggered by the formation of cell
surface-protrusions through the polymerization of actin, one of the structural
proteins of the cell cytoskeleton. These protrusions surround the particle un-
til it is engulfed by the cell, forming an intracellular vesicle, the phagosome,
which is normally directed to the endo-lysosomal system for the degradation
of its contents (ADEREM & UNDERHILL, 1999; CHIMINI & CHAVRIER, 2000).
Macrophages have shown to be able to phagocyte particles with diameters

above 20 pm (CANNON & SWANSON, 1992).

Pinocytosis

a) Clathrin-mediated endocytosis (CME). This mechanism involves the
concentration of transmembrane receptors and their bound ligands into
a coated membrane invaginations or “pits”, a consequence of the recruit-
ment and assembly of cytosolic proteins such as adaptors and clathrin.
Vesicle scission from the plasma membrane is driven by the recruitment of
dynamin, a multidomain GTPase protein that assembles into a spiral or
“collar”. This constricts the invaginated pits at their necks, leads to mem-
brane fission and ultimately results in the release of the endocytic vesicles.
After vesicles are completely formed, the coating components are recycled
for their re-use (CONNER & SCHMID, 2003). FIGURE 6 shows a schematic

representation of vesicle formation by CME.
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FIGURE 6. Schematic representation of the clathrin coated vesicle formation (GUNDELFINGER
ET AL., 2003). Reproduced with permission from the copyright owner.
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Vesicles formed by CME are often about 120 nm in diameter and their
content is normally directed to the lysosomal degradation pathway. How-
ever, the final destination of a vesicle not only depends on the mechanism
of internalization, but also on the ligand-receptor signalling. For this rea-
son, when uptaken by CME, particles conjugated with a targeted ligand
might not follow the same intracellular pathway than the free ligand itself
(WANG ET AL., 2010; TEKLE ET AL., 2008).

b) Caveolin-mediated endocytosis. Caveolin is a dimeric protein located in
cholesterol- and sphingolipid-enriched membrane domains (lipid rafts),
leading to the formation of small flask-shaped membrane invaginations
called caveolae (CONNER & SCHMID, 2003). As CME, caveolin-mediated
endocytosis is normally triggered by ligand-receptor signalling. In addi-
tion, dynamin has also shown an important role on the formation of
vesicles. But in this case, vesicle fate is not always the endo-lysosomal
compartment. It has been described that caveolin-mediated endocytosis
can bypass the endo-lysosomal compartment in some cases. Then, the

cargo accumulates in vesicle-like structures called caveosomes and are
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later processed through non-degradative pathways to different cell com-
partments such as the endoplasmic reticulum and/or the nucleus, as it is
the case of SV40 virus (PELKMANS ET AL., 2002).

o) Clathrin- and caveolin- independent endocytosis. This type of en-
docytosis has been relatively recently described and its mechanisms and
properties still remain poorly understood (SANDVIG ET AL., 2008). It has
been observed that some features are shared with caveolin-dependent en-
docytosis, such as cholesterol sensitivity and lipid rafts, but in this case it
is regulated by non-caveolar intermediates, being this type of endocytosis
caveolin- and dynamin- independent (KIRkHAM & PARTON, 2005).

d) Macropinocytosis. Macropinocytosis is another special type of clath-
rin- and caveolin- independent endocytosis. It is an actin-triggered proc-
ess that allows the internalization of large volumes of extracellular fluid

(SwANSON & WATTS, 1995).

Understanding the mechanism of internalization and intracellular path-
ways of nanomedicines is essential to improve their design and efficacy. On
the one hand, nanomedicines need to interact with the cell membrane in
order to trigger any of the endocytic mechanisms. The capability of micro-
and nanoparticles to bind to the cell membrane has been shown to strongly
rely upon the physicochemical properties of nanomaterials such as their size,
shape, surface charge, and functionalization (ALBANESE ET AL., 2012; ZHANG
ET AL., 2012; DEL BURGO ET AL., 2014). The more affinity a particle has to the
cell membrane, the more possibilities to be internalized. The effect of particle
design on particle-cell interactions will be further discussed in Section 1.3.3.
On the other hand, it is crucial to characterize the endocytic mechanism by
which a specific nanomaterial is internalized, as this strongly influences the
post-internalization fate and intracellular location of nanoparticles (YAMEEN
ET AL., 2014). Furthermore, some mechanisms of endocytosis are unspecific,
so that particles uptaken by these pathways are, in principle, able to enter all

cell types. By contrast, particles internalized via ligand-receptor signalling can
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be directed to a specific target cell type, since some receptors are differen-
tially expressed in specific types of cells (EL-SAYED ET AL., 2006; BAREFORD
& SWAAN, 2007; ZHONG ET AL., 2014). In this regard, it is worth noting that
some polarized cell types may also show a spatial distribution of endocytic
mechanisms. For example, it has been described that CME is preferentially
regulated and expressed in the apical side of polarized epithelial cells, whereas
the predominant mechanism in the basolateral side of the cell is caveolin-
mediated endocytosis (SANDVIG & VAN DEURS, 2005; IVERSEN ET AL., 2011).
Endothelial cells are also expected to show this differential distribution of
endocytic properties.

In order to identify the mechanisms of nanomaterials internalisation by
cells, the different endocytic pathways can be inhibited with either chemical
or pharmacological agents (TABLE 3). Another approach that is becoming in-
creasingly popular for the study of endocytosis pathways is the use of mutants,
such as knock-out cell lines, which lack the protein involved in a specific en-

docytic pathway (DutTa & DONALDSON, 2012).

Intracellular transport: endolysosomal network entrapment
and cytosol delivery strategies

In a classical endocytic process, primary formed vesicles deliver their con-

tents and membrane into early endosomes (EE), a vesicular compartment of-
ten located in the peripheral cytoplasm. This compartment provides the ad-
equate environment for molecular sorting, to either recycling or degradation
pathways (MELLMAN, 1996). Recycling of molecules is carried out by vesicle
formation for transport to the plasma membrane and is regulated by several
proteins (BONIFACINO & Rojas, 2006; PFEFFER, 2009). For 8-15 min, EEs ac-
cumulate cargo and after that period, they mature into late endosomes (LE)
by inheriting newly synthesized lysosomal hydrolases and membrane compo-
nents from the secretory pathway (Huotarr & HeLENIUS, 2011). LEs have a
round or oval morphology, with a diameter of 250-1000 nm and pH 6-5, and

their limiting membrane contains lysosomal proteins, such as lysosome as-
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Chemical inhibitors

Endocytosis inhibitor | Pathway targeted

Hypertonic sucrose (ME Traps clathrin in microcages
Potassium depletion (ME Aggregates clathrin
Cytosol acidification ME Inhibits the scission of the clathrin pits from the
membrane
. Translocates clathrin and AP2 from the cell
Chlorpromazine (ME .
surface to intracellular endosomes
Monodansylcadaverine (ME Stabilizes CCVs
Phenylarsine oxide (ME Not clearly known
Chloroquine (ME Affects the function of CCVs
Monensin (ME Affects proton gradient
Phenothiazines (ME; phagocytosis Affects the formation of (CVs
Methyl-B-Cyclodextrin Lipid raft Removes colesterol out of the plasma membrane
Filipin CIE Binds to colesterol in the membrane
Phagocytosis;

(ytochalasin D, latrunculin Depolymerizes F-actin

macropinocytosis

Amiloride Macropinocytosis Inhibits Na+/H+ exchange

Pharmacological inhibitors

Endocytosis inhibitor | Pathway targeted

Dynasore (ME Blocks GTPase activity of Dynamin

Dynoles, dyngoes (ME Blocks GTPase activity of Dynamin |

. Interferes with binding of proteins to the

Pitstop CME N-terminal domain of clathrin

TasLE 3. Chemical and pharmacological inhibitors of endocytosis (adapted from DuTTa

& DonaLpsoN, 2012). CME, Clathrin-mediated endocytosis; CIE, Clahtrin-independent
endocytosis; CCV, clathrin coated vesicles
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sociate membrane protein (LAMP-1) (HuoTarr & HELENIUS, 2011). During
their maturation, LEs move towards the perinuclear area of the cell, where
they fuse with each other, thereby leading to the formation of larger bodies or
undergoing “kiss-and-run” fusions. These larger bodies fuse with lysosomes
and generate a hybrid organelle called endolysosome, where the hydrolysis of
most of the endocytosed cargos takes place (Luzio ET AL., 2007). Finally, en-
dolysosomes mature into lysosomes, which are heterogeneously shaped vesicu-
lar compartments, with an electron-dense lumen, irregular content and often
various membrane sheets (SAFTIG & KLUMPERMAN, 2009). Lysosomes contain
about 50 different degradative enzymes that are only active at an acidic pH
(pH range in lysosomes=4.5-5) and are highly specialised in the hydrolysis of
several molecules such as lipids, proteins, DNA, RNA and polysaccharides
(CoOPER, 2000). The maturation and recycling pathways of EE, LE, endolyso-

somes and lysosomes is a continuous and dynamic process (F1G. 7).
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FIGURE 7. Schematic representation of endosome maturation into lysosomes (HuoTaRI &
HeLentus, 2011). EE=Early endosome; LE=Eate endosome; MT=Microtubule; TGN=Trans
golgi network. Reproduced with permission from the copyright owner.
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One of the major bottlenecks of nanomedicines efficacy in therapeutic ap-
plications is their accumulation and possible degradation in the endolysosomal
network (SHETE ET AL., 2014). For this reason, evaluating the intracellular
localisation of micro- and nanomaterials is crucial. This can be assessed by
either fluorescence detection of specific markers for endosomes/lysosomes, or

by electron microscopy, as shown in FIGURE 8.

AuNRs Lysosomes Overlay STEM

Ficure 8. CSLM live cell and STEM imaging of intracellular location of gold nanorods
(AuNRs) in 6606 pancreatic ductal adenocarcinoma cells (PATIRO ET AL, 2015). Cells were
incubated with AuNRs for 4 h and were either observed under a confocal microscope (a-c)
or fixed for their examination under a STEM (d). AuNRs, functionalized with Texas Red®
streptavidin appear in red. Lysosomes were stained with Lysotracker® Green DND-26 (green)
plasma membrane was stained with CellMask™ Deep-Red stain (gray), and cell nuclei were
stained with Hoechst 33342 (blue). Overlay of the different channels is shown in (c). Magni-
fied STEM image of internalized AuNRs is shown in (d), where black arrowheads indicate
AuNRs located inside a vesicle-like structure. Scale bar corresponds to 250 nm. Scale bars
in (a- ¢) correspond to 30 pm. Insets show a magnification of the selected area, the scale bars
corresponding to 10 pm. STEM=Scanning transmission electron microscopy. Reproduced
with permission from the copyright owner.

In those cases where the purpose of nanomaterials is to target the endolys-
osomal network, such as the treatment of certain lysosomal storage disorders,
endocytosis provides a direct accessibility to the target (BAREFORD & SwaAN,
2007). By contrast, when endosomes or lysosomes are not the ultimate target
of nanomaterials, their accumulation in those compartments may constitute a
major limitation for their therapeutic efficacy. This is due to the fact that mat-
uration of endocytic vesicles leads to rapid acidification, from pH 6 to pH 4,

and the recruitment of degradative enzymes, which can lead to destruction of
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vesicle cargo (CHOU ET AL, 2011). In order to circumvent this issue, several
approaches have been attempted, which could be classified into physical
and biochemical delivery strategies.

Amongst the physical delivery strategies, microinjection and electropo-
ration have been the most commonly used. Microinjection has been widely
used in the production of transgenic animals, oocyte intracytoplasmic sperm
injection and non-permeable cell studies, where nucleic acids, peptides, pro-
teins and drugs, or even nuclei and cells, can be mechanically transferred
into a single cell. However, microinjection is a labour-intensive and time-
consuming technique, which represents a limitation for studying a large
number of cells (ZHANG & YU, 2008). On the other hand, electroporation
consists of applying a high-voltage electric field impulse, which leads to the
formation of transient hydrophilic pores in the plasma membrane, allowing
the passive transport of nanoparticles into the cell (Tsong, 1991). The disad-
vantages of electroporation are the requirement for specialized equipment,
the limitation of only working with cells in suspension and the possible
cytotoxic effects caused by the electrical impulse (STEPHENS & PEPPERKOK,
2001). Thus, although the application of these two approaches for research
can be useful, their use in commercial or clinical approaches is limited.

To overcome the limitations of the aforementioned physical approaches,
micro- and nanoparticles can be further engineered with biochemical-
based approaches as an alternative (CHOU ET AL., 2011). In general, cationic
particles have shown better internalization and delivery to the cytosol. In
order to achieve positively charged particles, they can be coated with cell
penetrating peptides, cationic lipids (L1 ET AL., 2008; PAN ET AL., 2008;
DONKURU ET AL., 2010; KoyNova & TENCHOV, 2011) or cationic polymers
(CALvVO ET AL., 1997; ELIYAHU ET AL., 2005; KASTURI, SACHAPHIBULKIJ &
Roy, 2005; SUN & ZHANG, 2010; BOLHASSANT ET AL., 2014). The effect of
surface modifications of micro- and nanoparticles on endosomal escape and
other interactions with cells will be further detailed in section 1.3.3. about

surface properties.
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Effect of particle design on their interactions with cells:
Size, Shape and Surface Properties

Due to the high diversity of physico-chemical properties of the newly devel-
oped nanomaterials, as well as the high variability on the experimental condi-
tions, it is very difficult to predict the interactions between nano-engineered
materials and cells within the physiological environment. Several intrinsic
properties of micro- and nanoparticles such as their size, shape and surfa-
ce properties, have demonstrated to play a key role on the modulation of
cell-particle interactions (Fig. 9). Thus, the effect of each particle property
should be taken into account when designing a nanomaterial for biomedical
applications. In this section, the effect of the different particle features on
their interactions with cells, such as efliciency of uptake, intracellular fate and

cytotoxicity, will be discussed.

/| Surface chemistry % o Surface charge

FIGURE 9. Schematic representation of the key factors of particle design for the interaction of
particles with the cell membrane.
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Size
Particle size is one of the most relevant factors that determines cellular uptake
(MAILANDER & LLANDFESTER, 2009; NEL ET AL., 2009; PACHECO ET AL., 2013;
SHANG ET AL., 2014). Size-dependent uptake efficiency of diverse types of parti-
cles, such as Au (CHITHRANI ET AL., 2006; CORADEGHINI ET AL., 2013; TOMIC ET
AL., 2014; WANG ET AL., 2015), mesoporous silica (Lu ET AL., 2009), polystyrene
(ZAUNER ET AL., 2001; VARELA ET AL., 2012; BLANK ET AL., 2013) and iron oxide
(THOREK & TSOURKAS, 2008; LARSEN ET AL., 2009) particles, has been reported
to occur in different cell lines. Furthermore, particle size has been shown to not
only affect uptake efficiency but also the kinetics (CHITHRANT ET AL., 2006) and
mechanisms of endocytosis (REJMAN ET AL., 2004; GRATTON ET AL., 2008).
Different studies concur that the optimal uptake efficiency occurs when na-
noparticle size ranges between 30-50 nm (Shang et al. 2014). However, it is
worth mentioning that while achieving an optimal uptake by cells may be of
interest for some applications, particles with a high non-specific uptake are not
desirable for those drug delivery applications with targeting purposes since those
particles may enter all cell types with a high efficiency. In this regard, Barua and
co-workers observed a higher targeting capability of micron-sized particles when
compared to their nano-sized counterparts. In their study, whereas cell-uptake
of nano-sized rods increased by six-fold once coated with a specific targeting
antibody, larger, micron-sized rods exhibited a 15-fold increased uptake once
coated with the same antibody (BARUA ET AL., 2013). In addition to this, it is
noteworthy to highlight that smaller nanoparticles have shown to correlate posi-
tively with cytotoxicity in some cases (PAN ET AL., 2007; KARLSSON ET AL., 2009;
Park M. V. D. Z. ET AL., 2011; CORADEGHINI ET AL., 2013). However, cytoxic-
ity of particles has been shown to depend not only on the size of nanoparticles
but also on the material and surface reactivity. For example, Karlsson and co-
workers observed that CuO nanoparticles showed a higher level of cytotoxicity,
attributed to their ability to damage mitochondria, with respect to their micron-
sized counterparts. However, in the case of TiO2 particles, micron-sized particles

caused more DNA damage than nanoparticles (KARLSSON ET AL., 2009).
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Shape
In spite of having received less attention in the literature, micro- and nanopar-
ticles shape has been shown to have a substantial impact on particle-cell in-
teractions. Rod-shaped polymer particles (>100 nm) have been demonstrated
to be more efficiently uptaken than their spherical counterparts, followed by
cylinders and squares (GRATTON ET AL., 2008). Paradoxically, in other stud-
ies where particles had a size below 100 nm, the contrary was observed, the
spheres being more efficiently internalized than their rod-shaped counterparts
(CHITHRANI ET AL., 2006; QIU ET AL., 2010). Interestingly, particle shape has
also been proven to modulate the interaction of ligand-functionalized particles
with the target cell receptors, where the targeting is enhanced by rod-shaped
particles with respect to spherical ones (BARuA ET AL., 2013). This is believed
to be due to a higher availability of contact surface between cell and particle,
with more antibodies able to reach their target receptors.

Lastly, a recent study has shown that sharp-shaped nanoparticles are able
to escape from endosomal compartments once endocyted, whereas spherical
particles either remain entrapped in the lysosomal compartment or are exo-

cyted (CHU ET AL., 2014).

Surface properties

In addition to size and shape, surface properties are a strong determinant for
the uptake of nano- and microparticles. Generally, cationic particles have
rendered better results regarding cellular uptake than anionic ones (SingH
ET AL., 2000; HAUCK ET AL., 2008; THOREK & TSOURKAS, 2008; ZHANG
ET AL., 2013). This can be attributed to an increased electrostatic-mediated
interaction of the positively charged particles with the negatively charged
molecules present in the cell membrane surface, such as certain phospholip-
ids or glycoproteins (CooPER & HAUSMAN, 2013; ALBERTS ET AL., 2014). In
addition, cationic molecules have shown to induce membrane permeability
through the creation of nanoscale holes, this effect being strongly dependent

upon the charge density of polycations (CHEN ET AL., 2009). In an attempt to
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increase the net surface charge of particles for an enhanced cell uptake, sev-
eral approaches have been explored, such as their coating with cationic lipids
(L1 ET AL., 2008; PAN ET AL., 2008), cationic polymers (CALVO ET AL., 1997;
THIELE ET AL., 2003; L1 ET AL., 2014; LABALA ET AL., 2015) or cell penetrating
peptides rich in positively charged aminoacids (Brock, 2014; CoroLovicr
ET AL., 2014).

The use of cationic coatings has gained an additional interest, as highly
positive-charged molecules have shown to surpass the endo-lysosomal en-
trapment and thus enhance the cytosolic delivery of their cargo. This could
be attributed to either electrostatic interactions that destabilize the endo/
lysosomal membrane (XU & Szoka, 1996), a pH buffering-effect by the pro-
tonation of amine groups, known as proton-sponge effect (BOUsIFE ET AL.,
1995), or a combination of both (ELSABAHY ET AL., 2009; SHRESTHA ET AL.,
2012). Particularly, the proton-sponge effect was proposed by Bousiff and co-
workers to explain the high efficiency of polyethyleneimine (PEI), a cationic
polymer rich in amino groups and available in linear or branched forms, on
the intracellular delivery of DNA (Bousirr ET AL., 1995). This hypothesis
suggests that endosome disruption is caused by pH buffering due to the pro-
tonation of PEI amine groups, the PEI acting as a “sponge” for protons. The
capability of PEI to sequester protons leads to the continuous action of pro-
ton pumps present in the endo/lysosome membrane. To avoid the formation
of a membrane potential, the increase of positive charges is compensated by
the influx of Cl- ions. This raises the endo/lysosomal osmolarity, leading to
subsequent endo/lysosomal swelling and disruption, due to an excessive wa-
ter influx (F1G. 10). However, since a recent study carried out by Benjaminsen
and coworkers demonstrated that the proton-sponge effect mediated by PEI
is not caused by a change in lysosomal pH (BENJAMINSEN ET AL., 2013),
more research is required to fully elucidate the mechanism of endo/lysosomal
disruption. On the other hand, while endosomal escape has been successful
for delivering DNA, siRNA, small drugs or small nanoparticles, it remains

controversial in the case of larger particles (IVERSEN ET AL., 2011).
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FIGURE 10. Schematic representation of the endosomal escape of cationic nanoparticles me-
diated by the proton sponge effect (DING ET AL., 2009).

Despite cationic particles being an interesting approach for an enhanced up-
take as well as cytosolic delivery, they have shown to promote cytotoxic effects,
when compared to their anionic or neutral counterparts (FROHLICH, 2012; Kim
ET AL., 2013; ANGUISSOLA ET AL., 2014). In this regard, induction of apoptosis
by some types of cationic particles, such as amino-functionalized (ANGUISsOLA
ET AL., 2014) or Poly(amidoamine) dendrimer coated particles (THOMAS ET AL.,
2009), has shown to be the main cause for their cytotoxicity. In the case of cati-
onic lipids and polymers, their cytotoxicity has been attributed to an excessive
cationic charge density, since higher densities and molecular weights have been
shown to yield higher cytotoxicity (FISCHER ET AL., 2003; Lv ET AL., 2006). The
cytotoxic effect in this case is attributed to the strong electrostatic-mediated
interactions between polycations and the cell membrane, which can alter its

integrity and lead to cell death (FisCHER ET AL., 2003).
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~ 1.4.| Impact of cell type on particle-cell interactions

Although particle design unequivocally plays an important role on cell inter-
actions, several studies have shown inconsistent results when using different
cell lines. Thus, it appears that cell type is also a critical factor for cell-particle
interactions.

With regard to particle size, and as aforementioned, it is understood that
particles within the 30-50 nm range are more easily uptaken by the majority
of cells. However, some particular cell types have shown a clear preference for
larger particles internalization. For example, the enterocyte-like Caco2 cell
line showed a clear preference for the uptake of particles between the range of
100-200 nm, when compared to 50 nm, 500 nm and 1000 nm particles (YN
WiN & FENG, 2005). Another example is the case of phagocytic cells, which
have demonstrated a great capability for internalizing micron-sized particles
(GONZALEZ ET AL., 1996; CHAMPION ET AL., 2008) or aggregates (LANKOFF
ET AL., 2012) with high efficiency.

On the other hand, functionalized GNPs have shown different uptake ef-
ficiencies and mechanisms of internalization in human cervix epithelial can-
cer cells and human breast epithelial non-cancer cells (SAHA ET AL., 2013).
These results are in agreement with those obtained by Kuhn and coworkers,
who also observed differences in the uptake mechanism of 40-nm polysty-
rene particles in epithelial cells and macrophages (KUHN ET AL., 2014).

Regarding cytotoxicity, the cell line has also been proven to play an im-
portant role, as Xia and colleagues demonstrated that whereas 60-nm amino-
functionalized polystyrene particles induced highly toxic effects on macro-
phages and epithelial cells, human microvascular endothelial, hepatoma and
pheochromocytoma cells were relatively resistant to cytotoxicity induced by
these particles (X1a ET AL., 2008).

Therefore, understanding and characterizing the response of a particular
cell type to a specific nanomaterial may significantly improve its therapeutic

efficacy.
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Polystyrene particles as a model for studying
particle-cell interactions

Polystyrene is one of the most extensively used plastic, its structure being based
on an aromatic polymer obtained from the polymerization of styrene mono-
mers (LOOS ET AL., 2014). Polystyrene surface is highly hydrophobic and it can
be easily modified, making it worthy for a number of applications, such as cell
culture growth (VAN MipDwouUD ET AL., 2012). For this reasons, polystyrene
has shown to be suitable for the fabrication of micro- and nanoparticles with
a high homogeneity, low polydispersity index and able to form stable colloids
within the biological environment (Loos ET AL., 2014).

Polystyrene nanoparticles have been used for a number of applications,
such as biosensing (VELEV & KALER, 1999), photonics (ROGACH ET AL., 2000)
and self-assembly structures (BoAL ET AL., 2000). This is due to the fact that
their size and surface properties can be easily controlled and modified, respec-
tively. In addition, the inertness and biocompatibility of the material offers an
advantage for their application in the study of biological systems. Thus, micro-
and nanoparticles with different sizes or surface modifications can be used
for analysing cell-particle interactions, without additional material-triggered
effects. Whereas several groups have proven the suitability of a polystyrene
based micro- or nanoplatform for the study of phagocytosis (THIELE ET AL.,
2003; SEYRANTEPE ET AL., 2010; MAGENAU ET AL., 2011), endocytosis and
the effect of size (ZAUNER ET AL., 200I; VARELA ET AL., 2012; PACHECO ET
AL., 2013), shape (BARUA ET AL., 2013) and surface properties (DAUSEND ET
AL., 2008; LUNOV ET AL., 2011; KiM ET AL., 2013; ANGUISSOLA ET AL., 2014)
on particle-cell interactions, the present thesis has tackled the study of cell-

particle interactions by using these microparticles as a model.
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According with the literature background, the objectives of this thesis were set
in order to tackle the current needs on the field of biological applications of

micro- and nanoengineered systems, and can be defined as follows:

I.  To evaluate the impact of microparticle coating with different transfec-

tion reagents on their uptake by non-phagocytic cells.
II. To determine the cell type effect on microparticle uptake responses.
ITII. To investigate the interactions of multi-material intracellular chips with

cells in order to explore their potential as multi-functional systems for

biological applications.

Objectives
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Abstract: Development of micro- and nanotechnology for the study of living cells, especially
in the field of drug delivery, has gained interest in recent years. Although several studies have
reported successful results in the internalization of micro- and nanoparticles in phagocytic cells,
when nonphagocytic cells are used, the low internalization efficiency represents a limitation
that needs to be overcome. It has been reported that covalent surface modification of micro- and
nanoparticles increases their internalization rate. However, this surface modification represents
an obstacle for their use as drug-delivery carriers. For this reason, the aim of the present study
was to increase the capability for microparticle internalization of HeLa cells through the use
of noncovalently bound transfection reagents: polyethyleneimine (PEI) Lipofectamine™ 2000
and FuGENE 6”. Both confocal microscopy and flow cytometry techniques allowed us to pre-
cisely quantify the efficiency of microparticle internalization by HeLa cells, yielding similar
results. In addition, intracellular location of microparticles was analyzed through transmission
electron microscopy and confocal microscopy procedures. Our results showed that free PEI at
a concentration of 0.05 mM significantly increased microparticle uptake by cells, with a low
cytotoxic effect. As determined by transmission electron and confocal microscopy analyses,
microparticles were engulfed by plasma-membrane projections during internalization, and
24 hours later they were trapped in a lysosomal compartment. These results show the potential
use of noncovalently conjugated PEI in microparticle internalization assays.

Keywords: HeLa cells, internalization efficiency, endocytosis, drug delivery

Introduction

In the past decade, the fabrication of microelectromechanical systems with controlled
physical and chemical properties in the micron and submicron scales has been of
great interest in the biomedical field due to the high number of potential applications
that they offer, such as the creation of biosensor systems, drug delivery systems, or
therapeutic implants.' In fact, fabrication of biological microelectromechanical sys-
tems for a wide range of applications, such as cell tracking,” embryo tagging® or drug
delivery,* has been achieved.

The application of biological microelectromechanical systems has acquired special
importance due to their potential use in creating systems able to deliver a drug, in a
controlled manner, to a specific target cell.” The aforementioned studies have been suc-
cessful with use of phagocytic cells, but when nonphagocytic cells are used, their low
capacity of internalization is still a limitation that has to be overcome. Moreover, it has
been shown that several features of microparticle design play an important role in their
uptake by cells: their size,’ shape,'®!" and surface properties.'? Several molecules have

submit your manuscript
Dove;

htp:

International Journal of Nanomedicine 2012:7 5671-5682 5671
© 2012 Patifio et al, publisher and licensee Dove Medical Press Ltd. This is an Open Access article
which permits unrestricted noncommercial use, provided the original work is properly cited.

Results

11



42

Patifio et al

Dove

been used to increase the capacity for microparticle uptake
in nonphagocytic cells, in order to study the internalization
process. In all cases, the microparticles were covalently modi-
fied with a selected molecule'* or coated with a bacterial
membrane.'®

Since it has been reported that positive-charged micropar-
ticles are more easily internalized by cells," the use of
transfection procedures in microparticle internalization
experiments could be considered as a possible approach to
increase microparticle uptake when working with nonphago-
cytic cells. These procedures are based on the interaction
between the positive charges of cationic polymers, like poly-
ethyleneimine (PEI) or cationic lipids, like Lipofectamine™
2000 (LF2000), FuGENE®, or DOTAP, and the negative
charges of DNA."” The positive charges of the transfection
reagents can also interact with the negatively charged oligo-
saccharides of the plasma membrane surface, facilitating the
internalization of the complex by endocytosis. Once inside
the cell, these reagents can disrupt the endocytic pathway,
releasing the contents of the endosomes to the cytosol.'®!” In
fact, the covalent binding of PEI to the microparticle surface
facilitates their incorporation into HeLa cells.'*** However,
the modification of microparticles with covalently bound PEI
would render difficult or even impede their functionaliza-
tion with other molecules, such as the drug to be delivered.
Thus, a new strategy is necessary to improve microparticle
uptake by nonphagocytic cells. In this sense, cationic lipids
have been recently used as fusogenic agents to improve the
internalization of polystyrene particles.”!

Against this background, the aim of this study was to
improve the efficiency of internalization of polystyrene
microparticles by nonphagocytic (HeLa) cells through the use
of the cationic polymer PEI and the cationic lipids LF2000
and FuGENE 6 added to the culture medium as transfection
agents. The internalization efficiency was evaluated using
two completely different methods, confocal scanning laser
microscopy (CSLM) and flow cytometry (FC), and took into
account first, the cytotoxic effect of the transfection agent
at one (LF2000) or three different concentrations (PEI), and
second, the number of live, adhered cells with an internalized
microparticle. Finally, the intracellular fate of microparticles
was determined by immunogold labeling transmission elec-
tron microscopy (TEM) and by CSLM.

Materials and methods

Reagents
Unless otherwise stated, reagents were purchased from Life
Technologies (Carlsbad, CA).

Polystyrene microparticles

Two types of polystyrene microparticles of 3um diameter
were used: fluorescent microparticles (Fluoresbrite® YG
Microsphere 3 um; Polysciences, Inc, Warrington, PA) and
nonfluorescent carboxylated microparticles (Polybead® Car-
boxylate Microspheres 3 jum; Polysciences). Nonfluorescent
carboxylated microparticles were functionalized with an
Alexa Fluor® 594 conjugated goat anti-rabbit IgG antibody
(H + L) (Life Technologies) using the PolyLink Protein
Coupling kit (Polysciences), following the manufacturer’s
recommendations.

Cell culture

HelLa cells were cultured at 37°C in a 5% CO, atmosphere,
using minimum essential medium (MEM) with Earle’s
salts and L-Glutamine supplemented with 10% fetal bovine
serum (FBS).

PEI, LF2000, and FuGENE 6
cytotoxicity assay
The cytotoxicity of PEI 25 KDa (Sigma-Aldrich, St Louis,
MO) used at three different concentrations (0.05, 0.10, and
0.15 mM), of LF2000 (Life Technologies), and of FuGENE 6
(Promega Corporation, Fitchburg, WI), used at the concen-
trations recommended by the manufacturers, was evaluated
after the transfection procedure by assessing two different
parameters: the percentage of cells that remained attached to
the dish (normalized to the control group), and the viability
of the attached cells. The global effect of the treatment was
calculated by multiplying the normalized percentage of
attached cells by the percentage of viable attached cells.
For the first parameter tested, ie, the percentage of cells
that remained attached after the transfection procedure,
1.5 x 10° HeLa cells were seeded in 35 mm diameter dishes
(Nalge Nunc Int, Roskilde, Denmark). The next day, the
transfection reagents at their respective concentrations
were prepared and added to the cell cultures. Briefly, PEI
10 mM was initially diluted with NaCl 150 mM, incubated
at room temperature for 40 minutes, and then diluted to the
three working concentrations (0.05, 0.10, and 0.15 mM) in
MEM without serum. LF2000 and FuGENE 6 were prepared
according to the manufacturer’s instructions, also in MEM
without serum. The culture medium of HeLa cells was then
replaced with the corresponding transfection solution, and
the cells were incubated for 4 hours at 37°C and 5% CO,.
After that, the transfection solutions were replaced with fresh
culture medium. In the control culture, a 4-hour incubation
with MEM without serum was performed. To determine the
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number of cells that remained attached, cells were harvested
24 hours later using 0.05% Trypsin-EDTA, centrifuged
at 500 g for 5 minutes, and resuspended in fresh culture
medium. Then, 50 uL of cell suspension was mixed with
50 uL of Perfect-Count Microspheres™ CYT-PCMS50
(Cytognos SL, Salamanca, Spain) and counted in a Becton
Dickinson FACSCanto II flow cytometer (BD Biosciences,
Franklin Lakes, NJ) equipped with BD Biosciences FAC-
SDiva™ software, the beads and the cells being counted
together. The cell concentration was obtained taking into
account the concentration of Perfect-Count microspheres.

On the other hand, to evaluate cell viability after the transfec-
tion procedures, cells were seeded and incubated with the trans-
fection reagents, at the indicated concentrations. At 24 hours,
attached cells were harvested as described, and their viability was
determined by FC after applying the LIVE/DEAD® Viability/
Cytotoxicity Kit for mammalian cells (L3224; Life Technolo-
gies), according to the manufacturer’s instructions. The calcein
acetomethoxy (AM) derivative of the kit diffuses through the
cell membrane and, once inside the cell, it is converted to highly
green fluorescent calcein by the intracellular esterases of living
cells. The ethidium homodimer-1 of the kit can only enter cells
with damaged membranes, being able to reach the nucleus and
bind to DNA, which emits red fluorescence. Therefore, living
cells are labeled with green fluorescence, whereas dead cells
are labeled with red fluorescence.

Analysis of Zeta potential of polystyrene
microparticles

The Zeta potential of microparticles in culture media before
and after PEI, LF2000, and FuGENE 6 treatments, was
measured using a Zetasizer Nano ZS (Malvern Instruments
Malvern, UK).

Internalization of polystyrene
microparticles in Hela cells

To analyze the internalization of microparticles in HeLa cells,
two approaches were carried out: CSLM (Fluoview® FV1000;
Olympus Corp, Tokyo, Japan) and FC (previously described).
For confocal microscope analysis, cells were seeded at a
density of 1.5 x 10° cells/dish on 35 mm-diameter gridded
glass-bottom coverslip dishes (MatTek Corp, Ashland, MA).
For FC analysis, cells were seeded at a density of 1.2 x 10°
cells/flask on 75 cm? flasks (Nunc). After 24 hours of incuba-
tion, transfection was performed as described in the previous
section. But, in this case, transfection solutions were mixed
with 3 pum diameter polystyrene fluorescent microparticles at
a final concentration of 10° microspheres/mL. The efficiency

of internalization of microparticles by HeLa cells was
determined 24 hours later.

For FC analyses, cells were harvested as mentioned above
and microparticle—cell association was analyzed measuring
the forward scatter and the fluorescent intensity.

For CSLM analyses, cells were washed twice with
phosphate-buffered saline (PBS) for 5 minutes, and fixed
with 4% paraformaldehyde (Sigma-Aldrich). Then, cells
were washed thrice with PBS, blocked with 1% bovine serum
albumin ([BSA] Sigma-Aldrich) in PBS, and finally stored
at 4°C until their analysis. Samples were first examined
under a phase contrast inverted microscope (Olympus IX71,
Olympus, Hamburg, Germany) to determine the percentage
of cells that were in contact with one or more microparticles.
Thus, several fields were captured and then analyzed using
image analysis software (ImageJ version 1.43r; National
Institutes of Health, Bethesda, MD). Two hundred cells per
sample were evaluated for each treatment, and 484 cells in
the case of the control group. Following this preliminary
assessment, the location of microparticles (ie, inside the cells
or attached to their plasma membrane) was determined using
CSLM. With this aim, cells were stained with wheat germ
agglutinin conjugated to Texas Red (10 pg/mL; Life Tech-
nologies) and counterstained with Hoescht 33258 (1 ug/mL;
Sigma-Aldrich), to visualize the plasma membrane and the
nucleus, respectively. Samples were then examined under
the CSLM using a 63 X oil immersion objective, where
X-y-z sequential acquisition was performed and orthogonal
projections of the stacks were analyzed to determine the
location of the microparticles within the cell. For the image
analyses, the FV10-ASW Application Software (Ver. 01.07c;
Olympus) was used.

The use of gridded dishes allowed us to examine the
same fields in both microscopic evaluations (ie, inverted
microscope and CSLM).

Electron microscopy

To analyze the intracellular location of microparticles,
transfected cells (as described in above) were fixed with 2.5%
glutaraldehyde in phosphate buffer (PB). After 1 hour of incu-
bation with the fixative at 4°C, they were washed with PB and
postfixed with 1% osmium tetroxide in PB containing 0.8%
potassium ferricyanide at 4°C. Next, samples were dehydrated
in acetone, infiltrated with Epon™ (Electron Microscopy
Sciences, Hatfield, PA) resin over 2 days, embedded in the
same resin, and polymerized at 60°C over 48 hours. Ultrathin
sections were obtained using a Leica Ultracut UC6 ultramicro-
tome (Leica Microsystems, Wetzlar, Germany) and mounted
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on Formvar-coated copper grids. They were stained with 2%
uranyl acetate in water and lead citrate. Finally, sections were
observed in an electron microscope (J1010; Jeol Ltd, Tokyo,
Japan) equipped with a CCD camera SIS Megaview II1.

Lysosome associated membrane

protein | (LAMP-I) immunogold

After microparticle internalization using PEI 0.05 mM
treatment, HeLa cells were chemically fixed at 4°C with a
mixture of 4% paraformaldehyde and 0.1% glutaraldehyde
in PB. After washing with PB containing 50 mM glycine,
cells were embedded in 12% gelatine and infused in 2.3 M
sucrose. Mounted gelatine blocks were frozen in liquid
nitrogen. Thin sections were prepared in an EM Ultracut
UC6/FC6 ultracryomicrotome (Leica Microsystems, Wetzlar,
Germany). Ultrathin cryosections were collected with 2%
methylcellulose in 2.3 M sucrose.

Cryosections were incubated at room temperature on drops
of 2% gelatine in PBS for 20 minutes at 37°C, followed by
50 mM glycine in PBS for 15 minutes, 10% FBS in PBS for
10 minutes, and 5% FBS in PBS for 5 minutes. Then they
were incubated with 5 pL of rabbit anti-LAMP-1 polyclonal
antibody (Abcam, Cambridge, UK) for 30 minutes. After
three washes on drops of PBS for 10 minutes, sections were
incubated for 20 minutes using colloidal gold conjugated goat
anti-rabbit IgG (cat. 111-205-144) Jackson Immunoresearch
Laboratories Inc, West Grove, PA) using a 1:30 dilution in
5% FBS/PBS. This was followed by three washes on drops of
PBS for 10 minutes, and two washes with distilled water. As a
control for nonspecific binding of the colloidal gold conjugated
antibody, the primary antibody was omitted.

The observations were done in an electron microscope
(Jeol) with a CCD camera SIS Megaview IIL

Early endosome antigen | protein

(EEA-1) and LAMP-1 immunolabeling

To visualize the location of the microparticles 24 hours after
the transfection procedure, cells were seeded at a density of
1.5 % 10° cells/dish on 35 mm—diameter gridded glass-bottom
coverslip dishes (MatTek Corp). After 24 hours of incubation,
transfection with PEI 0.05 M mixed with 3 um diam-
eter polystyrene functionalized microparticles (previously
described) at a final concentration of 10° microspheres/mL
was performed as described above. After 24 hours, cells were
washed twice with PBS fixed in 4% paraformaldehyde/PBS,
permeabilized with 0.25% Triton X-100 in PBS, and blocked
with 5% PBS/BSA. Then, cells were incubated for 1 hour at
37°C with one of two primary antibodies, mouse anti-EEA-1

monoclonal antibody (cat. 610456 BD Biosciences) or mouse
anti-LAMP-1 polyclonal antibody (cat. 555798 BD Biosci-
ences), to label the endosomal or the lysosomal compartment,
respectively. Finally, cells were incubated for 1 hour at room
temperature with Alexa 488-conjugated chicken anti-mouse
I1gG antibody (Life Technologies), counterstained with Hoe-
scht 33258, and analyzed by CSLM. For each marker, 40 cells
with microparticles were analyzed.

Statistical analyses

Normal distribution of data was verified with the
Kolmogorov—Smirnov test, and homoscedasticity was assessed
with the Levene’s test. When necessary, data (x) on percent-
ages were transformed with arcsin square root transformation
(arcsinVx) for accomplishing the parametric assumptions. The
comparison among the different treatments was done with a
one-way analysis of variance (ANOVA), followed by a posthoc
t-test with Bonferroni’s correction for multiple comparisons. P
< 0.05 was considered to be statistically significant.

Results

Cytotoxic effect of transfection reagents
The percentage of cells that remained attached to the dish after
the transfection procedures can be seen in Figure 1A, show-
ing that all treatments resulted in a significant decrease in the
percentage of attached cells. Normalized to the control group,
PEI 0.05 mM was the less aggressive treatment (77.4% of cells
remaining attached) when compared with the rest of the treat-
ments (47.5%, 36.5%, 20.8%, and 20.1% for PEI 0.10 mM,
FuGENE 6, LF2000, and PEI 0.15 mM, respectively).

The viability of the attached cells was determined by
calcein AM/ethidium homodimer-1staining. Figure 1B shows
that after PEI 0.10 mM and 0.15 mM treatments, the per-
centages of living cells were significantly lower (65.6% and
62.5%, respectively) than those observed following the other
treatments (94.7% [control], 94.1% [FuGENE 6], 90.4% [PEI
0.05 mM], and 87.6% [LF2000]). Moreover, the difference
between control and LF2000 was also significant.

When both parameters are considered (Figure 1C),
PEI0.05 mM appears as the least cytotoxic treatment, with 70%
of cells remaining viable; whereas in the other treatments, less
than 35% of the cells remained alive (34.3% FuGENE 6; 31.2%
PEI 0.10 mM; 12.6% PEI 0.15 mM; and 18.2% LF2000).

Effect of transfection reagents

on microparticle surface charge

To evaluate the electrochemical changes at the microparticle
surface due to the treatment with the transfection reagents,
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Figure | Cytotoxicity of transfection treatments. (A) Percentage of cells that remained attached to the dish after treatments, normalized to the control. (B) Percentage of

viable attached cells after treatments. (C) Percentage of viable cells.
Note: a, b, ¢ denote significant differences among groups.
Abbreviations: PEI, polyethyleneimine; LF, Lipofectamine™.

their Z potential was analyzed. As can be seen in Figure 2,
nontreated fluorescent microparticles showed a highly
negative Z potential (—45.9), whereas treatment with the
transfection reagents clearly changed the surface to posi-
tively charged. This change also occurred in functionalized
microparticles after PEI 0.05 treatment.

Internalization of polystyrene
microparticles by Hela cells

Microparticle internalization by HeLa cells was evaluated
by two approaches, FC and CSLM. By FC, it was observed

that for all treatments, the number of cells in contact
with microparticles was clearly increased from twofold
(PEI 0.15 mM) to fivefold (PEI 0.05 mM) when compared
with the control (Figure 3). In addition, for all treatments, in
the population of cells associated with microparticles, there
were no differences among the percentages of cells with one,
two, three, or more microparticles (Figure 4).

Confocal microscopy analyses were performed next to
precisely determine whether microparticles were located
inside or outside the cells (Figure SA and B). As can be seen
in Figure 5C, in the cells that remained attached to the dish,
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Figure 2 Z potential of control microparticles and of microparticles treated with PEI, LF2000 and FUuGENE 6°.

Note: The Zeta potential of the functionalized microparticle is also shown.

Abbreviations: FMP, functionalized microparticle; PEI, polyethyleneimine; LF, Lipofectamine™.

a significant increase (P < 0.05) in the percentage of cells
in contact with microparticles and in the percentage of cells
with internalized microparticles was observed for all treat-
ments compared with the control group, these results being
consistent with those previously obtained by FC.

Finally, the results obtained from FC and CSLM analyses
were compared taking into account the cytotoxic effect of
the different treatments (see Figure 1C). Figure 6 shows that
PEI 0.05 mM provided the highest microparticle internaliza-
tion efficiency, doubling at least the efficiency of the other
treatments.

Internalization of functionalized

polystyrene microparticles by Hela cells
To test whether PET 0.05 mM could also enhance micropar-
ticle internalization when a cargo is covalently attached to

N w
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% cells with microparticle
o >

o

Control

PEI 0.05 mM PEI0.10 mM PEI 0.15 mM

their surface, the internalization efficiency of antibody-
functionalized microparticles was determined by CSLM.
This analysis showed that 18.9% of the cells had internal-
ized at least one functionalized microparticle, a percentage
equivalent to that for non-functionalized microparticles
(25.5%) and significantly higher than that for the control
group (3.7%).

Intracellular location of microparticles

To investigate the intracellular fate of microparticles, TEM
analyses were carried out in Epon-embedded samples.
According to the previous results, only the PEI 0.05 mM
treatment was selected for these analyses. A plasma membrane
evagination was clearly observed around microparticles whilst
they were being engulfed by HeLa cells (Figure 7A). Once
internalized, microparticles appeared to be tightly surrounded

b
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Figure 3 Flow cytometry analysis. Percentage of cells in contact with at least one microparticle.

Notes: a, b, ¢, d denote significant differences among groups.
Abbreviations: PEI, Polyethyleneimine; LF, Lipofectamine™.
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Figure 4 Flow cytometry analysis. Transfection agents’ effect on the internalization of fluorescent microparticles by Hela cells. (A), (C), (E), (G), (I) and (K) Dot plots
showing two populations of cells: associated (cells + MP) or not associated (cells) with green fluorescent microparticles. (B), (D), (F), (H), (J) and (L) Histograms showing
the fluorescence intensity of the different populations of cells.

Notes: Cells = cell population not associated with microparticles. Cells + MP = cell population associated with at least one microparticle. P2, P3, P4, P5 = cell population
associated with one, two, three, or more than three microparticles, respectively.

Abbreviations: MP, microparticle; PEI, polyethyleneimine; LF, Lipofectamine ™.
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Figure 5 CSLM analyses of microparticle location. (A and B) CSLM-obtained images (middle) and their orthogonal projections of the z-stack reconstructions (right and
bottom) of consecutive focal planes (0,5 pm each). (C) Percentage of cells in contact with microparticles, either attached or internalized, analyzed by CSLM.

Notes: Green arrows indicate a microparticle located inside the cell, clearly surrounded by the plasma membrane.The red arrow points to a microparticle attached to the
plasma membrane but outside the cell. Plasma membrane appears in red (WGA-Texas Red® Staining) and chromatin in blue (Hoescht 33258).

Abbreviations: CSLM, confocal scanning laser microscopy; PEI, polyethyleneimine; LF, Lipofectamine™.

by a single membrane in the majority of cases (Figure 7B),
and occasionally, they were additionally surrounded by a
two-membrane complex (Figure 7C and D).

The immunolocalization of LAMP-1 showed that in the
majority of cells analyzed, the membrane surrounding the
microparticles was positive for LAMP-1, indicating that
microparticles were trapped in a lysosomal compartment
(Figure 8).
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To quantify the number of internalized microparticles
located inside lysosomes, CSLM analysis using two cell
compartment markers (EEA-1 for endosomes and LAMP-1
for lysosomes) was carried out. In this case, antibody-
functionalized microparticles were used because their lower
fluorescence intensity in relation to fluorescent microparticles
allowed us to observe the colocalization of the internalized
microparticles and the endosomal/lysosomal compartments.

B Flow cytometry
7 Confocal microscopy

LF2000 FuGENE 6

Figure 6 Microparticle internalization efficiency. Percentage of viable cells with one or more internalized microparticles after the different transfection treatments.
Notes: Results were obtained from internalization analyses by both CSLM and FC, taking into account the number of cells that remained attached to the dish after treatments

and their viability.

Abbreviations: CSLM, confocal scanning laser microscopy; FC, flow cytomtery; PEI, polyethyleneimine; LF, Lipofectamine™.
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Figure 7 Microparticle localization by transmission electron microscopy.
Micrographs of Hela cells with internalized microparticles. (A) lllustration of the
internalization of microparticles; arrow indicates a cell membrane evagination,
typical of macropinocytosis. (B) A single membrane surrounding an internalized
microparticle. (C) Microparticle surrounded by a double membrane. (D) Enlarged
view of the microparticle shown in C.

Notes: Arrow heads point to a single membrane tightly associated to microparticle.
Arrows indicate the two membrane complex. Scale bars: (A) 2 um (B) | um (C)
and (D) 500 nm.

Abbreviation: MP, microparticle.

It was observed that 24 hours after treatment, none of the
microparticles colocalized with endosomes and 83.4% colo-
calized with lysosomes, confirming the results previously
obtained by TEM.

Discussion

The use of micro- and nanoparticles as carriers for drug
delivery applications has gained interest in recent years.” It
has been shown that their uptake by cells is highly dependent
on their physical and chemical properties, especially their

Figure 8 LAMP-1 i gold detection. Cryotr electron micrographs
of LAMP-I immunogold performed in Hela cells. (A-C) Arrow heads indicate
positive LAMP-1 marks. (D) Arrow heads indicate positive LAMP-1 marks whereas
arrows point to the lysosome membrane.

Abbreviation: LAMP-1, lysosome associated membrane protein I; L, lysosome.

size and surface charge (being that cationic particles are
more easily uptaken by cells).!" However, the low capacity
of nonphagocytic cells for the internalization of micron-sized
particles is a handicap that needs to be improved.

In order to increase microparticle uptake by nonphagocytic
cells, PEI, LF2000, and FuGENE 6 were chosen because of
their efficiency in DNA transfection procedures. Moreover,
PEI and LF2000 have also been used in microparticle-'#22!
and nanoparticle-internalization® experiments.

In our study, we analyzed the effect of free PEI (ie,
noncovalently bound to microparticle surface) on the
microparticle-internalization efficiency. Considering that
these microparticles are expected to be drug-delivery carri-
ers in the future and that the cargo will need to be attached
to their surface, we considered the use of free PEI as a more
appropriate approach to avoid competition for the same
substrate. To the best of our knowledge, this is the first time
that free PEI has been used for internalizing microparticles.
In this regard, although PEI, LF2000, and FuGENE 6 have
been widely used in DNA transfection procedures with
positive results, it has been described that they produce a
considerable cytotoxic effect, which has to be taken into
account.'s? Thus, with the aim of finding the best balance
between efficiency of microparticle internalization and cyto-
toxicity, three different concentrations of PEI were tested
in the present study. The highest concentration was set at
0.15 mM since it has been reported that an intense cytotoxic
effect is observed at higher concentrations.” In the case of
LF2000 and FuGENE 6, the concentrations used were those
recommended by the manufacturers, which provided good
results when used for internalizing 1 or 3 pm-sized beads
in the case of LF2000.*!

In our study, the number of cells remaining attached to
the culture plates after their exposure to the transfection
reagents was determined, together with the viability of these
attached cells. This combined analysis allowed us to more
accurately determine the cytotoxic effect of the treatments.
We observed that compared with the control culture, the per-
centage of viable cells among those attached was high in all
treatments (more than 60% viable cells), but a reduction in the
percentage of attached cells was observed for all treatments.
These data demonstrate the usefulness of taking into account
not only the viability of the cells but also the percentage of
remaining cells after treatments in the cytotoxicity assays and
moreover, showed that PET at 0.05 mM was the least cyto-
toxic treatment. On the other hand, our viability results are in
agreement with previous reports in that free PEI treatments
produced a dose-dependent cytotoxic effect.” None of the
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Figure 9 Intracellular location analysis of functionalized microparticles by CSLM. (A) Endosomal labeling with EEA-I. (B) Lysosomal labeling with LAMP-1. (C and D)
Microparticles functionalized with an Alexa Fluor®-594 conjugated antibody. (E and F) Merged images of compartment and microparticles.

Abbreviations: CSLM, confocal scanning laser microscopy; EEA-1, early endosome antigen | protein; LAMP-1, lysosome associated membrane protein |.

reported studies that used LF2000 to improve microparticle
uptake?'?¢ analyzed the cytotoxic effect of this agent.

To calculate the efficiency of microparticle uptake, two
different strategies were used. FC studies allowed us to clearly
identify the population of cells associated with microparticles
but also to discriminate among cells associated with one or
more microparticles. The results obtained by FC showed that
all treatments increased the percentage of cells associated
with microparticles, especially PEI 0.05 mM (25.9%) and
LF2000 (20.4%). Furthermore, no significant differences
were found between these two treatments, indicating that both
would be equally efficient in terms of microparticle inter-
nalization. In the case of PEIL a decrease in the percentage
of cells in contact with microparticles was observed as PEI
concentration was increased. However, FC did not allow us
to distinguish between internalized microparticles and those
only bound to the cell surface.

To complement the FC data and to determine the location
of microparticles, confocal analyses of cells were performed.
By confocal microscopy, it was possible to discriminate and
quantify the number of microparticles that had been internal-
ized or that were only in contact with the cell surface. With
regards to the use of LF2000, our results are in agreement
with those of Kobayashi et al,*’ who reported an increase
in the rate of internalization of 1 um-sized microparticles
by HeLa cells when using this reagent. On the other hand,
and concerning the use of PEI, the data obtained in the
present study agree with previous studies, such as that of
Thiele et al," who demonstrated that microparticles cova-
lently bound to PEI are more efficiently internalized by
macrophages and dendritic cells than are microparticles
alone. In the present study, we demonstrated that PEI could
also increase microparticle internalization in nonphagocytic

cells, and that this could be accomplished without its covalent
attachment to the microparticle surface. In addition, we
observed a dose-dependent, inverse relationship between PEI
concentration and internalization efficiency. In agreement
with FC, quantification by CSLM indicated that increasing
concentrations of PEI not only resulted in an increase in the
number of microparticles in contact with cells, but also in a
decreased internalization. Our results suggest that the lower
internalization rates at higher PEI concentrations could be
related to its higher cytotoxic effect, especially membrane
damage,’* which would lead to an incapability of the
affected cells for microparticle internalization.

The higher efficiency of microparticle internalization
after their treatment with a transfection reagent seems to
be related to the changes in surface charges, as determined
by the results of the Z potential analysis. Our results also
showed that although surface properties of the microparticles
were modified after the antibody conjugation, PEI could still
interact with them, increasing their uptake by cells without
affecting the fluorescence emission of the functionalizing
molecule.

Both FC and CSLM analyses showed that, when the
cytotoxic effect of the transfection reagents is considered, PEI
0.05 mM turns out to have been the most effective treatment,
since it led to at least a twofold increased microparticle inter-
nalization rate. The advantage of FC was the high number
of cells that could be analyzed in a short period of time,
whereas the advantage of CSLM was its ability to ascertain
internalization.

Considering that microparticles are expected to deliver
their cargo inside the cell, it is necessary to determine
their exact location inside the cell. Our results, using TEM
analyses, showed that they were engulfed by a cell membrane
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evagination and no discernible coat was visible. We also
observed that once inside the cell, they appeared to be tightly
surrounded by a single membrane, positive for the LAMP-1
lysosome marker, indicating that after 24 hours, the majority
of microparticles were entrapped in lysosomes. These results
have been confirmed by the use of nonfluorescent micropar-
ticles functionalized with an Alexa 594-conjugated secondary
antibody, as the majority of internalized microparticles were
also localized in the lysosomal compartment. We anticipated
that using PEI, microparticles would be found in the cytosol,
because it has been previously reported that the capability of
protonation of PEI results in the disruption of endosomes.? 3!
Authors that have covalently attached PEI to microparticles®
have reported that these particles can be found free in the
cytosol as early as 4-6 hours posttransfection when using PEI
70 KDa but not when using PEI 25 KDa. Kobayashi et al*!
demonstrated that the use of free cationic lipids increases the
internalization of microparticles and that once in the endo-
somes compartment, they escape in a few minutes. According
to this author, the rupture of the endosome membrane induces
the formation of an autophagosome. In our study by TEM, we
found that a few microparticles were surrounded by a double
membrane, which could correspond to endoplasmic reticulum,
indicating that an autophagic process was taking place. Our
results regarding the intracellular location of microparticles
by CSLM confirmed the results of the TEM studies, indicating
that in the majority (83.4%) of cells, the internalized micropar-
ticles were located in the lysosomal compartment. As no
endosomal association with microparticles was observed, the
microparticles that were not located in lysosomes could be
either free in the cytosol, or part of an autophagic process.
Further studies will be necessary to analyze whether, when
microparticles are functionalized with a specific cargo, the
cargo can be released into the cytosol even if the microparticle
remains trapped inside an organelle.

Conclusion

To sum up, our results show that PEI 25 kDa at a concen-
tration of 0.05 mM significantly increases microparticle
internalization by nonphagocytic HeLa cells with a low
cytotoxic effect, and that this can be achieved without the
covalent binding of PEI to the microparticle surface. Both
CSLM and FC can be used for the quantification of internal-
ization efficiency, yielding similar results, but FC allows a
fast analysis of high numbers of cells whereas CSLM allows
distinction between cells with internalized microparticles and
cells with microparticles attached to their surface. Finally,
our results show that 0.05 mM PEI 25 kDa does not induce

endosomal disruption, as internalized microparticles remain
surrounded by a lysosomal membrane. With a view to drug
delivery, further studies will be necessary to evaluate whether
functionalized microparticles entrapped in lysosomes are still
able to release their cargo into the cytosol.
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Surface modification of
microparticles causes differential
uptake responses in normal

and tumoral human breast

: The use of micro- and nanodevices as multifunctional systems for biomedical applications has

: experienced an exponential growth during the past decades. Although a large number of studies

: have focused on the design and fabrication of new micro- and nanosystems capable of developing

: multiple functions, a deeper understanding of their interaction with cells is required. In the present

: study, we evaluated the effect of different microparticle surfaces on their interaction with normal

: and tumoral human breast epithelial cell lines. For this, AlexaFluor488 1gG functionalized polystyrene
: microparticles (3um) were coated with Polyethyleneimine (PEI) at two different molecular weights,

: 25 and 750kDa. The effect of microparticle surface properties on cytotoxicity, cellular uptake

: and endocytic pathways were assessed for both normal and tumoral cell lines. Results showed a

: differential response between the two cell lines regarding uptake efficiency and mechanisms of

: endocytosis, highlighting the potential role of microparticle surface tunning for specific cell targeting.

. In recent years, the development of micro- and nanotechnology for biomedical applications has attracted
: a great deal of attention. This is due to the unique and controllable physicochemical properties of micro-
: and nanoparticles, which allow them to integrate multiple functions such as biosensing'~*, targeting®*
. and drug delivery’!!. Recently, a wide range of studies has focused on the fabrication and characteriza-
: tion of new micro- and nanoparticles for biomedical purposes. However, a deeper understanding of their
. interactions with biological systems at the cellular level is required for the design of new multifunctional
. micro and nanosystems with potentiated effects on target cells and diminished side effects on healthy
: ones.

Different studies have revealed that size!>"'%, shape'®!” and surface functionalization of particles'® are

. key factors regarding their internalization by cells. Particularly, surface charge of micro- and nanoparti-
: cles has been described to play a critical role in their internalization by cells, the cationic particles being
: more efficiently internalized than the anionic ones'?, in the majority of cases. Thus, with the aim to
: obtain cationic particles, several approaches have been performed, including their coating with cationic
: lipids or polymers. Specifically, particle coating with Polyethyleneimine (PEI) has been of particular rel-
: evance’? due to the widely known protonsponge effect, which involves the protonation of PEI amine
. groups that leads to endo/lysosomal pH buffering, membrane disruption, and ultimate liberation of
: the content to the cytosol*’. Moreover, the proton sponge effect has been shown to be more efficiently
: achieved when a high molecular weight of PEI is used®.

: Unitat de Biologia Cel-lular, Departament de Biologia Cel-lular, Fisiologia i Immunologia. Facultat de Biociéncies.
: Universitat Autonoma de Barcelona, 08139 Bellaterra, Spain. Correspondence and requests for materials should
: be addressed to C.N. (email: carme.nogues@uab.cat)
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Figure 1. Effect of 0.05mM PEI-25K or PEI-750K treatments on the viability of non-tumoral (MCF-
10A) and tumoral (SKBR-3) human breast epitelial cells.

On the other hand, micro- and nanoparticles cellular uptake and the mechanism of internalization
can differ among cell types'>!*182, This, however, has received less attention in the literature.

Specific antibodies or peptides against certain cell surface markers are used to enhance particle inter-
nalization in target cells”-*. However, other intrinsic properties of non-targeted particles can also have
a differential effect upon different cell lines's. Moreover, whilst there is a wide range of particle-cell inter-
action studies conducted with nanoparticles, less is known about the interaction of larger particles with
cells. More research is thus required to improve the strategies for biomedical applications of micron-sized
delivery systems, as they have been proved to be a good approach for drug delivery®-**.

Hence, the aim of the present work was to provide an integrated study about the impact of different
non-specific surface modifications of microparticles upon their interaction with different cell types, in
terms of cytotoxicity, uptake efficiency, mechanism of internalization and intracellular fate. With this
purpose, 3-pm polystyrene microparticles were functionalized with a fluorescently-labeled non-specific
antibody. Then, two types of PEL, both differing on their structure and molecular weight, were used for
microparticle coating. The cytotoxicity and internalization of those microparticles were studied in two
human breast epithelial cell lines, one normal and another tumoral.

Results

Effect of 0.05mM PEI on cell viability. The cytotoxic effect of PEI treatments was evaluated by flow
cytometry 24 h after incubation of cells with PEI-25K or PEI-750 K. Figure 1 shows that the percentage of
viable cells, normalized to the control, was higher than 90% in all cases. Moreover, no significant differ-
ences (P> 0.05) were found between PEI treatments and control cells, indicating that 4 h incubation with
either PEI-25K or PEI-750K 0.05mM did not cause cytotoxicity in either SKBR-3 or MCF-10A cells.

Characterization of microparticles. Polystyrene microparticles were functionalized with Alexa
Fluor®488 conjugated goat anti-Rabbit IgG (Alexa488-IgG) and then coated with different molecular
weight Polyethyleneimine (PEI), 25kDa or 750kDa (PEI-25K or PEI-750K), as described in Fig. 2a.
Surface charge of microparticles was evaluated by measuring their (-potential (Fig. 2b). Results showed
that Alexa488-IgG microparticles were successfully coated with PEIL as their negatively charged surface
changed to positively charged, being significantly higher when PEI-750K was used. In order to qualita-
tively assess the dispersion status of microparticles, SEM images of microparticles were recorded (Fig. 2c).
Although the majority of particles were in a monodispersed form, few aggregates were also observed. To
quantify the amount of monodispersed particles, samples were analyzed using a Flow Cytometer, where
the amount of fluorescence intensity allowed discriminating between single and aggregated particles
(Fig. 2d). Figure 2e shows that in all cases the percentage of monodispersed microparticles was above
80%, which was considered as an acceptable value for our studies.

Microparticle internalization efficiency. Internalization of microparticles by both MCF-10A and
SKBR-3 cells was measured by flow cytometry. In order to distinguish cells with membrane-attached
microparticles from cells that had completely internalized them, trypan blue (TB) quenching of extracel-
lular microparticles was performed (optimization of TB concentration to completely quench micropar-
ticle fluorescence is summarized in supplementary data, figures SI and S2). Figure 3 shows how the TB
quenching effect was used for distinguishing microparticles internalized from those attached to the cell
membrane. Fluorescence of Alexa488-IgG-microparticles was analyzed before and after the addition of
2mg/ml TB (Fig. 3a). We observed that fluorescence was completely eliminated after TB addition.
Figure 3b shows a schematic representation of the extracellular quenching effect by TB. As TB is
not capable of penetrating live cells, the quenching effect only occurs in the extracellular space. Thus,
the fluorescence of microparticles bound to the membrane can be quenched by TB, whereas the inter-
nalized ones remain intact. Figure 3¢ shows a typical flow cytometry analysis of cells incubated with
microparticles (in this case MCF-10A cells incubated with PEI-25K coated microparticles). Two differ-
ent populations of cells were observed before TB addition: the population of cells without microparti-
cles (no fluorescence emission) and the population of cells with microparticles, either internalized or
bound to the cell membrane (green fluorescence emission). After the addition of TB, the fluorescence of
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Figure 2. Characterization of Alexa488-IgG functionalized microparticles. a) Scheme of Alexa488-

IgG microparticles (non-coated) and coated with different molecular weight PEI (PEI-25K and PEI-

750K, respectively). b) C-Potential of non-coated and coated (PEI-25K and PEI-750K) Alexa488-1gG
microparticles. ¢) Representative SEM image of Alexa488-IgG microparticles, in the example coated with
PEI-25K. Scale bar corresponds to 20 um. Inset shows a magnification of the selected area. d) Representative
fluorescence intensity histogram of Alexa488-IgG microparticles (in the example coated with PEI-25K),
obtained by flow cytometry analysis. e) Percentage of monodisperse, non-coated, PEI-25K and PEI-750K
Alexa488-IgG microparticles, calculated by flow cytometry analyzed as shown in d).

non-internalized microparticles was quenched, allowing us to discriminate between microparticles inter-
nalized (green fluorescence) and microparticles adhered to the cell membrane (no fluorescence emis-
sion). Moreover, the addition of TB to the cell suspension permitted to determine cell viability, since TB
can only enter in cells with damaged plasma membranes. Thus, a third population was observed after the
TB addition, corresponding to dead cells which emitted red fluorescence due to the presence of TB in
their cytoplasm. In this study, we used the Q4 population, i.e. live cells with internalized microparticles.
in order to compare the effect of the different surface modifications of microparticles on their uptake
efficiency by SKBR-3 and MCF-10A cells.

Figure 4 shows the percentage of live cells with internalized microparticles for both cell lines. We
observed that MCF-10A cells internalized non-coated microparticles (Alexa488-IgG-microparticles)
with a 3-fold higher efficiency than SKBR-3 cells. By contrast, PEI coating of microparticles resulted in
an opposed effect. When PEI coated microparticles (PEI-25K and PEI-750K) were used, a significant
reduction in microparticle internalization was observed in MCF-10A cells, whereas the opposite effect
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Figure 3. Quenching effect of Trypan Blue (TP) allowing discriminating internalized microparticles from
those attached to the cell membrane. a,b) Fluorescence intensity of Alexa488-IgG microparticles before (a)
and after (b) TB addition, analyzed by flow cytometry. Fluorescence boundary was established with Alexa488-
IgG microparticles fluorescence emission (>103 a.u.). Inset shows an image of the same Alexa488-1gG
microparticles before and after TB addition. ¢,d) Scheme of extracellular quenching effect by TB. After TB
addition (d), only Alexa488-IgG microparticles attached to the cell membrane can be quenched, TB cannot
quench internalized ones. e,f) Representative dot-plot of cells incubated with Alexa488-IgG microparticles,
analyzed by flow cytometry after 4 h of incubation before (e) and after (f) TB addition. In the absence of TB,
two populations of cells were observed: cells with Alexa488-IgG microparticles (Q4, green), either attached to
the plasma membrane or internalized, and cells without microparticles (Q3, grey). TB can enter only in cells
with damaged membrane (dead cells), thus the addition of TB induced the visualization of a new population
of cells: those emitting in the red cannel (Q1). Therefore, Q3 and Q4 constitute the population of live cells,
being Q3 cells without microparticles or cells with microparticles attached to the membrane that have been
quenched, whereas Q4 shows the population of cells that have internalized the microparticles.
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Figure 4. Internalization efficiency of non-coated and PEI-coated Alexa488-IgG microparticles by MCF-
10A and SKBR-3 cell lines, analyzed by flow cytometry. Results are representative of three independent
experiments and data is shown as the mean & SEM. Different superscripts (a-c) denote groups of
significance (P < 0.05).
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Figure 5. Internalization of Alexa488-IgG functionalized microparticles either coated or not with PEI
(25K or 750K) by SKBR-3 (a) and MCF-10A (b) cells, when incubated with serum, Cytochalasin D (CD)
or Dynasore (Dyn). Results are shown as the mean + SEM. Different superscripts (a-e) denote groups of

significance (P < 0.05).

was observed in SKBR-3 cells. In addition, for both cell lines, although a higher percentage of internal-
ization was observed in the case of PEI-750K, no significant differences were found when compared
to PEI-25K. All experiments were conducted by incubating the microparticles in serum-free medium.

Effect of serum and endocytic inhibitors on microparticle internalization. The effect of serum
and endocytic inhibitors on microparticle internalization was evaluated by flow cytometry, as previously
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Figure 6. Intracellular location of microparticles, analyzed by Confocal Laser Scanning Microscope
(CLSM). Orthogonal projections of z-stacks of MCF10A (a,b) or SKBR-3 (c,d) cells incubated with the
endosome marker EEA1 (red) (a,c) or the lysosome marker LAMP-1(red) (b,d). Microparticles could be
only observed in lysosomes (orange arrows), but not in endosomes (white arrows). In all cases, cell cortex
was stained using AlexaFluor®594-conjugated Phalloidin.

described. Figure 5a,b show the percentages of internalization in SKBR-3 and MCF-10A cells, respec-
tively. For both cell lines, the presence of serum during incubation with microparticles significantly
reduced their internalization, except in the case of SKBR-3 in presence of non-coated microparticles
and MCF-10A incubated with PEI-750K coated microparticles, where internalization was not affected.

Regarding endocytosis inhibition, we observed a cell line dependent effect of macropynocitosis inhi-
bition by cytochalasin D (CD). Whereas in SKBR-3 cells the internalization of all types of microparti-
cles was completely inhibited by CD, in MCF-10A cells the CD effect was only detected in the case of
non-coated microparticles.

The addition of Dynasore (Dyn) also induced a differential cell response regarding internalization
of microparticles. In SKBR-3 cells, Dyn did not affect the internalization of any type of microparticles.
By contrast, the incubation with Dyn significantly reduced the uptake of non-coated microparticles by
MCEF-10A cells. This reduction was not observed in either PEI-25K or PEI 750K.

The cytotoxicity of all incubation conditions was determined by the use of TB in flow cytometry
analyses. Results showed that none of the incubation conditions altered cell survival when compared to
control cells (figure S3).

Intracellular location of microparticles. In order to determine the intracellular fate of non-coated,
PEI-25K and PEI-750K microparticles in SKBR-3 and MCF-10A cells, immunolocalization of EEA-1
(endosomal compartment) and LAMP-1 (lysosomal compartment) proteins was carried out. Confocal
Laser Scanning Microscope (CSLM) analyses showed that at 4h the majority of microparticles posi-
tively colocalized with LAMP-1 marker, indicating that microparticles were located inside the lysosomal
compartment (Fig. 6). These results were found for both cell lines and for all microparticle treatments.
Moreover, 24 h later, the majority of microparticles (>80%) remained in the lysosomal compartment.
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Discussion

Although the use of micro- and nanosystems for drug delivery has shown a strong potential for bio-
medical applications, a deeper understanding of their interaction with cells is required for more efficient
design of drug delivery systems. Moreover, whereas a wide range of studies have focused on the study of
nanoparticles behavior in contact with cells, less is known about larger particles.

In the present study we compared the response of normal and tumoral breast epithelial cell lines to
3pm microparticles with different surface properties. First, polystyrene microparticles were covalently
conjugated to a fluorescently labelled secondary antibody. Then, the cationic polymer PEI at two different
molecular weights was used to coat microparticles in order to 1) further modify their surface properties
and, 2) evaluate how this could impact on their interaction with cells. Although PEI has been successfully
used for gene delivery and/or functionalization of micro- and nanoparticles®®%, it has been proved to
yield cytotoxic effects, depending on its form (linear or branched) and molecular weight®.

Thus, the first step in this work was to assess the cytotoxicity of free PEI-25k and PEI-750K at a
0.05mM concentration. Given that PEI at that concentration did not trigger cytotoxic effects in either
MCF-10A or SKBR-3 cells, microparticles were coated with PEI-25k and PEI-750K (0.05mM). PEI coat-
ing clearly changed the surface of microparticles from negatively to positively charged. This change was
significantly higher for PEI-750K than for PEI-25K, almost certainly due to the former having a higher
molecular weight and a higher number of protonable amine groups than the latter.

To evaluate the surface charge effect of the PEI coating of microparticles on cellular uptake, flow
cytometry was used to determine the internalization efficiency. Results showed that microparticle inter-
nalization was dependent on surface charge in both cell lines, as it has been previously described by
other authors'”**#!. However, although it has been widely reported that positively charged microparticles
are preferentially uptaken by cells, we observed that MCF-10A cells were more able to internalize nega-
tively charged non-coated microparticles than their PEI-coated counterparts. In contrast, in SKBR-3 cells
the uptake increased with positively charged microparticles (PEI-coated), being nearly depreciable for
non-coated ones (negatively charged). In fact, it has been reported that MCF-10A cells can internalize
both positively'® and negatively*® charged nanoparticles and the same seems to apply to microparticles.
Taken together, our results indicate that surface charge clearly determines microparticle uptake by cells.
However, the uptake can be either enhanced or inhibited, depending on the cell type, which suggests
that targeting to certain cell types can benefit from the microparticle surface charge. Thus, to identify the
behavior of a specific cell line in front a specific particle is very important when designing new particles
for drug delivery. Our results indicate that two human cell lines, both coming from the mammary epi-
thelia showed completely different uptake capability depending on their tumorigenic or non-tumorigenic
nature.

The presence of serum in the culture medium is also critical for microparticle internalization, as a pro-
tein corona can form around micro/nano particles, modifying their surface*?. In this regard, it is shown
that the presence of serum had an inhibitory internalization effect on both cell lines and for all types of
microparticles, except for internalization of non-coated microparticles by SKBR-3 cells and PEI-750K
coated microparticles by MCF-10A This finding highlights the impact of cell type on microparticle-cell
interactions, and is in agreement with Yan et al. (2013), who observed a differential impact of protein
corona in THP-1 monocytic cells and macrophages®.

In order to further investigate whether the mechanism of internalization was also dependent on
the cell line and surface properties of microparticles, two endocytosis inhibitors, CD and Dyn, were
used. CD has been reported to mainly inhibit macropinocytosis, whereas Dyn causes inhibition of
dynamin-dependent endocytosis*, i.e. clathrin- and caveolin-mediated endocytosis. In the case of the
SKBR-3 line, microparticle internalization was inhibited almost completely by CD but not by Dyn, both
for non-coated and PEI-coated microparticles, indicating that in these cells microparticle internalization
occurs by macropinocytosis rather than by dynamin-dependent mechanisms. It has been reported that
SKBR-3 cells internalize their overexpressed ErbB2 receptors in a clathrin- and caveolin- independent
endocytic pathway*. What is more, SKBR-3 cells lack caveolae, and ErbB2 internalization is sensitive to
the depletion of cholesterol, which is necessary for most of the clathrin-independent pathways¢. In addi-
tion, an association between macropinocytosis and tumor progression/metastasis has been reported®.
Altogether, these studies could explain why SKBR-3 cells use the macropinocytosis pathway to internalize
all types of microparticles, regardless of their surface properties.

By contrast, in MCF-10A cells, both CD and Dyn inhibited negatively charged microparticle uptake,
suggesting that both macropinocitosis and dynamin-dependent endocytosis were involved. On the other
hand, internalization of PEI-coated microparticles by MCF-10A cells was not affected by either CD or
Dyn, suggesting that positively charged microparticles are internalized through alternative mechanisms
in these cells. In addition, a higher percentage of PEI-750 K microparticles were internalized in the pres-
ence of Dyn than in its absence. This fact could be attributed to a compensatory effect, as it has been
previously described that clathrin and caveolae dependent endocytosis inhibition can cause stimulation
of macropinocytosis of positively charged nanoparticles’. However, further studies are needed to better
understand this particular result. Taken together, all these findings suggest that both the surface charge
and the cell type have a strong impact not only on the uptake efficiency, but also on the mechanism of
microparticle internalization (Fig. 7).

SCIENTIFIC REPORTS | 5:11371 | DOI: 10.1038/srep11371 7

Results



www.nature.com/scientificreports/

[+CD|[+Dyn|| +CD or+Dyn |

|
(_ -t

MCF-10A

SKBR-3

o T
4 Macropinocytosis Dynamin-dependent Lysosome
3 endocytosis
g 4+ +4
b .\\._ *}, 2 4‘\» ;/+ *.4_-\++
4 . Non-coated 4 + PEI-25K b + PEI-750K
e N 7 Hraett

Figure 7. Scheme of the differential mechanisms of microparticle internalisation by SKBR-3 and MCF-
10A cells. SKBR-3 cells internalized all types of microparticles by macropinocytosis, as their internalization
was only inhibited by Cytochalasin D (CD). By contrast, MCF-10A cells showed different mechanisms

of internalization, depending on the microparticle type. Non-coated Alexa488-IgG microparticles could

be taken up by both macropinocytosis and dynamin-dependent endocitosis, as their internalization was
inhibited by both CD and Dynasore (Dyn). By contrast, the uptake of PEI-25K and PEI-750K coated
microparticles was not affected by either CD or Dyn, indicating that they are taken up by alternative
mechanisms.

Finally, we assessed the intracellular location of microparticles in order to evaluate whether surface
charge or cell type could affect the intracellular fate of the microparticles. Results showed that in all cases
microparticles were located inside the lysosomal compartment, regardless of their surface properties and
cell type. This suggests that despite the fact that PEI proton-sponge effect allows the delivery of DNA and
small nanoparticles to the cytosol®, it is not capable of releasing large microparticles into the cytosol.
In this regard, future research should be focused on alternative approaches for the efficient delivery of
desired microparticles or molecules into the cytosol.

In summary, we have demonstrated that normal and tumor cells use different endocytic pathways
when internalizing different types of modified microparticles. The tumor cell line SKBR-3 internalizes,
mainly, positively charged microparticles, using the macropinocytosis pathway. When this pathway is
inhibited, internalization is interrupted. By contrast, the non-tumor cell line MCF-10A uses different
pathways to predominantly internalize negative microparticles. It seems that there is not a predominant
uptake mechanism, and that compensatory internalization pathways are used when one of the path-
ways is inhibited. Regardless of the cell line and microparticle surface, the fate of the microparticles is
always the lysosome compartment, even in presence of PEI-750 K. Thus new strategies, as pH sensitive
cargo-link or esterase sensitive cargo-link, among others, must be envisaged to allow the liberation of the
cargo to the cytoplasm. Consequently, the design of microcarriers against specific tissues must be done
taken into account i) the surface of the microparticle and ii) the characteristics of the target cell, i.e., the
uptake pathway and the final fate.

Methods
Functionalization of microparticles. Carboxylated microparticles (Polybead® Carboxylate
Microspheres 3jum; Polysciences, Inc, Warrington, PA) were functionalized with an Alexa Fluor®
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488 conjugated goat anti-Rabbit IgG H&L antibody (Life Technologies, Carlsbad, CA) using the
PolyLink Protein Coupling kit (Polysciences, Inc.), following the manufacturer’s instructions
(Alexa488-IgG-microparticles, from now on).

PEI coating and characterization of microparticles. To coat Alexa488-IgG microparticles with
PEL 5L of PEI-25K or PEI-750K (10 mM) were diluted in 135l of NaCl. In parallel, 3uL of micropar-
ticle solution (3 x 10° microparticles) was diluted in 137pL of NaCl. Then, the PEI solution was added to
the microparticle solution, mixed slowly and left at room temperature (RT) for 40 min in order to form
the PEI-Alexa488-IgG-microparticles complexes. After incubation, 720l of serum-free culture medium
was added to the solution to obtain a final 0.05mM concentration of PEI. Non-coated functionalized
(Alexa488-IgG-microparticles) and non-functionalized (-COOH microparticles) microparticles, were
treated in the same way, but without PEI addition. (-Potential of microparticles was measured using a
Zetasizer Nano ZS (Malvern Instruments, Malvern, UK). Images of microparticles were recorded using
a Scanning Electron Microscope (Zeiss Merlin, Jena, Germany). Fluorescence intensity of microparticles
was analyzed using a Becton Dickinson FACSCanto II flow cytometer (BD Biosciences, Franklin Lakes,
NJ) equipped with BD Biosciences FACSDiva™ software, in order to quantitatively determine the dis-
persion state of microparticles.

Cell culture. Experiments were conducted with two different human mammary epithelial cell lines,
a non-tumorigenic (MCF-10A) and a metastatic one (SKBR-3). The MCF-10A cell line (ATCC) was
cultured in DMEM/F12 (Gibco, Paisley, United Kingdom) supplemented with 5% horse serum (Gibco),
20ng/ml epidermal growth factor (Gibco), 0.5mg/ml hydrocortisone (Sigma-Aldrich, St Louis, MO,
USA), 100ng/ml cholera toxin (Sigma) and 10pg/ml insulin (Gibco). The SKBR-3 adenocarcinoma cell
line (ATCC) was cultured in McCoy’s 5A modified medium (Gibco) supplemented with 10% fetal bovine
serum (Gibco). Both cell lines were maintained at 37°C and 5% CO, (standard conditions).

Polyethylenimine cytotoxicity analysis. PEI with a molecular weight of 25kDa (PEI-25K) and
750kDa (PEI-750K) were purchased from Sigma and a 10mM stock solution was prepared as previously
described®.

MCF-10A and SKBR-3 cells were seeded in 35mm Petri dishes (Nalge Nunc Int, Roskilde, Denmark)
at a density of 1.5x 10° cells/dish. After 48h, culture medium was replaced with serum-free culture
medium containing 0.05mM of PEI-25K or PEI-750K and cells were maintained in standard condi-
tions. Control cells were treated in the same way but in absence of PEL After 4h of incubation, the
medium was replaced by fresh supplemented culture medium and the cells were incubated again for
24h. Finally, cells were harvested by trypsinization and cytotoxicity was evaluated using the “LIVE/
DEAD® Viability/Cytotoxicity Kit for mammalian cells” (Life Technologies, Carlsbad, CA), following the
manufacturer’s instructions. Cells were analyzed under a Becton Dickinson FACSCanto II flow cytome-
ter (BD Biosciences, Franklin Lakes, NJ) equipped with BD Biosciences FACSDiva™ software. For each
treatment, four independent experiments were performed, where 20.000 cells were analyzed.

Microparticle internalization. MCF-10A and SKBR-3 cells were seeded in 35mm petri dishes at
a density of 1.5 10° cells/dish. After 48h, the medium was removed and cells were incubated with
Alexa488-IgG-microparticles either non-coated, or coated with PEI-25K or PEI-750K at a 5:1 ratio
(microparticle:cell), in serum-free medium for 4h in standard conditions. Microparticle internalization
was evaluated at 4h, when cells were harvested by trypsinization and analyzed under a flow cytometer.
In order to distinguish internalized microparticles from those attached to the cell membrane, 2mg/
ml Trypan Blue (TB, Sigma) was used to quench the extracellular fluorescence'**!. Cells were analyzed
under a Becton Dickinson FACSCanto II flow cytometer both prior and after TB addition. This method
allowed obtaining integrated information about cell viability and microparticle internalization efficiency
(% of cells with internalized microparticles). For each PEI treatment and time of incubation, three inde-
pendent experiments were performed analyzing 20.000 cells each.

Endocytosis inhibition. To elucidate the mechanism of microparticles internalization, two endo-
cytosis inhibitors were used: Cytochalasin D (CD; macropinocitosis inhibition) and Dynasore (Dyn;
Dynamin-dependent endocytosis inhibition). MCF-10A and SKBR-3 cells were seeded in 35mm petri
dishes at a density of 1.5 10° cells/dish. At 48h, prior to the addition of microparticles, cells were
pre-incubated for 1h with 10 ug/ml CD (Sigma-Aldrich), or 80 ug/ml Dyn (Sigma-Aldrich) in serum-free
medium. After that, pre-incubation medium was removed and cells were exposed to non-coated
Alexa488-1gG-microparticles, PEI-25K or PEI-750K coated Alexa488-IgG-microparticles at a 5:1 ratio
(microparticle:cell) in presence of the endocytosis inhibitors (10pug/ml CD, or 80pg/ml Dyn) for 4h.
Finally, cells were recovered by trypsinization and analyzed under a Becton Dickinson FACSCanto II
flow cytometer.
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In addition, the effect of serum on microparticle internalization was tested by incubating the micropar-
ticles (non-coated and PEI-coated) in culture medium containing serum. After 4h of incubation, the cells
were trypsinized and microparticle internalization was evaluated by flow cytometry.

Immunofluorescence detection of endosomal and lysosomal compartments. Cells were
seeded on coverslips in 4-well culture dishes at a density of 30,000 cells/well. After 48h, they were
exposed to functionalized microparticles, either non-coated or coated with PEI-25K or PEI-750K, at a
5:1 ratio (microparticle:cell) and incubated for 4h. Then, cells were washed twice with PBS, fixed with
4% paraformaldehyde/PBS (Sigma-Aldrich), permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) in
PBS, and blocked with 5% PBS-BSA (Sigma-Aldrich) for 40 min. Cells were incubated for 1h at 37°C
with either mouse anti-EEA-1 monoclonal antibody (BD Biosciences, Franklin Lakes, NJ) or mouse
anti-LAMP-1 polyclonal antibody (BD Biosciences), in order to label endosomal or lysosomal com-
partments, respectively. After that, cells were washed thrice with PBS and incubated at RT for 1h with
Cy5-conjugated chicken anti-mouse IgG antibody (Life technologies). Finally, cells were washed twice
with PBS and incubated with Alexa 594-Conjugated Phalloidin (5ug/ml, Life Technologies) and Hoechst
33258 (0.5ug/ml, Life Technologies) to stain actin and DNA, respectively, prior to their analysis under
a Confocal Laser Scanning Microscope (CLSM, Olympus XT7). For each labelling, treatment, and time
of incubation with microparticles, at least 20 cells were analyzed.

Statistical analyses. Statistical analyses were conducted using a statistical package (IBM SPSS® for
Windows, version 20.0; SPSS Inc., Chicago, IL, USA). Data were first tested for normality (Shapiro-Wilk
test) and homogeneity of variances (Levene test). When necessary, data (x) in percentages were
arcsine-transformed (arcsine Vx) to accomplish the parametric assumptions (i.e. normal distribution
and variance homogeneity).

A series of separate general linear models (analysis of variance, ANOVA) were run to test the effects
of coated and non-coated microparticles and/or PEI concentrations on (-potential, cell viability and
percentage of internalization. Briefly, the effects of PEI treatments on SKBR-3 and MCF-10A viability
and internalization were determined through a two-way ANOVA (factors: PEI treatment and cell line,
SKBR-3 and MCF-10A; variables: % cell viability or % internalization), followed by a post-hoc Sidak
test, whereas (-Potential of carboxylated microparticles non functionalized (-COOH), Alexa 488-IgG
functionalized microparticles (488IgG), Alexa488-IgG-microparticles coated with PEI25K (PEI25K) or
PEI750K (PEI750K) was compared by a one-way ANOVA followed by a post-hoc Sidak test. Finally,
the effects on non-coated, PEI-25kDa-, PEI750kDa-coated microparticles intake of incubation with or
without serum, or with endocytosis inhibitors (CD or Dyn) were tested in MCF-10A and SKBR-3 cells
through a three-way ANOVA (factors: medium composition, PEI treatment, and cell line; variable: %
internalization), again followed by a post-hoc Sidak test.

In all cases, the level of significance was set at P < 0.05. Data are presented as mean = standard error
of the mean (SEM).
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Abstract

Micro- and nanotechnology is a continuously growing field, which has al-
lowed the creation of a wide number of micro- and nanosystems for their use
in biomedical applications. One of the major goals of such platforms is to
combine multiple functions in a single entity. However, achieving the design
of an efficient and safe micro- or nanoplatform has shown to be strongly influ-
enced by its interaction with the biological systems, where particle features or
cell type play a critical role. In this work, we explored the feasibility of using
multi-material pSi-Cr-Au intracellular chips (MMICCs) for multifunctional
applications by characterizing their interactions with two different cell lines,
one tumorigenic (SKBR-3) and one non-tumorigenic (MCF-10A), in terms
of biocompatibility, internalization and intracellular fate. Moreover, we ana-
lysed the impact of MMICCs on the induction of an inflammatory response
by evaluating TNFa, IL1S, IL6, and IL10 human inflammatory cytokines
secretion by macrophages. Results showed that MMICCs were biocompatible
and their internalization efliciency was strongly dependent on the cell type.
Moreover, no cytokine secretion was observed. Finally as a proof-of-concept,
MMICC:s were dually functionalized with transferrin and pHrodo® to target
cancer cells and detect intracellular pH, respectively. In conclusion, MMICCs
showed promising results for their use as multi-functional devices, as they
showed high biocompatible and non-inflammatory properties, as well as the

ability of developing multiple functions.
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Introduction

The fast development of micro- and nanotechnologies in recent years has
opened new and promising avenues to overcome some of the limitations of
classical diagnostics and therapeutic medical approaches'?. Fabrication of mi-
cro- and nanoplatforms for biomedical applications can be achieved by either
“bottom-up” or “top-down” synthetic strategies*. In “bottom-up” approaches,
drug delivery tools are assembled from the molecular scale, by manipulat-
ing their chemical and physical properties, whereas “top-down” approaches
are based on the adaptation of semiconductor industry microfabrication tech-
niques such as lithography”.

Despite having received less attention in the biomedical field, the use of
“top-down” based microfabrication techniques for the development of micro-
electromechanical systems (MEMs) have shown a great potential for several

applications such as drug delivery®?, controlled-release'*'?

and diagnostics®.
Moreover, the miniaturization of biological microelectromechanical system
(BioMEMs) through combining microfabrication and nanotechnology tech-
niques has allowed the creation of small silicon-based chips, which may be

internalized by cells'"

and are able to detect intracellular parameters such
as pH'® or pressure”. In this regard, “top-down” microfabrication techniques
offer some advantages over “bottom-up” approaches, such as a highly precise
control upon the size, shape and monodispersity of the particles'. This is of
special relevance, as particle shape and size have been proven to play a key role
in the interaction of micro- and nanodevices with biological systems'®**. One
step forward in the biomedical application of such devices would consist of
combining diagnostic and therapeutic functions, since this is a main challenge
for nanomedicine?*?. In this regard, we have recently demonstrated that the
use of multi-material devices is an interesting approach for multifunctional
purposes, as it provides a precise control over functionalized molecules loca-
tion by using orthogonal chemistry”. In contrast, other techniques such as the
self-assembly approach, result in a disordered mixture of monolayers due to

the coadsorption of the different components®.
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On the other hand, despite the encouraging outcomes from the use of mi-
cro- and nanoengineered platforms for intracellular applications, a deeper un-
derstanding of particle-cell interactions has become increasingly important in
order to develop efficient and safe micro- and nanoplatforms®. In this sense,

it has been shown that several features of particle design, such as size'*2%3022,

22,33 34-36

shape?# and surface properties®*°, play a critical role in several biological pa-
rameters, such as uptake efficiency, internalisation or cytotoxicity. In addition,
the biological responses to a specific type of particle are closely related to the
cell type, as different cell types have shown to respond differently to a certain
particle feature’’.

In the present work, we aimed to investigate the feasibility of multi-mate-
rial silicon chips for their use as multi-functional intracellular devices. With
this purpose, we first characterized the biological interactions between multi-
material polysilicon-Cr-Au intracellular chips (MMICCs) and two human
breast epithelial cell types, the adenocarcinoma derived SKBR-3 and non-tu-
morigenic MCF-10A cells, in terms of biocompatibility, uptake and intracel-
lular location. Second, we evaluated whether MMICCs induced an inflam-
matory response in THP-1 cell-derived macrophages. Finally, we used two
different functionalization approaches, taking advantage of the multi-material
nature of the chips, in order to render the MMICCs multifunctional. On the
one hand, we functionalized the polysilicon layer with fluorescein-conjugated
transferrin (TEFITC) in order to target the tumor-derived SKBR-3 cells, as
transferrin receptor has shown to be overexpressed in most types of cancer
cells*-42. On the other hand, we functionalized the Au layer with pHrodo® in

order to detect intracellular pH.
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Material and methods

Fabrication and characterization of MMICCs

MMICCs were synthesized through photolithographic techniques combined
with silicon microelectronic and micromachining technologies, as previously
described”. Once collected, MMICCs were stored at room temperature (RT)
until used in further experiments.

In order to characterize size, shape and material composition, MMICCs
were evaluated under a scanning electron microscope (SEM) (Carl Zeiss Mer-
lin-Microscope GmbH) equipped with an Energy Dispersive-X-ray spectro-
scope (EDX).

Cell culture

Cell uptake and cytotoxicity studies were conducted using two different non-
phagocytic human mammary epithelial cell lines. One of these cell lines
was non-tumorigenic (MCF-10A), whereas the other had a tumoral origin
(SKBR-3). MCF-10A cells were cultured in DMEM/F12 (Gibco) supplement-
ed with 5% horse serum (Gibco), 20 ng-mL™"' epidermal growth factor (Gibco),
0.5 mg-mL" hydrocortisone (Sigma-Aldrich), 100 ng-mL" cholera toxin (Sig-
ma-Aldrich) and 10 pg/mL" insulin (Gibco). Adenocarcinoma SKBR-3 cells
were cultured in McCoy’s 5A modified medium (Gibco) supplemented with
10% fetal bovine serum (FBS, Gibco).

Analysis of inflammatory cytokines secretion was conducted using macro-
phages derived from the human leukemia monocyte THP-1 cell line. THP-1
cells were cultured in RPMI 1640 medium (Gibco) supplemented with 20%
FBS (Gibco). To differenciate THP-1 monocytes into macrophages, cells were
seeded in 96-multiwell plates at a density of 60,000 cells/well and treated with
0.16 pM phorbol-12-myristate-13-acetate (Sigma) for 72 h.

All cell lines were purchased from ATCC and maintained at 37°C and 5%

CO, (standard conditions). Culture medium was refreshed every 72 h.
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Analysis of MMICCs uptake by scanning electron and confocal microscopy
Evaluation of MMICCs uptake was first carried out by SEM. Cells were
seeded in 3.5-mm diameter glass bottom dishes (MatTEK) at a density of
1.5 x 10° cells/dish. At 24 h, MMICCs were added to culture medium at
a particle:cell ratio of 5:1. Cells were incubated with MMICCs for either
4 or 24 h. Then, cells were fixed in 2.5% glutaraldehyde in cacodylate buffer,
dehydrated in an ethanol series, dried with hexamethyl disilazane (Electron
Microscopy Sciences) for 15 min and observed under a SEM (Carl Zeiss
Merlin).

To further study and quantify MMICCs uptake, cells were seeded on
glass coverslips in 24-well plates, at a density of 50,000 cells/well. After 24 h,
MMICC:s were added to the cell culture at a particle:cell ratio of 5:1. At 24 h
of incubation, cells were fixed with 4% paraformaldehyde (PFA) in phosphate
buffered saline (PBS) for 20 min and blocked for 40 min with 1% bovine se-
rum albumin (BSA, Sigma-Aldrich) in PBS. Cells were subsequently stained
with Texas Red®-conjugated phalloidin (TR-Phal; 10 pg-mL"; Life Technolo-
gies) and counterstained with Hoescht 33258 (1 pg-mL™"; Sigma-Aldrich) to
visualize the cell cortex and the nucleus, respectively. Then, samples were
washed thrice in PBS for 5 min, air dried and mounted using Fluoroprep so-
lution (Biomerieux). Mounted samples were observed under a confocal laser
scanning microscope (CLSM, Olympus XT7) using a 60X oil immersion
objective.

For the detection of TR-Phal, excitation and emission wavelengths of
559 nm and 590 nm, respectively, were used. Excitation and emission wave-
lengths for Hoescht 33258 were 405 nm and 461 nm, respectively. MMICCs
were visualized by detecting the reflected light using an excitation wavelength
of 488 nm. Z-stacks were obtained by x-y-z sequential acquisition and or-
thogonal projections of the stacks were analysed to determine the location of
MMICC:s within the cell. For image analysis, the FV10-ASW Application
Software (Ver. 01.07¢; Olympus) was used. For each experiment, 200 cells per

cell type were analysed and three independent experiments were performed.
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Cytotoxicity analyses

Cells were seeded in 24-well dishes at a density of 50,000 cells/well and were
allowed to grow for 24 hours. Then, MMICCs were added to cell culture at a
particle:cell ratio of 5:1. After 24 and 72 hours of incubation, the viability of
cells was evaluated using the Vybrant MTT Cell Proliferation Assay Kit (Mo-
lecular Probes), according to the manufacturer’s instructions. Briefly, culture
medium was replaced by 200 pl of fresh culture medium containing 20 pL
of MT'T stock solution (12 mM). After incubation at 37°C and 5% CO, for
2 hours, the medium was removed and formazan crystals were dissolved by
adding 200 pL of dimethyl sulfoxide (Sigma-Aldrich). Cells were incubated
for 10 min at 37°C and 5% CO, for the complete solubilisation of formazan
crystals. Then, the measurement of absorbance was conducted at 570 nm us-
ing a Victor 3 Multilabel counter (PerkinElmer). For each treatment, viability
was calculated as the absorbance of cells exposed to MMICCs divided by
the absorbance of non-exposed, control cells. Three independent experiments

were performed.

Immunodetection of actin cytoskeleton and focal adhesions

Cells were seeded on glass coverslips in 4-well dishes at a density of 50,000
cells/well. After 24 hours, MMICC:s at a particle:cell ratio of 5:1 were added
to cell culture. At 4 and 24 hours of co-incubation, cells were fixed with 4%
PFA in PBS for 20 minutes, subsequently permeabilised with 0.1% Triton
X-100 (Sigma) in PBS for 15 minutes, and blocked with 5% BSA in PBS for
40 min. To visualize focal adhesions, samples were incubated with a mouse
anti-vinculin antibody (Chemicon) for 60 minutes at RT. Next, samples were
rinsed in PBS and incubated with a mixture of Alexa Fluor®594-conjugated
Phalloidin (Invitrogen), Alexa Fluor®488 goat anti-mouse IgG secondary an-
tibody (Invitrogen) and Hoechst 33258 (Sigma-Aldrich) at RT for 1 hour.
Finally, samples were washed thrice in PBS for 5 minutes, air dried, and

mounted using Fluoroprep solution (Biomerieux). Samples were imaged un-

der a CLSM.
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Immunodetection of endosomes and lysosomes

Cells were seeded on glass coverslips in 4-well dishes, at a density of 50,000
cells/well. After 24 h, MMICCs at a 5:1 particle:cell ratio were added to the
culture, in serum free medium. At 24 h of incubation, cells were fixed with 4%
PFA in PBS for 20 min, permeabilized with 0.1% Triton X-100 in PBS for 15
min and blocked for 40 min with 5% BSA in PBS. Endosomes and lisosomes
were stained by incubating cells with a mouse anti-EEA-1 monoclonal anti-
body or a mouse anti-LAMP-1 polyclonal antibody (both from BD Biosciences),
respectively. Following this, cells were washed thrice with PBS and incubated
with an Alexa Fluor® 488-conjugated chicken anti-mouse IgG antibody (Life
technologies). At the same time, cytocortex was labelled with TR-Phal at RT for

1 h. Cells were observed under a CLSM in order to determine the intracellular
location of MMICC:s.

Inflammatory cytokines secretion analysis

To study the possible induction of an inflammatory response by MMICC:s, the
human inflammatory cytokines (i.e. TNFe, IL1f, IL6, IL10) profile released
by macrophages was analysed using a flow cytometry bead array (CBA, Becton-
Dickinson). Briefly, cells were seeded and differentiated as detailed in the cell
culture section. After 72 h of differentiation, cells were exposed to MMICC:s at
a particle:cell ratio of 2:1. As a positive control, lipopolysacharide (LPS; Sigma-
Aldrich) was added to the culture medium at a final concentration of 1 pg-mL".
As a negative control, macrophages cultured in the absence of both MMICC
and LPS. After 5 or 24 h of incubation, the supernatants of the cell cultures were
collected and analyzed using a Becton-Dickinson FACSCanto II flow cytometer
(BD Biosciences) equipped with BD Biosciences FACSDiva™ software. Three

independent experiments were carried out.

Functionalisation of MMICCs with Tf-FITC and pHrodo®

MMICCs were orthogonally functionalized as previously described”. Briefly,
polysilicon was oxidized through piranha solution H,SO:H O, (7:3) for 1 h.
Then, MMICCs were washed thrice in MiliQQ water by centrifugation (13,000
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rpm, 5 min). Next, MMICCs were incubated with an ethanol solution of 8 mM
mercaptoundecanoate-NHS for 3 h and washed thrice with ethanol by centrifu-
gation. Then, a PBS solution of TEFITC (Invitrogen) was added to the MMICCs
suspension and the mixture was maintained at RT overnight. Next, MMICCs
were washed by centrifugation as aforementioned, and a mixture of 135 mM 11-
(Triethoxysilyl)undecanal in ethanol and acetic buffer (pH 5.2) was added to the
MMICC:s suspension and incubated for 3 h at RT. MMICCs were then washed by
centrifugation and air-dried. Following this, a PBS solution containing pHrodo”
(Invitrogen) and 5 mM sodium cyanoborohydride was added to the MMICCs
suspension. The mixture was kept at 4°C overnight. Finally, bi-functionalised

MMICCs were washed by centrifugation and kept in water until their use.

Statistical analyses

All statistical analyses were conducted using a statistical package (IBM® SPSS*
for Windows, Ver. 21.0; IBM Corp.). In all cases, data were first tested for nor-
mality (Shapiro-Wilk test) and homogeneity of variances (Levene test) and,
when required, transformed through arcsine square-root transformation.

On the one hand, the cytotoxic effects of exposing SKBR-3 and MCF-10A
cells to MMICC:s were evaluated through a repeated measures analysis of vari-
ance (ANOVA), where the MTT assay outcome was the variable, the treatment
(presence or absence of MMICCS) was the between-subjects factor and the in-
cubation time (24 or 72 h) was the within-subjects factor.

On the other hand, percentages of MMICCs uptaken by SKBR-3 and MCF-
10A cells were compared through a #-test for independent samples.

Finally, the effects of co-incubating MMICCs with macrophages derived
from THP-1 monocytes on the cytokine profile were evaluated with repeated
measures ANOVA, followed by a Sidak post-hoc test. In each case, the individ-
ual cytokine was the variable, the treatment (with MMICCs, negative control
and positive control, with LPS) was the between-subjects factor and the incuba-
tion time (5 or 24 h) was the within-subjects factor.

In all cases, the minimal significance level was set at <0.05. Data are shown

as mean = standard error of the mean (SEM).
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Results

Characterization of MMICCs

F1GURE 14 shows the MMICCs design. MMICCs have a square shape of 3 pm
x 3 pm in length and width and 0.5 pm of thickness, being 0.1, 0.03 and 0.4
pm-thick the gold, chromium and polysilicon layers, respectively. SEM images
showed that MMICCs were successfully synthesized, as the three different lay-
ers were observed (F1G. 1B). The different layers could be easily distinguished by
the variation of surface roughness, being the gold layer rougher than the poly-
silicon one. The internal Cr layer was not visible under SEM due to its internal
location as well as its extremely low thickness. However, EDX analyses demon-
strated that the three materials, Si, Au and Cr, were present in the MMICCs,

since the corresponding peaks for these elements were observed (r1G. 1c).
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F1GuRre 1. Design and characterisation of MMICC:s. a) Schematic representation of the design

of MMICCs, where the dimensions and thickness of the different material layers arespecified.

b) SEM image of MMICCs, where the actual size and material composition can be observed.

Red and black circles indicate the areas where the EDX analysis was performed. Scale bar = 1lpm.
¢) EDX spectrum confirming the presence of Si, Au and Cr.
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Uptake of MMICCs by SKBR-3 and MCF-10A cells

A qualitative assessment of MMICCs uptake was carried out by SEM imag-
ing, after 4 and 24 h of co-incubation. Both in SKBR-3 and MCEF-10A lines,
cells showed an active uptake of MMICCs, as a membrane evagination sur-
rounding MMICCs was observed (F1G. 2). In addition, in some cases, a cell
protrusion was observed, indicating that chips were completely internalized

(FI1G. 2, arrow).

MCF-10A

FIGURE 2. Evaluation of MMICCs internalization by SEM. Images show that MMICCs

were actively uptaken by cells, as the plasma membrane was observed in the process of sur-

rounding MMICC:s in both cell lines. Arrow points a completely internalized MMICCs.

Scale bar=10 pm. Insets show a magnification of the selected area, artificially coloured for a
better visualization of the plasma membrane. Scale bar=2 pm.

In order to further confirm that chips had been completely internalized
and to quantify MMICCs uptake, CLSM imaging was also performed (F1G.
3). Confocal analysis showed that the number of MMICCs associated with
cells was higher in MCF-10A than in SKBR-3 cells (r16. 3a-B). In order to
determine whether MMICC:s had been internalized by cells, orthogonal pro-
jections of z-stack reconstruction of consecutive focal planes (0.4-pm each)
were analysed (F1G. 3¢-D). Two hundred cells were analysed for each cell line
in three independent experiments. Results showed that MMICCs internaliza-
tion efficiency was significantly (P<0.001) higher in MCF-10A cells than in
SKBR-3 cells (r1G. 3E). Moreover, confocal imaging allowed to precisely deter-

mine the number of particles internalized per cell, in both cell lines (¥1G. 3¥).

Results

83



84

In this regard, it was shown that the majority of MCF-10A cells internalized
more than one MMICC:s, whereas in the case of SKBR-3 the majority of cells
internalized only one MMICC.

801

L

o B MCF-10A
[ SKBR-3

% Internalization

% Cells
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Figure 3. Quantitative analysis of MMICCs uptake by CLSM. a)-d) Images show SKBR-3
and MCF-10A cells, respectively, after 24 h incubation with MMICCs. Actin filaments were
stained with Texas Red® Phalloidin (red) and cell nuclei were stained with Hoescht 33258
(blue). MMICCs were imaged by using the reflection mode. Scale bar=10pm. ¢),d) Orthogo-
nal views of reconstructed z-stacks of SKBR-3 (c) and MCF-10A (d) cells. Scale bar=10pm.
e) Percentage of cells that had internalized at least one MMICC. f) Distribution of cell popula-
tions according to the number of particles internalized per cell. Results are shown as the mean
+ SEM. Asteriscs (***) indicate significant differences between both cell lines (2=0.001)

FiGure 4. Effect of MMICCs on cell viability. The cytotoxic effect of MMICCs

was evaluated by using the MTT cell proliferation assay at 24 and 72 h of cells

incubation with MMICCs. Results were normalized to control cells and are shown as the
mean + SEM of three independent experiments.
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Cytotoxicity of MMICCs

The percentage of viable cells in three independent experiments was assessed
at both 24 and 72 h after incubation with the MMICCs (F1G. 4). Results
showed that MMICC:s did not affect cell viability, as a high percentage of
viable cells (>80%) was observed in both cell lines at both time points. Moreo-
ver, no significant differences were observed between cell lines, indicating that

MMICC:s were not cytotoxic for any of the cell types.

Effect of internalized MMICCs on cell morphology and adhesion

To verify whether internalization of MMICCs could affect cell morphology
or focal contacts, actin cytoskeleton and vinculin were stained, respectively.
The morphology and actin cytoskeleton structure of control MCF-10A and
SKBR-3 cells was observed to be different. However, when cells with internal-
ized MMICC:s and cells without MMICCs were compared, no differences in
the distribution of actin filaments and focal contacts were observed for any of

the two cell lines (rF1G. 5).

Reflection Actin Vinculin Overlay + Nuclei

..

FIGURE 5. Actin cytoskeleton organization and focal contacts in cells with or without
MMICCs. Images show a single slice from a z-stack, where the MMICC:s are observed in
gray, actin fibers are shown in red, focal contacts in green and nuclei in blue. Arrows indicate

the internalized MMICC. Scale bar=10 pm

SKBR-3

MCF-10A
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Intracellular location of MMICCs

The evaluation of intracellular location of MMICCs was performed only in
MCEF-10A cells, as they showed a higher internalization rate than SKBR-3
cells. Immunolocalization of EEA-1 (endosomal compartment) and LAMP-1
(lysosomal compartment) proteins was carried out separately. After 24 h of in-

cubation, MMICC:s could be found in any of the two compartments (FIG. 6).

Endosome or MNuclei Overlay
Lysosome Actin

Reflection

EEA-1

LAMP-1

Ficure 6. CLSM analyses of MMICC:s intracellular location in MCF-10A cells. In order to label
the endosomal and lysosomal compartments, immunofluorescence detection of EEA-1 and LAMP-1
markers, respectively, was performed (green). Cell nuclei were stained with Hoechst 33258 (blue) and
actin cytoskeleton was stained with Texas Red® Phalloidin (red). MMICCs were visualized by reflec-
tion (gray). Arrows indicate MMICC:s located inside the endosomal or lysosomal compartments. Ar-
rowhead indicates one chip that is not located inside the endosomal compartment. Scale bar = 10pm.

Induction of inflammatory cytokine secretion

To assess whether MMICC:s could trigger an inflammatory response, we ana-
lysed the release of four different human inflammatory cytokines, IL-15, IL-
10, IL-6 and TNF-a by macrophages (¥16. 7). Macrophages incubated with
LPS (positive control) showed a significant (P<0.05) increase of cytokine re-
lease when compared with the negative control. By contrast, macrophages
incubated with MMICC:s did not trigger an increased release of any of the

studied inflammatory cytokines with respect to the negative control cells.
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FiGure 7. Evaluation of MMICC:s induction of human inflammatory cytokines secretion by mac-
rophages, analysed by flow cytometry. Quantification of human inflammatory cytokines was per-
formed either 5 h (a) or 24 h (b) of MMICCs incubation with macrophages. Macrophages incu-
bated in the absence of MMICC:s (control) or in the presence of LPS acted as a negative and positive
controls, respectively. Results are shown as the mean + SEM of three independent experiments.
Asterisks indicate significant differences (P<0.05) among groups (i.e. control, MMICCs or LPS).

Transferrin receptor targeting and pH detection with multi-functional MMICCs
In order to render MMICCs multifunctional, they were functionalized with
both TEFITC and pHrodo® (riG. 8a). The number of cells with internalized
particles increased after functionalization of MMICCs with T-FITC in both
SKBR-3 and MCEF-10A cell lines, but the extent of the increase was higher in
the former than in the latter (r1G. 8B).

In the case of pHrodo”, red fluorescence indicated that MMICCs were locat-

ed inside an acidic compartment, such as a lysosome or an endosome (FIG. 8C-E).
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Ficure 8. Evaluation of bi-functionalized TFITC/pHrodo® MMICCs. a) Schematic repre-

sentation of surface modifications of MMICC:s. b) Percentage of cells with at least one inter-

nalized MMICC, either functionalized (+Tf) or not (-Tf). Results are shown as the mean +

SEM. Asterisk indicates significant differences between groups. ¢)-e) CSLM images showing a

MCEF-10A cell with internalized TFFITC/pHrodo® MMICCs. Scale bar=10 pm. Insets show a
magnification of the selected area.
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Discussion

The fast advances in micro- and nanotechnologies in recent years have lead
to exciting outcomes regarding their application in the biomedical field"*%.
However, despite BioMEMs having excellent and controllable physico-
chemical properties for biomedical applications, a deeper understanding of
their interaction with cells is required in order to improve their safety and
effectiveness®. In the present study, we assessed the biological interactions of
3-pm multi-material pSi-Cr-Au chips with tumorigenic SKBR-3 and non-
tumorigenic MCF-10A human breast epithelial cells. First, we characterized
the size and composition of MMICCs by SEM and EDX analyses, respec-
tively. Results showed that top-down microfabrication approach is very ef-
ficient in terms of producing highly homogeneus size, shape and monodis-
persed MMICC:s, as it was expected'.

Although we previously reported that MMICCs could be internalized by
macrophages”, non-phagocytic cells have shown to internalize large particles
with lower efficiency?”*4. In addition, we have demonstrated that the uptake
of micron-sized polystyrene particles is cell line dependent®. Thus, we inves-
tigated whether the MMICC:s could be uptaken by two different types of
non-phagocytic cell lines, one tumoral (SKBR-3) and another non-tumoral
(MCF-10A). Although SEM analyses revealed that both cell lines could ac-
tively take up MMICC:s, internalisation analysis using CLSM showed that
SKBR-3 cells had a low capacity of internalizing MMICCs than MCF-10A
cells. This finding matches with previous studies'”?”**% and highlights that
the target cell line is a critical point to be considered when designing new
micro- and nanoengineered materials for intracellular applications.

In addition to cellular uptake, the intracellular transport and fate of mi-
cro- and nanomaterials need to be well characterized. In this sense, micro-
and nanoparticles have been shown to often remain trapped in endolyso-
somal compartments, which can be either desirable or not, depending on the
purpose of the nanomaterial®®?. In the present work, the study of the intrac-

ellular location of MMICC:s using endosome and lysosome markers showed
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that, after 24 h of co-incubation, they could be found in any of these two
compartments. These results are in agreement with previous studies where
micro- and nanoparticles have been found to remain trapped in the endo-
lysosomal compartments*.

Once the uptake and intracellular fate of MMICCs were evaluated, we
studied their biocompatibility. In this regard, it is worth noting that in many
cases micron-sized materials have been shown to render less cytotoxic ef-

30, this being often

fects when compared with their nano-sized counterparts
correlated with a lower uptake®. In spite of this, some authors have found
significant cytotoxic effects for some types of microparticles, indicating that
cytotoxicity not only depends on the size but also on material composition™
and surface properties®. These findings suggest that cytotoxicity needs to be
thoroughly evaluated in order to develop safe micro- and nanoengineered
devices. For this reason, in the present study, we also assessed the viability,
morphology and adhesion of cells incubated with MMICC:s. First, we ob-
served that the viability of both MCF-10A and SKBR-3 cells was not affect-
ed by the presence of MMICCs. Moreover, despite MMICCs being signifi-
cantly more internalized in MCF-10A than in SKBR-3 cells, there were no
significant differences in cell viability between these two cell lines. Second,
the analyses of actin cytoskeleton and focal contacts showed no differences
between cells with or without internalized MMICCs. Taken together, these
results indicate that MMICCs do not affect cell viability regardless of the
different uptake efficiency in both cell lines.

Apart from cytotoxicity, another possible undesirable effect of MMICCs
could be the induction of an inflammatory response. In this regard, it has
been shown that macrophages can be used as a model, since they trigger
the release of inflammatory cytokines as a response to the presence of cer-

5233 silicon®® and amorphous silica™

tain materials, such as titanium debris
particles, as well as metal ions, such as Au, Pd and Ni*°. Thus, we studied
the inflammatory cytokines released by THP-1 derived macrophages after

their incubation with MMICCs. We observed that the release of cytokines
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was not significantly affected by incubation with MMICCs, at either 5 or
24 h, indicating that they do not trigger an immunogenic response in mac-
rophages.

In the last series of experiments of this work, MMICCs were bi-func-
tionalized as a proof-of-concept for their potential use as multi-modal de-
vices. Due to their multi-material nature, MMICC:s offer unique properties
such as the precise spatial control over surface-conjugated molecules”. Since
the transferrin receptor (TfR) has been shown to be overexpressed in a wide
number of malignant cancer cells**>*, including SKBR-3 cells’®*’, we func-
tionalized the poly-silicon side of MMICCs with Tf-FITC in order to target
cancer cells. In addition, the Au side was functionalized with pHrodo®, in
order to detect intracellular pH. Results showed that internalization of bi-
functional MMICCs was increased in both SKBR-3 and MCF-10A cell lines,
when compared with non-functionalized MMICCs. However, this increase
was significantly higher in SKBR-3, probably due to their higher TfR expres-
sion level. By contrast, MCF-10A cells have shown to display low levels of TfR
expression®!. Thus, these data indicate that MMICCs could be targeted to a
certain cell type by using specific molecules. However, in this case MCF-10A
cells showed a high capability for non-specific MMICCs uptake, which would
interfere with the targeting specificity. On the other hand, the red fluores-
cence of pHrodo® could be visualized, indicating that MMICCs were located
inside acidic compartments, which is in agreement with our data about the
intracellular location studies using EEA-1 and LAMP-1 markers.

In summary, our results show that multi-material devices have a promis-
ing potential for their use in intracellular applications due to their excellent
biocompatible and non-immunogenic properties, as well as for the develop-
ment of different functions such as targeting and sensing. Moreover, our
results highlight the importance of a prior characterization of their interac-
tions with biological systems, not only regarding their target cells but also
the cells from the neighbouring tissues, in order to develop an efficient and

safe micron-sized platform for biomedical purposes.
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The recent advances in micro- and nanotechnology have opened new and prom-
ising avenues for the biomedical field through the development of micro- and
nanoplatforms able to overcome some of the major limitations of current thera-
pies (DAVIS ET AL., 2008), as well as to combine diagnostic and treatment func-
tions in a single entity (BANYAL ET AL., 2013; LAROUI ET AL., 2013; MUTHU ET
AL., 2014). However, the translation of nanomedicine into real clinical applica-
tions is still in its infancy (ETHERIDGE ET AL., 2013; ANSELMO & MITRAGOTRYI,
2014). In this regard, a deeper understanding of their interactions with the bio-
logical systems might help to develop more eflicient and safe micro- and nano-
platforms for biomedical applications (STARK, 2011). Particularly, interactions
at the cellular level are of special relevance, as the uptake efficiency, cytotoxicity
and intracellular fate will determine the efficacy of micro- and nanodevices.
Several factors have proven to strongly modulate the interaction of micro-
and nanoparticles at the cellular level, especially their physico-chemical prop-
erties, such as their size (NEL ET AL., 2009; PACHECO ET AL., 2013; SHANG ET
AL., 2014), shape (CHITHRANI ET AL., 2006; GRATTON ET AL., 2008; BARUA ET
AL., 2013) and surface properties (HAUCK ET AL., 2008; VERMA & STELLACCI,
2010). Particularly, regarding particle size, while a high number of studies have
focused upon the use of nano-sized particles, less is known about micron-sized
ones. In this sense, it is worth mentioning that micron-sized particles have
shown to render excellent results for different applications, such as the de-
velopment of multistage vectors (GODIN ET AL., 2011; BLANCO ET AL., 2011),
intracellular chips (FERNANDEZ-ROSAS ET AL., 2009; 2010; GOMEZ-MARTINEZ
ET AL., 20 AL., 20I5), microcapsules for drug delivery (SALONEN ET AL., 2005;
KOHANE, 2007; SCHMIDT ET AL., 2013; PARIKH ET AL., 2014) and control-
led release (PALANKAR ET AL., 2009; STUDER ET AL., 2010), siRNA sustained
delivery (TANAKA ET AL., 2010) or vaccines (SINGH ET AL., 2000; KASTURI,
SACHAPHIBULKIJ & RoY, 2005; BALLESTEROS ET AL., 2015; YOON ET AL., 2015).
In addition, in some cases, larger particles have shown to be less cytotoxic
than their nano-sized counterparts (PAN ET AL., 2007; KARLSSON ET AL., 2009;

PARK ET AL., 2011). Generally, although micron-sized particles have yielded
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good results for several applications in phagocytic cells, their low capacity of
internalisation by non-phagocytic cells might be a limitation that needs to be
overcome. However, an interesting study carried out by Barua and co-workers
determined that micron-sized particles showed a higher capability of targeting
due to their low non-specific uptake (BARUA ET AL., 2013), when compared
with their nano-sized counterparts. Thus, the low uptake of micron-sized par-
ticles could constitute an advantage for certain purposes, such as targeting
approaches. Therefore, there is a growing need to gain new insights into the
interaction of micron-sized particles with cells.

Due to the lower amount of research in micron-sized particles compared
with nanoparticles, as well as a high variability of experimental conditions,
there is currently little knowledge about their biological interactions. Thus,
in the present thesis, the main objective was to characterize the interaction of
microparticles with cells, in order to assess their feasibility for future applica-
tions in biomedicine.

In our first work, we aimed to assess the impact of different coatings of
fluorescent polystyrene microparticles (3 pm in diameter) regarding their up-
take efficiency by the non-phagocytic human cervix adenocarcinoma Hel.a
cell line. Due to the fact that cationic particles are generally more likely to be
uptaken by cells (THOREK & TsOURKAS, 2008; FROHLICH, 2012), we consid-
ered the use of non-viral transfection based approaches to modify the surface
of microparticles. These approaches are based on the electrostatic interactions
of positively charged polymers or lipids and the negatively charged DNA mol-
ecules (Tros DE ILARDUYA ET AL., 2010). Specifically, we used the cationic
polymer PEI, with a molecular weight of 25 kDa, and two commercial cati-
onic lipid based products, Lipofectamine™?2000 (LF2000) and FuGENE 6.

Although some studies have already used PEI to covalently modify parti-
cles, we considered the use of free PEI (i.e. non-covalently bound to the micro-
particle surface), as it would represent an advantage for future microparticle-
based delivery systems, since it should not interfere with the functionalization

process of other molecules of interest.
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Despite the fact that PEI, LF200 and FuGENE 6 have rendered excel-
lent results regarding DNA delivery into cells, they can lead to undesirable
cytotoxic effects, which need to be taken into account (GODBEY ET AL., 1999;
DUAN ET AL., 2009). Thus, aiming to find the best balance between uptake
efficiency and cytotoxicity, three different PEI concentrations were tested. The
highest concentration tested was set at 0.15 mM, since higher concentrations
have been reported to exert dramatic cytotoxic effects (LAMBERT ET AL., 1996).
By contrast, LF2000 and FuGENE 6 were used at the concentrations recom-
mended by the manufacturers, which have already provided good results in
the case of LF2000 and 1 or 3 pm-sized beads (KoBayasHI ET AL., 2010). First,
we studied the cytotoxic effect caused by the different transfection reagents
in Hela cells, and we found that whereas all treatments resulted in a high
number of viable cells (<60%) with respect to the control cells, the number
of cells which remained attached to the dish was dramatically decreased in
some cases, such as in the LF2000 and PEI 0.15 mM treatments. For this
reason, we used a combined analysis of cytotoxicity, consisting in the evalua-
tion of the percentage of viable cells as well as the number of cells remaining
attached to the culture plates after their exposure to the different treatments.
This combined analysis allowed us to accurately determine the cytotoxicity
of different treatments. Results showed a dose-dependent cytotoxic effect for
PEI, in agreement with previous studies (DENG ET AL., 2009). In the case of
LF200 and FuGENE, whereas the percentage of viable cells was high among
the attached cells, a considerable number of cells were lost, indicating that
their strong cytotoxicity caused cell detachment.

Once the cytotoxicity was assessed, the coating of microparticles with
the different reagents was characterized by analyzing their {-potential. We
observed a shift in the microparticle surface charge, from negative to posi-
tive, after incubation with the transfection reagents, and a dose-dependent
increase of the microparticle positive surface charge when increasing PEI
concentrations. In addition, we observed that the increase in positive surface

charge of microparticles was higher in the case of PEI, when compared to
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LF2000 and FuGENE 6 treatments. In order to assess whether PEI could
modify the surface of microparticles which are already functionalised, we
used functionalised non-fluorescent carboxylated particles with an Alexa
Fluor®594 conjugated IgG. Zeta potential analyses determined that PEI
could also interact with the functionalised particles and increase their posi-
tive surface charge.

Next, we studied the internalisation of microparticles by HeLa cells, using
two different approaches: FC and CSLM. Whereas FC allowed analysing a
higher number of cells, it did not discriminate between cells with internalised
particles and cells with particles attached to their membrane. For this reason,
we used CSLM in order to accurately distinguish the internalised micropar-
ticles from those bound to the cell surface. Results obtained by FC showed
that all treatments increased the percentage of cells associated with micro-
particles, PEI 0.05 mM (25.9%) and LF2000 (20.4%) being the most effec-
tive treatments. This increase on PEI- and LF2000-coated cell-microparticle
association in comparison with non-coated microparticles (3.7%) could be
related to the change on their surface charge, as positively charged particles
are more likely to be uptaken by cells than those negatively charged (THOREK
& TSOURKAS, 2008; VERMA & STELLACCI, 2010; FROHLICH, 2012). Surpris-
ingly, even though the {-potential of microparticles increased when higher
concentrations of PEI were used, cell-microparticle association decreased. On
the other hand, in spite of lower internalisation, higher PEI concentrations
facilitated microparticle-cell contact, as a higher amount of particles bound
to the cell surface were observed. Thus, the decreased particle internalisation
at higher PEI concentrations could be related to the cytotoxic effect of PEI,
especially regarding membrane damage induction, in agreement with that
described by other groups (HELANDER ET AL., 1997; GRANDINETTI ET AL,
2012). When the cytotoxic effect was considered, 0.05 mM PEI was the most
effective treatment with regard to microparticle internalisation. Therefore, we
used this treatment for the following analyses of the intracellular fate of mi-

croparticles, once they had been internalised.
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One of the main advantages of using PEI when used as a transfection rea-
gent is the proton-sponge effect (described in the Introduction, Section 1.3.3.),
which leads to disruption of the endolysosomal compartment and subsequent
cytosolic release of its contents (BOUSIFF ET AL., 1995; SONAWANE ET AL., 2003;
CREUSAT ET AL., 2010). TEM analyses showed that most of the internalised
particles were tightly surrounded by a single membrane, which was positive
for the LAMP-1 marker, indicating that they were actually located within the
lysosomal compartment. Besides, some particles were surrounded by a double
membrane structure, suggesting that an autophagic process could be taking
place, as previously described when using 1-pm polystyrene microparticles
coated with LF2000 (KoBAyAsHI ET AL., 2010). The results obtained with
TEM were further confirmed by CSLM, through immunofluorescence locali-
zation of EEA-1 and LAMP-1 markers, which allowed performing a quantita-
tive assessment of microparticles that were surrounded by either an endosomal
or lysosomal membrane. Data showed that up to 83% of microparticles were
located inside lysosomes and no endosomal association was found. Related to
this, it is worth mentioning that Kobayashi and co-workers reported that cati-
onic lipids facilitate the endosomal escape of 1 pm polystyrene particles, lead-
ing to the induction of an autophagic process, the particles being surrounded
by an autophagosome after their released into the cytosol (KoBayasHI ET AL,
2010). Therefore, in our case, those particles that were not associated with
lysosome markers could be either located free in the cytosol or be involved in
an autophagic process.

In summary, the first work demonstrated that the use of transfection rea-
gents can significantly improve the uptake of 3 pm polystyrene microparticles
in the non-phagocytic HelLa cell line. However, their intrinsic cytotoxicity is
a crucial factor that needs to be considered. In this regard, we found that PEI
ata 0.05 mM concentration offered an excellent balance between cytotoxicity
and microparticle internalisation efficiency. Moreover, the effect of PEI on the
increase of positive charges on the surface microparticles was maintained when

antibody-functionalised particles were used. With respect to microparticle in-
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ternalisation, we observed that not only the surface charge is a key factor, but
also cytotoxicity. Finally, despite PEI having a great capability for the delivery
of DNA into the cytosol due to its proton sponge effect, the great majority of
particles coated with PEI remained trapped into the lysosomal compartment.
Apart from particle design, and despite having received less attention in the
literature, the cell line is a crucial factor when studying particle-cell interac-
tions. In this regard, several attempts have been performed to target micro- or
nanoparticles to a specific cell type, through their surface modification using
specific peptides or antibodies (EL-SAYED ET AL., 2006; GU ET AL., 2007; SINGH
& LILLARD, 2009; FAY & ScoTT, 2011; ZHONG ET AL., 2014). On the other
hand, it has been shown that cell lines can also respond differently to particles
functionalised with non-targeting molecules (SAHA ET AL., 2013). These find-
ings suggest that the cell type effect is a crucial factor regarding particle-cell
interactions that needs to be thoroughly characterized and taken into account
when designing new micro- and nanoplatforms for biomedical applications.
Thus, in our second work, we aimed to evaluate the cell type effect with
regard to non-specific surface modifications of non-fluorescent polystyrene
microparticles. The study was carried out by using two different cell lines: the
human breast adenocarcinoma derived SKBR-3 cell line and the human breast
epithelial derived MCF-10A cell line. Since antibodies are one of the most
used molecules in particle functionalization, we used a fluorescent secondary
IgG antibody, which was not specific for any of these two cell types. Moreo-
ver, we used PEI to further modify the surface of microparticles and study its
effect on particle-cell interactions in both cell lines, as in our previous work it
was proven to be a good approach for microparticle delivery strategies. In this
case, we used two types of PEI, 25 kDa and 750 kDa PEI, both differing in
their structure and molecular weight, as these two parameters have been de-
scribed to modulate cell interactions (NEU ET AL., 2005). Moreover, Kobayashi
and co-workers reported that PEI with a higher molecular weight can facilitate
the scape of microparticles into the cell cytosol more efficiently than a lower

molecular weight PEI (KoBAYASHI ET AL., 2010).
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Since in our first work we observed that the cytotoxicity was a crucial
factor when studying the effect of surface modifications on particle-cell in-
teractions, the first step was to determine the cytotoxicity of 25 kDa and 750
kDa PEI in both SKBR-3 and MCF-10A cells. We chose to work at a 0.05
mM concentration, since this rendered a good balance between cytotoxicity
and internalisation efficiency in our previous work. No cytotoxic effect was
observed for any of the cell or PEI types. Characterization of microparticles
showed that after treatments with PEIL, the great majority of particles (80%)
were monodisperse. In addition, the {-potential of microparticles changed to
positively charged when coated with either 25 or 750 kDa PEIL, this change
being significantly more relevant in the case of 750 kDa PEI. This increased
surface charge by 750 kDa PEI with respect to 25 kDa PEI was probably due
to a higher number of protonable amine groups.

With regard to microparticle internalisation, the fact that fluorescence of
microparticles came from their surface instead of their core allowed us to use a
trypan-blue (TB) based quenching technique (VRANIC ET AL., 2013). With this
technique, we were able to accurately discriminate between cells with internal-
ised particles and those with particles attached to their membranes, without
the need of using CSLM. Moreover, it allowed discarding dead cells from the
analysis, as TB only accumulates in dead cells. A clear difference between cell
lines was observed with regard to microparticle internalisation efficiency. On
the one hand, SKBR-3 internalised better the positively charged microparticles,
whereas the opposite was found for MCF-10A. These results are in agreement
with previous findings, where MCF-10A showed a great capability for internal-
izing negatively charged quantum dots (X1a0 ET AL., 2010). In this case, this
differential uptake could not be attributed to a cytotoxic effect, as it was the
case of our first work, since no differences regarding cell viability were found
for any of the PEI treatments. For this reason, we investigated whether these
differences could be related to a distinct mechanism of internalisation through
the use of two different endocytic inhibitors. On the one hand, we used Cy-

tochalasin D (CD) to inhibit the internalisation of microparticles by macropi-
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nocytosis (SCHLIWA, 1982; WAKATSUKI ET AL., 2001). On the other hand, we
used dynasore to inhibit dynamin-dependent internalisation processes (MAc1a
ET AL., 2006). Results showed significant differences between the two cell lines
with regard to the mechanism of internalisation. Whereas SKBR-3 cells inter-
nalised all types of microparticles by the macropinocytic pathway, MCF-10A
showed different mechanisms of internalisation for the different types of mi-
croparticles. Specifically, both CD and Dyn inhibited the uptake of non-coated
particles but no inhibition of PEI-coated particles could be achieved by either
CD or Dyn. This indicated that particles could be uptaken by other alternative
actin- and dynamin-independent mechanisms in MCF-10A cells.

Taken together, these results suggest that both surface properties of micro-
particles and the cell type are crucial factors for the modulation of particle-cell
interactions, not only in terms of internalisation efficiency but also with regard
to the mechanism of internalisation. As different mechanisms of internalisa-
tion were observed for the different cell lines and types of microparticles, their
intracellular fate was assessed. The great majority of particles were found in
the lysosomal compartment in both cell lines. Thus, despite using PEI with a
higher molecular weight, the delivery of microparticles into the cytosol could
not be achieved. Hence, even though PEI has demonstrated an excellent ca-
pability of releasing DNA and nanoparticles into the cytosol (BousIFE ET AL.,
1995), this endolysosomal escape is not possible in the case of larger particles.
Future research regarding the delivery of large microparticles or their cargo
into the cytosol should therefore be focused on the development of alternative
approaches that allow their endolysosomal escape.

Therefore, in this second work we found that non-tumoral and tumoral
human breast cells have different uptake responses to different surface modifi-
cations of microparticles, not only regarding internalisation efficiency but also
the mechanism of internalisation. Thus, the design of new micro- and nano-
platforms must take into account the surface properties of particles as well as
the characteristics of the target cell in order to improve specific cell delivery and

diminish undesirable side effects on the healthy neighbouring cells and tissues.

Unravelling cell-particle interactions for the design of new micro- and nanoengineered systems



One particularly interesting example of micron-sized devices are the so-
called biological microelectromechanical systems (BioMEMs), which have
shown a great potential for several biomedical applications such as drug deliv-
ery (SHAWGO ET AL., 2002; TA0 & DEsa1, 2003; HiLT & PEPPAS, 2005; SANT ET
AL., 2012), controlled-release (SANTINT ET AL., 1999; SANTINT ET AL., 2000; STA-
PLES, 2010) and diagnostics (BASHIR, 2004). In this sense, we have reported the
development of multi-material intracellular chips, which can be functionalised
with different molecules with a precise control over their spatial distribution
(DURAN ET AL., 2015). The conjugation of different molecules in a single plat-
form allows performing multiple functions, which is a main goal in biomedi-
cine (DEBBAGE, 2009; KELKAR & REINEKE, 2011; RAHMAN ET AL., 2012).

As the data obtained from our two previous works pointed out that the
characterization of particle-cell interactions is essential when developing a
novel micro- or nanosystem, the third work aimed to explore the potential of
multi-material intracellular chips (MMICCs) for biological applications. This
was conducted by assessing the interactions of these chips with cells, in terms
of biocompatibility, uptake, intracellular fate and inflammatory cytokine re-
lease. Again, we chose two cell lines, SKBR-3 and MCF-10A, as they showed
to be a good model because of their different nature (tumorigenic vs. non-
tumorigenic) as well as their differential response to micron-sized particles. In
agreement with our second work, we found that MMICC:s internalisation was
higher in MCF-10A than in SKBR-3 cells.

In our first work, the cytotoxic effect of transfection reagents directly af-
fected the uptake of microparticles by cells. Thus, in order to provide a deeper
understanding about the differences on cellular responses to micro- or nano-
particles, biocompatibility is a key factor to be taken into account, as it could
play a relevant role on particle-cell interactions. On the one hand, a lower cyto-
toxicity of micron-sized particles compared to nano-sized ones has been attrib-
uted to a lower uptake efficiency (HE ET AL., 2009). Besides, the study carried
out by Karlsson and co-workers showed that the cytotoxicity of micro- and

nanomaterials not only relies on the size of particles but also on the material
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composition (KARLSSON ET AL., 2009). However, these authors did not check
the particle uptake efficiency. In our case, MCF-10A showed to internalise
a high number of MMICCs. Thus, we wondered whether MMICCs would
induce a higher cytotoxic effect on MCF-10A than in SKBR-3 cells. On the
other hand, a higher cytotoxicity resulted in a decreased microparticle uptake
in our first work.

Thus, the biocompatibility of MMICCs in both SKBR-3 and MCEF-10A
cell lines was assessed in terms of cell viability, morphology and adhesion. No
differences were found for any of these parameters when MMICCs exposed
cells where compared with control cells, meaning that MMICCs were bio-
compatible for both cell lines, regardless of their uptake rates. These results
also discarded the possibility that the internalisation in SKBR-3 cells was
lower due to any toxic effect caused by MMICC:s. Altogether, these findings
indicate that whereas the internalisation efficiency of MMICCs depends on
the cell line, they do not lead to cytotoxic effects in any of these two cell lines,
these results being consistent with those obtained in our second work.

With regard to intracellular location, MMICCs were found either in the
endosomal or the lysosomal compartment, regardless of the cell type. These
results are particularly relevant, as for those applications where the endolyso-
somal compartment is not the target, strategies for the release of MMICCs
into the cytosol will be required.

In certain cases, the presence of foreign materials inside the organism can
lead to an undesirable inflammatory immune response. In this sense, it has
been shown that macrophages exposed to several materials, including titanium
(NAKASHIMA ET AL., 1999; VALLES ET AL., 2006), silicon (CHOI ET AL., 2009)
and amorphous silica (Kusaka ET AL., 2014), and metal ions such as Au, Pd and
Ni (WATAHA ET AL., 2004) can release human inflammatory cytokines. Since
MMICC:s contain different materials (polysilicon, gold and chromium), we
assessed the release of different inflammatory cytokines by macrophages incu-
bated with MMICC:s. Results showed no induction of inflammatory cytokines
release by macrophages at either 5 or 24h of incubation with MMICCs.

Unravelling cell-particle interactions for the design of new micro- and nanoengineered systems



Finally, in order to render the chips multifunctional, as a proof-of-concept
approach, MMICCs were functionalised with two different molecules by us-
ing orthogonal chemistry techniques. This approach allowed us to precisely
provide a controlled spatial regulation of the functionalised molecules, as the
gold and polysilicon surfaces were functionalised with different molecules.
On the one hand, the gold side was functionalised with the commerial pH
sensor pHrodo®. On the other hand, the polysilicon surface was functional-
ised with transferrin (Tf) to target cancer cells, since the latter have shown
to overexpress the Tf receptor in many cases (DANIELS ET AL., 2006). Uptake
of functionalised MMICCs was increased for both cell lines, when com-
pared with non-functionalised MMICCs. However, this increase was higher
in the case of SKBR-3 cells and could be attributed to its higher levels of
Tf receptor expression (KawaMOTO ET AL., 2011). In spite of this, the fact
that the MCF-10A cell line had a great capability for non-specific uptake of
MMICC:s did not allow to achieve an effective targeting.

In summary, all three works have provided an integrative understanding
about the relationship between certain characteristics of microparticles and
cell responses. We observed that the surface of microparticles, as well as their
cytotoxicity, plays a key role on their internalisation by non-phagocytic cells.
On the other hand, the cell type showed to be equally important regarding
the cell response to a determined type of particle. Therefore, it is essential to
characterize the biological interactions of micron-sized platforms, in order
to develop safe and efficient systems for their application in biomedicine.
Moreover, the obtained results provide promising outcomes for the use of
micron-sized platforms in biomedicine, as in general they have proven to
render high biocompatibility. In addition, by tunning the surface of micro-
particles, their uptake can be enhanced in non-phagocytic cells and they
can be selectively delivered to a certain cell type. However, the non-specific
uptake capability of not only the target cells but also the neighbouring cells
should be characterized when designing a micro- or nanodevice for biomedi-

cal purposes.
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II.

III.

IV.

VI.

Microparticle coating with LF2000, FuGENE and Pei significantly in-
creases microparticle positive surface charges, leading to a higher uptake

by non-phagocytic human cervix adenocarcinoma HeLa cells.

Microparticle coating with PEI 25kDa at a 0.05 mM concentration
showed the best balance between internalisation efliciency and cytotoxic-

ity in HeLa cells.

Tumoral SKBR-3 cells showed an enhanced uptake of positively charged
microparticles, whereas the opposite was observed for non-tumoral

MCF-10A cells.

SKBR-3 cells internalised microparticles through macropinocytosis, re-
gardless of their surface properties. By contrast, MCF10A cells showed
distinct internalisation mechanisms depending on the surface properties

of microparticles.

PSi-Cr-Au MMICCs are promising candidates for biomedical applica-
tions, as they are efficiently uptaken by non-phagocytic cells, they show

high biocompatibility and no induction of inflammatory responses.

Regardless of the surface properties and cell type, the majority of micro-
particles were observed to be located within the endolysosomal compart-
ments, indicating the need for developing new strategies for their delivery

into the cytosol.

VII. Dually-functioanlised MMICCs can be used for multi-functional pur-

poses such as tumoral cells targeting and intracellular pH sensing.
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