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Among the several types of inorganic nanoparticles available, silica nanoparticles (SNP) have
earned their relevance in biological applications namely, as bioimaging agents. In fact, fluorescent
SNP (FSNP) have been explored in this field as protective nanocarriers, overcoming some lim-
itations presented by conventional organic dyes such as high photobleaching rates. A crucial
aspect on the use of fluorescent SNP relates to their surface properties, since it determines the
extent of interaction between nanoparticles and biological systems, namely in terms of colloidal
stability in water, cellular recognition and internalization, tracking, biodistribution and speci-
ficity, among others. Therefore, it is imperative to understand the mechanisms underlying the
interaction between biosystems and the SNP surfaces, making surface functionalization a rele-
vant step in order to take full advantage of particle properties. The versatility of the surface
chemistry on silica platforms, together with the intrinsic hydrophilicity and biocompatibility,
make these systems suitable for bioimaging applications, such as those mentioned in this review.
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1. Introduction

Silica nanoparticles (SNPs) have a wide range of
biomedical applications being already used as drug
delivery systems (such as in chemotherapy, photo-
dynamic therapy, gene therapy, protein adsorption,
immunoassays) and as bioimaging agents (fluores-
cent, magnetic resonance imaging (MRI), Raman
imaging).'”” Currently, mesoporous and amorphous
SNP have been extensively used in the biomedical
field.”"'Y While mesoporous SNP are normally used
as drug delivery systems through physical or
chemical adsorption, colloidal SNP have been often
employed to encapsulate or to graft at the surface
active agents.'>!?

In the past decades, the increasing need to un-
derstand the biological processes and environment
influences of therapeutic compounds inside biologic
systems, led to an increasing search for new bioi-
maging systems capable of overcoming the limi-
tations of current biomarkers. In fact, the
development of biomarkers addresses important
aspects concerning biocompatibility, toxicity or
aggregation problems that might limit their appli-
cation in living systems or tissues. In this context,
SNP have gained increasing importance as new
platforms, i.e., as protecting shells of diverse or-
ganic/inorganic compounds and also as coatings of
other types of nanoparticles.'*™'® Important con-
sequences of such type of coating are the improve-
ment of water compatibilty, for molecules poorly
soluble, and limitation of eventual detrimental
effects occurring in the encapsulated compounds'?
Besides, SNP are chemically stable at physiological
pH and resist to microbial attacks, making these
nanoparticles advantageous over biodegradable
ones.?’"?! Currently, there is a wide range of organic
or metal-organic compounds and nanoparticles that
have been successfully entrapped in SNP for bioi-
maging purposes.’? 2’ Also, the easy surface func-
tionalization can decrease biological side effects and
increase bioavailability and selectivity. In fact, the
interaction between SNP and biological systems can
be tailored through smart surface modifications.?®
Physicochemical interactions of SNP with cell sur-
face, i.e. the electrostatic and dispersion forces be-
tween nanoparticles and cell membrane, must be
considered.?”*" Therefore, it is imperative to un-
derstand how biomolecules interact with SNP sur-
faces and how to manipulate such interaction in
order to take full advantage of SNP properties.

Having these challenges in mind, this review will
focus on recent efforts for the development of SNP
as bioimaging platforms and on the role of surface
functionalization on the interactions with biological
systems.

2. SNPs Synthetic Approaches

Although depending on the chemical properties of
the fluorophores, employed as optical active centers,
in principle FSNP can be prepared through sol-gel
or microemulsion methods.?'* By judicious selec-
tion of the experimental parameters, the particle
size and shape of the SNP can be tailored. These
properties are relevant to control the rate of cellular
uptake, biodistribution and targeting efficiency
when using such materials as drug delivery vec-
tors.** For example, the stability of SNP in the
solvent employed in the synthesis and the rate
constants of hydrolysis and condensation of silica
oligomers play an important role in determining the
final particle size distribution.?> 7

2.1. Sol-gel process

The sol-gel process, aka Stober method, involves
the use of alkoxysilanes as silica precursors that are
hydrolyzed to monomeric Si(OH), in polar solvents,
typically an alcohol (Fig. 1(a)).”® The Si(OH),
molecules condense into silica oligomers via siloxane
groups that end up in amorphous silica network.
Both hydrolysis and condensation steps occur si-
multaneously and the use of an acidic or basic cat-
alyst allows the entire process to be kinetically
faster. For example, the hydrolysis of tetra-
ethylorthosilane (TEOS) in ethanol is catalyzed by
ammonia giving rise to monodispersed solid SNP
ranging in size from nano- to micro-sized silica
particles (50 nm to 2 pm).*! Despite the stability of
these particles in solution, the monodispersity de-
gree of the colloids can vary depending on the
electrostatic repulsion between the negatively
charged SNP.?" This aspect has been widely used in
the fields of materials science and ceramic engi-
neering for the production of silica based materi-
als.?’ Recently, Hartlen and Yokoi used a new
approach to obtain monodispersed SNP with 12 nm
of average diameter.*'** In this case, they replace
the basic catalyst ammonia by lysine or arginine,
maintaining the aqueous medium. This new system,
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Fig. 1. Scheme of methods employed for the synthesis of SNP.
(a) The sol-gel method in which the hydrolysis and condensa-
tion reactions using alkaline catalysis. (b) The reverse phase
microemulsion (W/O) in which TEOS is hydrolyzed at the
micellar interface and enters the aqueous droplet to form a SNP
within the micelle. (c) The direct phase microemulsion (O/W)
in which organotrialkoxysilane precursors are hydrolyzed
within the nonpolar core of surfactant microemulsion. Repro-
duced from Ref. 1 with permission of The Royal Society of
Chemistry.

unlike the common Stober method, show a slow
hydrolysis of TEOS. The authors attributed this
phenomenon to the emulsion system, where the
hydrolysis of TEOS occurred at the interface be-
tween water (amino acid and water) and the oil
phases (TEOS).

2.2. W/O microemulsion

Another common method uses the reverse phase or
W/O microemulsions (Fig. 1(b)).** This system
involves nanometer-sized water droplets stabilized
by a surfactant in a predominantly organic phase.
Here, the hydrolysis and condensation occurs in the
interface of the micelles which act as “nanoreactors”
assisting the control of particle formation due to
hydrolysis and condensation of silica oligomers.*?
This method allows the controlled hydrolysis of the
alkoxysilane (e.g., TEOS), giving rise to fairly uni-
form and monodispersed colloidal SNP samples for

The Role of Surface Functionalization of SNP

which the average size is usually smaller than
100nm.** Ternary (surfactant/oil/water) or qua-
ternary (surfactant/co-surfactant/oil/water) W/O
microemulsions have been used as reacting medium
in this synthetic method.*® Santra and co-workers
obtained 50nm sized RuBpy-loaded SNP using a
quaternary W/O microemulsion.’® A few years
later, Bagwe and co-workers succeeded in synthe-
sizing RuBpy-loaded SNP, obtaining nanoparticles
with 30 nm of diameter, through a ternary W/O
microemulsion.*” Usually this specific system is used
when organic or inorganic particles, such as dyes,
quantum dots (QDs) or magnetic nanoparticles re-
quire coating for bioapplications.**

2.3. O/W microemulsion

More recently, a new approach based on organic
modified silica (ORMOSIL) nanoparticles (Fig. 1(c))
has been reported as new platforms for biochemical
derivatization.”® These systems, typically within
20-30 nm diameter range, are obtained through an
O/W microemulsion made up of dimethylsulfoxide
(DMSO), water, 1-butanol and surfactant. In this
case, lipophilic organosilane derivatives, such as
octyltriethoxysilane (OTES) or vinyltriethoxysilane
(VTES) have been used directly in the micelle so-
lution.! In general, SNP are synthesized by alkaline
hydrolysis and polycondensation of organotrialk-
oxysilane precursors within the nonpolar core of
Tween-80/water microemulsion.”” The presence of
the surfactant and the low reticulation derived from
the trialkoxysilane precursors leads to some meso-
porosity and risk of leaching of the loaded com-
pounds. Therefore, this methodology requires the
covalent linkage of the loaded compound.

3. Fluorescent Silica Nanoparticles

Fluorescent-based bioimaging has developed con-
siderably in the last decades, and high-resolution
and super-resolution technologies are currently
applied in biological and biomedical protocols. Al-
though a large variety of organic dyes, fluorescent
proteins and luminescent metal-complexes have
been used, its high photobleaching-rates (limiting
its use in long-terms tracking), short fluorescent
lifetimes, toxicity and aggregation are still relevant
limitations.”” In this context, SNP revealed to be an
important auxiliary platform. In fact, dye loaded
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SNP allow regions to be easily visualized by fluo-
rescence because an high amount of fluorophore is
accumulated in each single particle.”’ SNP are op-
tically transparent at the wavelength region for
fluorophore excitation thus allowing to keep fluo-
rescence excitation and emission characteristics
of the incorporated dyes.*>***% Additional features
such as robustness, mechanical stability, and
low-toxicity make SNP suitable fluorophore
nanocarriers.”* %

The synthesis of fluorescent silica nanoparticles
(FSNP) relies on the strategies previously de-
scribed. Depending on the chemical properties of
the fluorophore, it is possible to prepare SNP
through the sol-gel or microemulsion meth-
ods.?'733:52 In fact, it is possible to entrap more than
one type of fluorophores, hence taking advantage of
different fluorescence emission spectra. Xu et al.
successfully entrapped fluorescein-5-isothiocyanate
(FITC) and Ru(phen)2" in SNP and optimized
fluorescence properties by varying the ratio between
the two fluorophores (Fig. 2).°” Maintaining the
concentration of FITC, they observed that the
wavelength region of the emission band shifted from
green (FITC alone) to light orange (equal amount
of both) and finally to red (10 times higher amount

Emission Intensity (a.u.)

500 550 600 650 700
Wavelength (nm)

Fig. 2. (Top) Dispersions of FSNP under a 365 nm UV lamp.
The amount of FITC was 0.06 mg, while those of Ru(phen) 2"
were Omg, 0.0mg, 0.02mg, 0.04mg, 0.06 mg, 0.10mg, and
0.15mg, respectively (from left to right). (Bottom) emission
spectra of the stepwise SNP. Reprinted with permission from
Ref. 55 Copyright (©)2010 American Chemical Society.

of Ru(phen)2"), with the increase of Ru(phen)3"
amount.

The covalent attachment of Alexa Fluor in
20-100 nm SNP originated fluorescent nano-
particles with the same excitation and emission
features as the free label.”® On the other hand, Al-
Rawi et al. performed a different study using FITC
as fluorophore and unlabeled (plain), nonporous and
amorphous 70 nm, 200 nm, and 500 nm SNP (Fig. 3
(a)).”” Taking advantages of the fluorescence prop-
erties of these FSNP, they were able to assess the
intracellular size-dependence distribution of FSNP in
HeLa cells through high-resolution confocal laser
scanning microscopy (HRCLSM) (Fig. 3(b)). They
observe that all sizes of FITC-SNP tested were taken
up into the cytosol of HeLa cells being located near
the nucleus.

As mentioned before, amorphous silicas have also
been used as protecting shells for other nano-
particles, such as quatum dots (QDs). Ma et al.
were able to entrap QD into SNP, through a sol-gel
process.’’ The SNP obtained were 30 nm core-shell
nanoparticles, highly luminescent, photo and col-
loidal stable with features suitable for cellular bio-
marking. Cao et al. have reported the noncovalent
incorporation of hydrophobic ZnS:Mn?*(3%) QD in
SNP through the reverse microemulsion method.®!
TEM analysis revealed that each SNP contained a
single QD as the core and the red fluorescence
allowed the assessment of the intracellular locali-
zation in HeLa cells. Lanthanides (Ln III) based
compounds have also been entrapped in SNP shells
giving rise to materials that exhibit photo-
luminescence behavior typical of Ln(III) as emitting
centers.%>% Among the properties that make these
compounds very interesting for bioimaging are the
large Stokes shifts and sharp emission profiles with
fluorescence lifetimes in the order of milliseconds,
unlike commonly used organic dyes.”’""® In fact,
longer lifetimes represent a significant advantage,
allowing a simple and accurate discrimination of the
Ln(II) signal from auto fluorescence (background
biological fluorescence) through time-resolved
measurments.””"*7" Granadeiro et al. studied the
fluorescence behavior of several lanthanopolyox-
otungstates (Ln(III)-POM)) entrapped in SNP.™
They successfully obtained a core-shell nano-
structure with the Ln(III)-POM mainly located in
the nanoparticle core. According to their results, the
photophysical characteristics of the Ln(III) com-
pounds could be adjusted by using an aromatic
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Fig. 3. (a) Size and morphology of the FITC-SNP. (b) Localization of the FITC-SNP (green) in HeLa cells assessed by HRCLSM.
HeLa cells were exposed to 70 nm, 200 nm and 500 nm SNP or left untreated for 24 h. Blue refers to nuclear marker, red to
membrane marker and green to FITC-SNP. Reprinted with permission from Ref. 57. Copyright (© 2011 Springer-Verlag.

organic ligand as an antenna for energy transfer.
Zhang et al. also prepared a visible-light-excitation
wavelength europium SNP (EuSNP) biolabel with
stronger and longer luminescence lifetime and,
evaluated its sensitivity in imaging of living
cell through the use of time-resolved mothods.”
Wu et al. have reported extensive studies using
Eu(IIl)-emissive mesoporous SNP (EuMSNP) for
highly-luminescent in witro cell and in vivo lym-
phatic bioimaging, obtaining excellent photostable
low-toxicity nanoparticles without dissociation in
PBS buffer.®°

Besides cell labeling, FSNP also proved to be
suitable as fluorescent nanoprobes for chemosensors
of pH, oxygen, ionic species, and for protein and
DNA detection and separation.”>%1:%2 Modified
150 nm mesoporous SNP, covalently loaded with a
specific luminogen, were prepared by Miao et al. as a
fluorescent sensor for detecting explosives in water.*’
These FSNP showed good dispersion in water with
fast fluorescence quenching response. Liu et al. also
take advantage of the FSNP and prepared a pH
sensor with acridine orange as organic dye.** In this

case, core-shell nanoparticles (average diameter
170 nm) with excellent selectivity, stability and high
reproducibility have been obtained through simple
reverse microemulsion. Tan et al. attempted another
application for Ln(III)-based FSNP. They developed
a dual-emission fluorescent probe for mercury de-
tection in water and milk, through the combination
of two Ln(IIl) chelates with different emission
wavelengths.®®

4. SNPs Surface Functionalization

The surface’s properties of SNP play a key role in
the extent of the interaction between nanoparticles
and biological systems.®*% Hence, surface modifi-
cation methods have been used aiming to improve
the colloidal stability of SNP in biological systems
and increase circulation times, as well as to reduce
overall toxicity and aggregation.®” Bare colloidal
SNP have the surfaces negatively charged at phys-
iological pH due to the ionization of the hydroxyl
groups (—OH). In certain conditions, such SNP can
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be colloidal stable for prolonged times, either in
serum-free medium or in complete medium con-
taining 10% serum. However, it is important to note
that, due to the negative surface charge, bare SNP
are promptly enclosed within a corona of proteins
and therefore it is actually the hybrid nanostructure
composed of silica core/protein nanostructure that
interacts with cell surfaces.??*" The SNP negative
surface charge can be used with advantage for
subsequent surface modifications either via covalent
coupling using silane chemistry or, via physical ad-
sorption or electrostatic interactions (Fig. 4).b!!
SNP surface can be functionalized by distinct types
of systems of relevance for biointeractions, such as
antibodies, folic acid, aptamers, PEG, carbohy-
drates, lipids, amongst others.'%?0792

Covalent functionalization at the silica surfaces
is possible by the well-established silane chemistry,
mediating strong linkages between the SNP
surface and selected biomolecules.”*?* A large
library of commercially available halosilanes and
alkoxysilanes is currently available, allowing the
introduction of functional groups like amines, car-
boxylates, epoxides and thiols. Despite being well-
established, silane chemistry can present some
drawbacks, that result in steric hindrance, variation
in reactivity, depending on the coupling agents
used, and limitation to molecules with reactive
groups for the covalent linking step.”” However, the
conjugates formed through this type of chemistry
are less influenced by external conditions such as
protein concentration, pH and ionic strength.
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y

-
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Enzyme
+

s
Pt

Charged polymer
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i S

Fig. 4. Schematic illustration of the surface functionalization
of SNP with, peptides, antibodies, aptamers, enzymes, DNA
fragments and other functional groups.

For these purposes, 3-aminopropylrietoxysilane
(APS) has been a commonly used coupling agent
because besides promoting strong covalent linkages
onto the SNP surfaces, the protonated amine
groups, at physiological pH, also allow electrostatic
interaction with negatively charged species, such as
DNA or proteins. Zhao et al. have reported the use
of coated fluorescent SNP as probes for the galac-
tose/3-sulfogalactose  carbohydrate-carbohydrate
interaction. In this case, SNP were first functiona-
lized with the azidosiloxane and then, galactose
moieties were stapled through copper-promoted
click reactions.”® Surface functionalization with
polyethylene glycol (PEG) has been extensively
used and is another example of such type of surface
modification.' " PEG is a polymer that in these
situations act as a protective layer around SNP
surface, hiding the silanol groups from the bulk
liquid medium and stabilizing the colloidal particles
at high salt conditions, whereas in similar condi-
tions bare SNP would aggregate irreversibly.** Xie
et al. functionalized MSNP with carboxyl groups
and then conjugated folate via PEG 2000, used as a
hydrophilic spacer. While the introduction of PEG
increased the water dispersibility of MSNP, the folate
modification enhanced the cellular uptake in KB
cells, when compared to the unmodified MSNP
counterparts.'’’

SNP surface can also be modified through ad-
sorption or electrostatic interactions with large
molecules. Very often, this method has been used to
attach biomolecules such as lipids, proteins, anti-
bodies or polymers that, due to its opposite charges,
interact with the surface of colloidal nano-
particles.??19%:102 Tn this case, nanoparticles curva-
ture as well as protein molecular weight, affect surface
functionalization.'”® Noncovalent attachment is a
simple and not expensive method, enabling surface
exchange reactions that result in the replacement of
previously attached molecules by others that have
higher affinity to the SNP surface but having no
specificity to the cells in study. Moreover, conforma-
tional changes and protein denaturation or changes in
pH can lead to faster rates of desorption from the
nanoparticle surface.?” Yang et al. worked with a
mixture of lipids (DMPA/DMPC, 10:90) and dem-
onstrated that for this system the adsorption depen-
ded little on electrostatic attractions.'’* Another
application of this type of electrostatic interactions is
the layer-by-layer (LbL) method, where alternating
layers of cationic and anionic polyelectrolytes are
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Fig. 5. General scheme for the PbS NC functionalization process leading to the conjugation of PbS@QSNP with biotin and
subsequent conjugation with streptavidin. Successive steps in sequence (from left to right): silica coating of organic capped PbS
NCs; PbS@SNP surface modification with amine groups; bioconjugation reaction with biotin; molecular recognition with FITC-
modified streptavidin. Reprinted with permission from Ref. 101 Copyright (©) 2014 Royal Society of Chemistry.

coupled to SNP surface to mediate the interaction
with charged biomolecules.'0%105:106

Another type of SNP surface functionalization
takes advantage of the strong binding affinity be-
tween streptavidin and biotin, which has been a
type of conjugate intensively used in several bioa-
nalytical protocols. °7 Corricelli et al. have explored
this type of noncovalent binding to produce colloi-
dal stable core-shell PbS/SiO2 NP in physiological
media (Fig. 5).'°® Firstly, biotin was covalently
attached via amine groups present in SNP surface,
after which a FITC-Avidin complex was added.
Streptavidin is often used in biomolecular functio-
nalization because of its resistance to pH, moderate
temperature variations, proteolytic enzymes and
denaturants.*?

5. Effects of Surface Functionalization
on Nanosilica—Cell Interactions

Several studies have demonstrated that SNP size
and shape affect nanoparticle internalization by
cells. However, the type of interaction with biolog-
ical systems will also be dictated in large extent
by the surface properties of SNP (chemical func-
tionality, surface charge, and composition with
biomolecular functionalization), namely because
internalization depends on cell membrane recogni-
tion.'"?~12 Thus not only the colloidal and chemical
stability of the biomolecule/nanoparticle complex
should be considered but also physicochemical
interactions between SNP and the cell surface
should be addressed.?”* There is an increasing

awareness that in studying nanoparticle-medium-
cell systems a single bioinorganic entity should be
considered for most practical situations.''? Several
studies have demonstrated that SNP surface design
(ligand nature) affects the interaction with serum
proteins and cell membrane receptors, and conse-
quently, the pathway by which cells internalize
nanoparticles, and ultimately determine intracellu-
lar localization.!!0-114

The cellular incorporation of external entities
may occur through different pathways (direct dif-
fusion or disruption, endocytosis, ion channels or
through transmembrane pump).'??!" In the spe-
cific case of SNP, endocytosis (a mechanism that
requires energy input by the cell) is the major
pathway of translocation to the intracellular com-
partment.'’? However, depending on the degree of
surface functionalization, SNP may be internalized
through fluid phase (Fig. 6(a)) or receptor-mediated
endocytosis (Fig. 6(b)).!'® The presence of suitable
functional groups on SNP surface may enhance
the binding to specific target receptors present in
the cellular membrane. Sandoval et al. designed
folate and PEG functionalized SNP with the fluo-
rescent reporter fluorescein isothiocyanate.''” Using
confocal microscopy it was possible to estimate that
27% of PEG-functionalized nanoparticles adhering
to cell surface were endocytosed against a 95%
endocytosis for the folate-functionalized nano-
particles. The presence of over-expressed folate
receptors in many human cancer cells confers the
basis for the enhanced specificity of folate-functio-
nalized nanoparticles. After binding, a closed vesicle
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Fig. 6. Surface functionalized nanoparticles interacting with
cells. (a) Nanoparticles bind to receptors on the membrane and
induce a signaling cascade without entering the cell. (b)
Nanoparticles can also be internalized and exocytosed by the
cell, without ever leaving the vesicle. (¢) Internalized nano-
particles can escape the vesicle and interact with various
organelles. (d) Nanoparticles can interact nonspecifically with
the cell surface membrane, and be internalized.

structure may be formed allowing the nanoparticles
entering into the cell via receptor-mediated endo-
cytosis, forming endosomes (Fig. 6(c)).!'® However,
the levels of expression of cell membrane receptors,
as well as surface ligand coverage extension may
also dictate the success of internalization.''® Pritz
et al. characterized the endocytic trafficking of bare
SNP within HEI-OC1 cells.!!? SNP were internal-
ized into early endosomes after 20 min and reached
the lysosomes after 2h of incubation. However,
endosomal escape was not observed. This inability
to be released from endosomal vesicles prevents
their use as cytoplasmatic or nuclear imaging
agents.?” In the majority of the cases, nanoparticles
can be exocytosed by the cell without leaving the
vesicle (Fig. 6(d)). In some cases, SNP may escape
from endosomes (Fig. 6(e)) and target specific
sub-cellular structures, which requires that the en-
dosome membrane must disrupt.''® For this to
happen, the endosome membrane must be dis-
rupted. SNP surface functionalization nature may
play an important role in the process of membrane
disruption.'?’ Several studies have shown that cat-
ionic SNP bind to cells more efficiently than neutral
or anionic ones, because the electrostatic affinity to
the negatively charged cell membrane increases
endocytosis efficiency.''%!2!:122 However, as shown
by Slowing et al. anionic SNP present higher ability
to escape endosomes because of the proton sponge

effect, i.e., to the better buffering capacity, which is
important for endosome escape.'?’

Besides endocytosis, the surface functionaliza-
tion of SNP affects the exocytosis profile. Yanes et
al. have conducted three different types of surface
modifications (using phosphonate, folate, or poly-
ethylenimine (PEI)) in mesoporous SNP.'?* The
rate of nanoparticle release was directly related
with surface nature. After 6 h, 84%, 66%, and 49%
of the phosphonate, folate and PEI-functionalized
mesoporous SNP were released, respectively. The
results demonstrated that in addition to the
protective character, the presence of PEI on
SNP extended nanoparticle lifetime in biological
environments.

One of the advantages of using FSNP is the
possibility of using fluorescent techniques to study
nanoparticle cell interactions (e.g., mechanisms of
cellular uptake, changes in cell morphology, SNP
surface effects). Shahabi et al. have addressed the
effect of surface charge on FSNP cellular uptake.
Through W/O reverse microemulsion, rhodamine B
isothiocyanate was incorporated in the SNP matrix,
introducing thereafter ratios of amino and sulfonate
groups onto nanoparticles surface (diameter
~58nm) and tested the SNP uptake and intracel-
lular localization in the presence or absence of serum
(FCS).'?> While in absence of serum (Fig. 7(a))
positively charged SNP were better internalized by
human osteoblasts (HOB), for the serum-containing
medium (Fig. 7(b)) the negatively charged ones
were preferred.

Tu et al. also studied the effect of different sur-
face-functionalized mesoporous SNP taking advan-
tage of fluorescence properties.'?® Mesoporous SNP
were loaded with phthalocyanines (ZnPc) through
the O/W microemulsion method and the surface
was functionalized with PEI and PEG-PEI ligands.
Due to the fluorescence exhibited by the ZnPc it
was possible to use confocal microscopy to assess the
lysosome disruption capability of both PEI- and
PEG-PEI-functionalized SNP and to compare the
results with those in which bare SNP were used
instead. Results suggested that PEI- (73%) and
PEG-PEI-functionalized (53%) SNP displayed
higher efficiency in the escape from the endosomes
to the cytosol than bare nanoparticles that was
attributed to the proton sponge effect caused by
PEIL This study also revealed that PEI- and PEG-
PEI-functionalized SNP have higher selectivity to
tumor cells than bare SNP.
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DMEM+ AB/AM (1%) DMEM+FCS (10%)+AB/AM (1%)

0.5h 6 h 0.5h 6 h

Fig. 7. Fluorescence microscopy micrographs of HOB osteoblasts incubated without (a—j) or with (k—t) FCS for 0.5 or 6 h at 37°C
with 100 ug mL~! FSNP, revealing cellular uptake and intracellular localization of the particles. Green, blue, and red fluorescence
indicates the actin cytoskeleton, the nuclei, and FSNP, respectively. Scale bars: 50 um. Reprinted with permission from Ref. 115.
This is an unofficial adaptation of an article that appeared in an ACS publication. ACS has not endorsed the content of this
adaptation or the context of its use. Copyright (©)2015 American Chemical Society.
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6. Impact on Biodistribution,
Biocompatibility and Cytotoxicity

In the last decades, a huge effort has devoted to
the evaluation of parameters that can affect SNP
biocompatibility.!'®!?7129 However, there is still
considerable uncertainty on this topic, namely be-
cause reported results are widely variable and often
contradictory. Despite the controversy, there is a
general consensus on the relation between SNP
physicochemical properties and its biocompatibili-
ty. Although experimental results have provided
evidence that particles’ properties such as size,
shape and surface chemistry are related to impor-
tant biological SNP effects, still controversy raises
from the fact that the effects of different parameters
are interdependent and cannot be interpreted
separately.''0-130:131 In this matter, FSNP can rep-
resent some advantage over fluorophore-free nano-
particles since the effect of SNP on cells can be
directly observed. For example, Soenen et al.
have used commercially available bare-FSNP
(C-Spec®particles) and several cell-nanoparticle
size (25nm, 45nm and 75nm) interaction studies
were conducted, addressing namely the effect on cell
morphology (Fig. 8).*> For noncytotoxic SNP
concentrations, none of the tested SNP caused sig-
nificant alterations in cell morphology.

Silanol groups (Si-OH) have an active role in the
ROS generation inside cells, which ultimately can
lead to cell death.'?® However, as mentioned above,
the surface silanol groups can be easily functiona-
lized decreasing SNP toxicity and thereby promot-
ing biocompatibility like the SNP prepared by He
et al. where the reduced toxicity was interpreted on

the basis of the PEG surface functionalization
employed.'** Several authors have demonstrated
that depending on the cell type used in the experi-
ments, different nanoparticles responses were
obtained. The intracellular pathway of each cell
type, cellular metabolism or growth pattern can
determine SNP toxicity.''®!%° Although SNP
physicochemical properties have an impact on bio-
compatibility and, consequently on their potential
toxicity, nanoparticle concentration plays a singular
role. Regardless the shape, size and surface func-
tionalization of nanoparticles, for any type of cell
there is a maximum concentration allowed before
toxic effects occur.!*?

7. Outlook

During the last decades, fluorescent-based SNPs
have earned an active role as bioimaging agents.
These systems present interesting properties for
these purposes and biocompatibility features.
Hence, SNPs have been explored as promising
platforms to accommodate photoluminescent or-
ganic dyes, metal complexes and other inorganic
nanoparticles. In this context, surface functionali-
zation methods earned a special attention and have
been reviewed here. There is a wide range of mole-
cules used in surface modification methods, that for
example can start with a silane modification to a
more specific chemical process using enzymes, pep-
tides or antibodies. It is clear that all these efforts
of tuning the silica surfaces properties have rele-
vance in order to achieve nanoparticle stability in
biological systems, specific targeting and therefore

Fig. 8. Effect of silica particles on cell morphology. (a) Representative confocal images of control HUVEC cells (left) or HUVEC
cells exposed for 24 h to Sil25 (25 nm), Sil45 (45 nm) or Sil75 (75 nm) at noncytotoxic concentrations, being 50 g mL-1,100 g mL-1 and
100 pug mL-1, respectively. The images shown are merged images of both the SNP (red) and the a-tubulin cytoskeleton (green).
Reprinted with permission from Ref. 122. Copyright (©) 2013 Acta Materialia Inc. with permission from Elsevier.
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improve biological responses. However, there is still
a need in understanding the SNP—cells interactions
and underlying mechanisms in order to develop safe
and reliable clinical protocols that make widespread
use of these systems. Here, fluorescent-based SNPs
have brought some enlightenment, helping to un-
derstand and correlate SNP physicochemical prop-
erties and its biocompatibility.
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