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he potential of nanomaterials for
drug delivery and related therapies
has been extensively explored in recent
years.! The possibilities become enhanced
in the case of magnetic nanoparticles? since
they can be additionally used for imaging,
diagnosis, hyperthermia, and cell separa-
tion when considering the advantage of
an external magnetic manipulation.>* Tar-
geted delivery and controlled release of
drugs to any type of cells or specific organ
would potentially maximize its therapeutic
efficacy while minimizing the side effects.®
Consequently, administering safe and effec-
tive therapy that is lesion-specific and with
few side effects necessitates the integration
of nanotechnology with molecular biology
and medical sciences, and the challenges
are not minor.®
Nanostructures of different size, shape,
and composition have many applications
in biomedical imaging, clinical diagnostics,
and therapeutics. These nanostructures when
biofunctionalized can indeed resemble bio-
molecules and biomolecular assemblies in
terms of size and chemical composition and
sometimes even function.” This “nano—bio”
interface comprises therefore the dynamic
physicochemical interactions, the kinetics,
and the thermodynamic exchanges between
the nanomaterials' surface and biological
components such as phospholipids, endo-
cytic vesicles, organelles, DNA, or biological
fluids.® Its ability to recruit the nanostruc-
tures and multivalently bond them to sur-
face receptor(s) is crucial to enhance specific
affinity, reduce nonspecific interactions, and
direct receptor-mediated endocytosis, all of
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ABSTRACT

¢ (mV)

Magnetic silica nanoparticles show great promise for drug delivery. The major advantages

correspond to their magnetic nature and ease of biofunctionalization, which favors their ability

to interact with cells and tissues. We have prepared magnetic silica nanoparticles with DNA

fragments attached on their previously polyelectrolyte-primed surface. The remarkable

feature of these materials is the compromise between the positive charges of the

polyelectrolytes and the negative charges of the DNA. This dual-agent formulation

dramatically changes the overall cytotoxicity and chemical degradation of the nanoparticles,

revealing the key role that surface functionalization plays in regulating the mechanisms

involved.
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which would then maximize a selective
delivery of cargo.” However, in spite of what
has been achieved so far,a complete under-
standing of how cells interact with nano-
structures at the molecular level remains
poorly understood. Indeed, despite the many
reports about cytotoxicity and biocompatibi-
lity, synthetic routes of nanoparticles intended
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to specifically interact with cells are lacking and largely
unappreciated, and consequently, few attempts to link
the cellular responses to the physicochemical properties
of the engineered nanoparticles have been reported®

One of the most challenging biological barriers to
overcome is the cell membrane. In this regard, it is
necessary to develop an internalization strategy for
nanostructures (considering the regulated portals of
entry into the cell'®) that can generate or favor an effec-
tive delivery. The best-described mechanism of cellular
entry is endocytosis, referring to a two-step energy-
dependent uptake process in which the nanomaterial
is first engulfed in pinched-off vesicles (endosomes)
that carry the ingested material into the cellular interior
and then is rapidly digested through acidification
(lysosomes).' "2 Ashley et al. have shown the process
of internalization to be dependent on the nanocarrier
size, with 50 nm carriers being most efficiently inter-
nalized (1800 particles/cell).’ These results provided
evidence that internalization occurs through this en-
docytotic pathway, given that membrane wrapping
occurs most efficiently for particles 30—60 nm in di-
ameter.'® Since nanoparticles appear however inher-
ently and nonselectively to be passing through the cell
membrane, understanding this aspect will be key to
designing the most selective and therefore effective
chemotherapeutic platforms with the very important
perspective of simultaneous nanoparticle cellular up-
take and cytotoxicity.'*'>

Synthetic nanoparticles (unless with very small dimens-
ions) cannot pass through the cell membrane with-
out disrupting its integrity. Charged nanoparticles
for example induce transient poration of cell mem-
branes to enter, but it is a process also associated
with cytotoxicity.'® Therefore the surface properties of
nanomaterials play a critical role in determining the
outcome of these interactions,'”” and the new ap-
proaches should enable enhancing nanoparticles cell
internalization at low to moderate concentrations but
with greatly enhanced uptake.'® As mentioned, these
nanostructures should resemble biomolecular assem-
blies in order to benefit their interactions with cells. In
this context, the unique chemical and scaffolding
properties provided by single- or double-stranded DNA
fragments can establish the necessary synergy with the
nanoparticles for assembling and testing the different
mechanisms involved.' For example, mesoporous
silica supports were reported to trigger cargo release
involving these biomolecules.*

DNA characteristics such as biocompatibility, ability
to self-assemble in a very predictable manner, or con-
trolled length and sequence render them very conveni-
ent molecules for biorelated applications where magnetic
nanoparticles can be exploited. We propose therefore
the use of magnetic nanoparticles as multicomponent
chemotherapy agents, in view of potential synergistic
drug- and magnetism-based activities.
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Accordingly, we have prepared magnetic silica nano-
particles with DNA fragments attached on a polyelec-
trolyte-primed surface and that are very stable in
aqueous solution. This surface functionalization with
the DNA fragments establishes the necessary synergy
with the nanoparticles, in order to help them resemble
biomolecular assemblies. We can additionally exert
control over the surface charge to define the {-poten-
tial necessary to get through the cell membranes, by
means of a compromise between the positive charges
of polyelectrolytes and the negative charges of the
DNA fragments. This dual-agent formulation can sup-
ply efficient internalization in cells, can influence the
chemical degradation mechanisms of the cells, and
consequently alter the cytotoxicity results. The findings
presented here may assist in the design of nanoscale
delivery and therapeutic systems and provide insights
into nanotoxicity.

RESULTS AND DISCUSSION

Magnetic Silica Nanoparticles (MSNs). FesO, (6.6, 12.8,
and 15 nm) and CoFe,0, (8.1 and 21.5 nm) magnetic
cores were incorporated in silica nanoparticles by the
reverse microemulsion method optimized by Koole
et al. for semiconductor quantum dots.?" The magnetic
cores were transferred to chloroform (those from the
thermal decomposition synthesis) or dispersed in cyclo-
hexane (the cobalt ferrite nanoparticles synthesized in
aqueous solution by co-precipitation) before addition
to the microemulsion system. The initial amount of
magnetic cores was optimized in every case before the
shell growth. In all the cases, the resulting magnetic
silica nanoparticles of different final diameter have
one magnetic nanoparticle incorporated exactly in
the center of the nanoparticle. The control over the
number of magnetic cores per silica particle is high:
95% of the particles contain a single magnetic core,
around 4% are empty, and less than 1% contain more
than one core. These percents roughly vary among the
samples analyzed, although the percentage of nano-
particles with one single core increases as the size of
the magnetic material to be coated is increased. The
mechanism reported by Koole et al. for semiconductor
quantum dots®' suggests that the NP-5 molecules
attached to the quantum dots surface may be driving
the silica coating, by replacing the ligands at the sur-
face (the oleic acid molecules used in our case). As also
pointed by Koole and co-workers,?! the better coating
depends on the strength of the ligands when binding
to the surface of the nanoparticles since a stronger
binding reduces the ligand exchange and hinders the
silica coating. In our case, we can think about the larger
curvature of the bigger nanoparticles, which may
render easier the oleic acid ligand exchange required
and would explain the better results of silica coating in
the larger sizes. The major challenge in this step is the
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Figure 1. TEM images of 12.8 nm magnetite nanoparticles (sample M;) (a) and of MSN (Fes0,@SiO, nanoparticles) from
samples My, Ms, and Mg, with different core size and shell thickness (b, ¢, and d) (scale bar: 50 nmin a, b,and d and 100 nmin c).

formation of core—shell particles that are largely uni-
form in core size and shell thickness. This controlled
microemulsion-based silica coating is therefore very
convenient because the nanoparticles produced main-
tain uniformity and the method itself is very reproducible.

Figure 1a includes a TEM image of 12.8 nm Fe30,4
nanoparticles, without silica (M,, see Table 1, Support-
ing Information). Figure 1b, ¢, and d show TEM images
of magnetite-based MSNs: 6.6 nm magnetite nano-
crystals coated with an 8.8 nm thick silica shell (M) (b),
15 nm magnetite nanocrystals coated with a 4.7 nm
thick silica shell (Ms) (c), and 12.8 nm magnetite nano-
crystals coated with a 9.7 nm thick silica shell (Mg) (d).
Figure 2 shows TEM images of 8.1 nm CoFe,0,4 nano-
particles (C;) without silica (a) and 21.5 nm CoFe,O,
nanoparticles coated with a 9.5 nm thick silica shell (Cs) (b).

Table 1 (SI) summarizes the samples of magnetic
nanoparticles and MSNs synthesized using this micro-
emulsion process, detailing the magnetic material and
size of the core, the final diameter, and the silica shell
thickness. This table also includes the number of layers
of polyelectrolyte wrapped around the nanoparticles
and the {-potential after the polyelectrolyte deposi-
tion, described later. The samples are denoted as M in
the case of magnetite based, and Cin the case of cobalt
ferrite-based MSNs. The subindex of every sample
name correlates with the final diameter; that is, the
larger the subindex, the larger the nanoparticles. Table 1
(SI) reflects the ability to tune the final size of the resulting
core—shell nanoparticles and their low polydispersity.
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In view of this tuning of the silica shell thickness when
coating the different magnetic cores employed, Table 1
(SI) also indicates the excellent reproducibility of the
process exploited.

Therange of sizes attained determines the available
specific magnetic characteristics (depending mainly
on the magnetic core material and dimensions but
also on the silica shell thickness, which contributes to
decrease the saturation magnetization of the sample
in emu/g and reduces the interactions between the
nanoparticles), which will specify their potential biore-
lated applications. Consequently, it is also worthy to
underline the very stable core—shell morphology
accomplished, which favors nanoparticle purification
after each step of functionalization and in physiological
conditions.

All the samples summarized in Table 1 (SI) are
magnetic due to their core of magnetite or cobalt fer-
rite, which means that they can be manipulated by an
external magnetic field gradient (a magnetic field
gradient is required to exert a force at a distance since
a uniform field would give rise to a torque but not to
translational action??). The nanoparticles were there-
fore chosen in view of the magnetic properties displayed.
Although many reports have been published on the
synthesis of low-dimensional magnetic materials in
high yields, it is still important to underline those stra-
tegies that enable control over the magnetic response.
In these ferrimagnetic spinel (MFe,O, M = Fe, Co)
nanoparticles, we found hysteresis that corresponds to
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Figure 2. TEM images of 8.1 nm cobalt ferrite nanoparticles
(sample C,) (a) and of MSNs (CoFe,0,@SiO, nanoparticles)
from sample C;s (b) (scale bar: 50 nm in a and 200 nm in b).

irreversibility in the magnetization process. The shape
of these loops is mainly determined by temperature,
composition, and particle size.>> We have chosen to
magnetically characterize the smaller magnetite and
the larger cobalt ferrite nanoparticles, in order to ap-
preciate the range of different and reachable magnetic
behaviors using the nanoparticles included in Table 1
(SI). The dc magnetic properties of the nanoparticles
were recorded in a SQUID magnetometer, at 300 K
(considering their potential biorelated applications)
(Figure 3a and b) and as a function of temperature
(ZFC-FC curves) (Figure 3c), since they provide infor-
mation on energy barriers for magnetization reversal.
Figure 3a and b show the hysteresis curves collected at
300 K (at lower fields in b) and underline the room-
temperature superparamagnetic behavior of the 6.6 nm
magnetite nanoparticles (which show the anhysteretic
but still sigmoidal M—H curve) and the ferromagnetic-
like behavior of the 21.5 nm cobalt ferrite nanoparticles
(characterized by the hysteresis loop with coercive
field Hc = 340 Oe). The smaller particles offer a single
domain ground state, which leads to superparamag-
netism, where the magnetic moment of the particles as
awhole is free to fluctuate in response to thermal energy,
while the individual atomic moments maintain their or-
dered state relative to each other. The cobalt ferrite nano-
particles on the contrary offer an open hysteresis loop that
is associated with the magnetothermal irreversibility
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processes and reflects the energy necessary to over-
come the barrier to domain wall motion and/or the
magnetization reversal, imposed by their intrinsic an-
isotropy and grain boundaries in the material. This
energy delivered by the applied field is proportional
to the area enclosed by the hysteresis loop. Further-
more, if applying a time-varying magnetic field to this
material, one can establish a constant flow of energy
into the nanoparticles, which would be transferred as
thermal energy to the surroundings.? Figure 3c shows
the temperature dependence of the magnetization of
the magnetite and cobalt ferrite nanoparticles under
zero-field-cooled (ZFC) and field-cooled (FC) condi-
tions (H = 100 Oe). The irreversibility (i.e., splitting
between the FC and ZFC curves) observed increases
upon shifting from magnetite to cobalt ferrite. The ZFC
and FC curves are irreversible at a temperature quite
close to the maximum shown in the ZFC conditions,
likely due to the relatively narrow size distribution of
the magnetite nanoparticles. Regarding the cobalt
ferrite nanoparticles, over the whole temperature
range, the FC curve yields a larger magnetization
and approaches the value of the ZFC magnetization
only above 325 K. The ZFC curve of these larger
nanoparticles increases monotonically up to 325 K.
The observed joining of the ZFC—FC curves let us know
that the nanoparticles behave as ferrimagnets (T < T¢),
ensuring nonzero coercivity values, in accordance with
the hysteresis shown at 300 K.

In all cases, the MSNs can be separated from their
medium by passing the fluid mixture through a region
in which there is a magnetic field gradient that can
immobilize the tagged material via the magnetic force
exerted. This force will need to overcome the hydro-
dynamic drag force acting on the magnetic particle in
the flowing solution, directly dependent on the size of
the particles, on their surface chemistry, and on the
viscosity of the medium.>* This physical principle gains
importance in these cases because it also governs, for
example, the drug delivery, guiding the magnetic drug
carriers to target specific sites. This more efficient
localized targeting of the drug reduces the amount
of systemic distribution of the cytotoxic drug and
consequently the associated side effects and the dos-
age required.

DNA Compaction. Understanding the influence of the
nanoparticle surface chemistry on their interactions
with the cell membrane and cytoplasm certainly facil-
itates the fundamental understanding of their unique
physicochemical behavior for potential in vitro and
in vivo studies. Polycationic polymers have been re-
ported to exhibit substantial membrane disruption
behavior including nanoscale hole formation, contrary
to the neutral ones over a similar concentration range.'®
This ability of cationic polymers to disrupt the cell
membrane is very important from a biological perspec-
tive since it permits reaching the cytoplasm and the
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Figure 3. Magnetic hysteresis loops at 300 K (a, b) and zero-field-cooled (ZFC) and field-cooled (FC) magnetization curves at
100 Oe (c) of the nanoparticles from samples M; and C,. Magnetization is shown in emu/g of sample (magnetic material +

silica).

different organelles. A large number of references
have reported the ability of cationic colloidal aggre-
gates, either liposomes or micelles, to also compact
DNA chains, thus forming lipoplexes or surfoplexes,
respectively, by means of an entropically favored
electrostatic interaction.””> >3 Other cationic agents
have been employed as well for DNA compaction,
such as cationic peptides and proteins or cationic
polyelectrolytes,>*3> and Zinchenko et al. and later
Rosa et al. studied the physical chemistry of this
association but between cationic nanoparticles and
DNA.>%3” The compaction of long duplex DNA by
cationic nanoparticles has been systematically studied,
regarding the effect of salt concentration, particle size,
and particle charge by means of single-molecule ob-
servations from fluorescence and TEM. This DNA com-
paction was found to proceed through the formation
of structures of different morphologies with the
amount of DNA adsorbed per particle depending
weakly on nanoparticle concentration but strongly
on particle size and being optimal at an intermediate
salt concentration. Three different complexation mech-
anisms were proposed: free DNA adsorption onto
the nanoparticle surface, DNA wrapping around
the nanoparticles, and nanoparticles fixed along
the DNA chains.?%3®

Analogously, we propose this kind of interaction
using the MSNs already introduced but positively
charged. The hydroxide ions present at the MSN sur-
face render them negatively charged at neutral pH.
Accordingly, we have exploited the common layer-by-
layer (LbL) self-assembly technique to drive polyelec-
trolytes (PEs) such that we can reverse the MSNs' net
surface charge. The method consists of depositing a
precursor multilayer PE film alternating PDADMAC
(poly(diallyldimethylammonium chloride)) and PSS (poly-
(sodium 4-styrenesulfonate)) onto the MSNs, to gen-
erate a uniform surface charge and smooth coating.3* '
Driven by electrostatic interactions, positively charged
PDADMAC and negatively charged PSS were therefore
alternatively deposited onto the surface of the MSNs,
forming a uniformly charged PE film with one, three, or
five layers. This process was followed and characterized
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by zeta-potential ({) measurements (see Table 1 (SI)).
The initial and negative values of the ¢-potential of the
MSNs without any functionalization at neutral pH are re-
latively large (30—50 mV), ensuring the nanoparticles'
colloidal stability. The absolute values of {-potential
slightly vary upon increasing the number of layers of PE
deposited but reverse the charge, consequently im-
proving the colloidal stability and confirming the suc-
cessful PE functionalization. The direct consequence
corresponds to the homogeneous distribution of charges
in the surface of the nanoparticles after the PE film
deposition, which leads to the further compaction
of DNA.*?

Consequently, negatively charged DNA fragments
were further compacted on the PE-functionalized
MSNs. The DNA fragments are assembled by means
of the electrostatic interactions between the nega-
tively charged phosphate groups of the DNA and the
positive charges belonging to the outer layer of the
PDADMAC. According to Zinchenko and co-workers
and considering the total diameter of the MSNs em-
ployed and the average 2700 bp per DNA fragment, it
seems feasible to have a DNA wrapping effect around
the nanoparticles.®

In order to check for any morphological or structural
effect on the MSNs after deposition of the odd number
of layers of polyelectrolytes and the outer layer of DNA
fragments, transmission electron microscopy (TEM)
characterization was carried out. Figure 4 shows TEM
images of the MSNs from sample Mg after the multi-
layered film deposition. Figure 4a shows the indivi-
dual MSNs, functionalized with three layers of PEs
(PDADMAC/PSS/PDADMAC), which form some bridges
between the individual beads, likely caused by the
strong interactions established in between as the
solvent evaporates during the preparation of the TEM
grid. In order to check the viability of the next step to
compact the DNA helixes onto the positively charged
surface, the MSNs were additionally incubated in a
phosphotungstic acid solution (10% vol H3PW;,0,0),
widely used as a negative stain.** The phosphotungs-
tic acid molecules are known to combine with ester
groups, for example, with the carboxylic ones on the
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50 nm

Figure 4. TEM images of MSNs from sample Mg coated with three layers of polyelectrolytes (a) and an extra layer of
DNA fragments after interacting with phosphotungstic acid molecules acting as a negative stain (b).
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Figure 5. Sigmoidal {-potential dependence (a) and UV—vis spectra (b) upon adding different amounts of MSNs from sample
M; to a constant volume of the DNA solution in separate experiments.

poly(2-(methacryloyloxy)ethylphosphorylcholine)-co-poly-
(2-(diisopropylamino)ethyl methacrylate'? or with the
phosphate ester groups from the DNA fragments, as
in this case. The mechanism of adsorption has been
proposed as being electrostatic rather than involving
hydrogen bonding.** This dye permits therefore in-
creasing the electronic contrast of the MSNs upon
interaction with the DNA helixes compacted at their
outer surface due to the propensity of the metal—
oxygen framework to accommodate excess elec-
trons.* Figure 4b shows a TEM image of the magne-
toplexes (MSNs—DNA complexes) once incubated in
the phosphotungstic acid solution. This interaction
with the phosphotungstic cations slightly increases
the electronic contrast at their outer surface. The dye
loading is indeed concentrated in the outer concentric
area of the nanoparticles' surface, since the phospho-
tungstic cations have reacted with the phosphate ester
groups present in the DNA helixes. This increased
electron density arises from the tungsten atoms
(atomic number of 74) present in the dye molecules
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and confirms therefore the DNA fragments' deposition
and wrapping around the nanoparticles.

C-Potential measurements help to characterize the
physicochemical properties at the surface of the nano-
structures employed in this study. Since the electro-
static interactions at the nanoparticles' surface are the
driving force for the DNA compaction process, the
resultant surface charge and the consequent &-poten-
tial may help to illustrate the magnetoplex formation.
Figure 5 includes the variation of the {-potential value
(a) and UV—uvis spectra (b), upon adding appropriate
amounts of MSNs (sample Ms, just one layer of PDAD-
MAC polyelectrolyte) to 0.5 mL of stock solution of
DNA, whose concentration is kept constant, in order to
cover a wide range of charge ratio (CR = moles of the
MSNs' positive charges/mol of DNA negative charges).
C-Potential follows a sigmoidal curve upon varying the
MSNs/DNA ratio that clearly reflects the charge inver-
sion below and above the isoneutrality. This isoneu-
trality situation is defined as the charge ratio at which
the negative charges of DNA are stoichiometrically
balanced by the positive charges of the PDADMAC
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Figure 6. Sigmoidal fitting of the {-potential as a function of CR varying the diameter of the nanoparticles (a) and the layers of
polyelectrolytes (b), upon adding a different amount of MSNs to a constant volume of the DNA solution.

located at the surface of the MSNs (£ =0 mV; CR=1).
This trend with the three different regions corresponds
to (a) the region where the net charge is negative
(excess of DNA molecules) and almost constant, (b) the
region where the inversion of {-potential sign takes
place, and (c) the region where the net charge of the
magnetoplexes is positive and tends to the value of
the initially measured {-potential in aqueous solution
(excess of MSNs and, therefore, lower amounts of DNA
fragments attached). Notice that this is the region of
potential interest for cellular transfection purposes,
given that the net positive charge is compatible with
the negatively charged cellular membrane. Close to iso-
neutrality, however, the colloidal stability of the nano-
particles, determined by their surface charge, becomes
compromised.

Figure 5b includes UV—vis spectra of the solutions
obtained by mixing independently different propor-
tions of MSNs and DNA, offering therefore different
CR values. Accordingly, one can also observe some
changes in the absorption, mainly related to the fact
that the presence of the nanoparticles in solution im-
portantly increases the scattering effect and screens
the DNA absorbance maximum (located at A ~ 260 nm).
Additionally, the electrostatic interactions established
may also lead the DNA fragments to trap more than
one nanoparticle. In that case, bigger aggregates scat-
ter more light and can even precipitate, reducing the
DNA absorption upon removing the fragments from
the solution.

The variation of {-potential was fitted to the sig-
moidal trend already mentioned, analogously to that
for other complexes using colloidal aggregates.®>>2
This trend is reproducible in all the MSN samples,
although some cases fit better the sigmoidal curve,
depending mainly on the magnetoplexes' conformation
when close to isoneutrality (lower colloidal stability).

Figure 6 shows representative plots of {-potential
vs CR for samples Mg, Mo, and M, 4, all with three layers
but changing sizes from 29.2 to 35.1 and to 39.8 nm
(MSN average diameter) (a), and for samples Ms, Mo,
and M, with one, three, and five layers of polyelectrolytes
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alternating PDADMAC and PSS (b), with the aim of
underlining the nondependence in terms of size (at
least in the range considered), but the importance of
the number of layers. Thus, the first case, all samples
with three layers of polyelectrolytes, emphasizes the
reproducibility of the sigmoidal curves, all with a very
similar slope independent of the size of the nano-
particles employed.

In the second case, however, we first have to remark
that the samples showed average {-potentials of 44.9,
54.5,and 41.3 mV, respectively, before mixing the nano-
particles with the DNA. These initial average {-potential
values stem from the different size (24.4, 35.1, and
38.2 nm) and from the different number of layers of
polyelectrolytes (one, three, and five layers). The im-
portant issue now is that although the general behav-
ior is similar, the number of polyelectrolyte layers
seems very important when fitting the ¢-potential to
vary sigmoidally with CR, obtaining a less satisfactory
result when only one layer of polyelectrolyte was
previously deposited onto the nanoparticles. The im-
provement in the electrostatic behavior as increas-
ing from one to three or five layers of polyelectrolytes
can be clearly appreciated, independently of the fact
that we have also changed the size, which in view of
Figure 6a does not exert an important influence.

The optimum morphology of the resulting com-
plexes, in the case of liposomes for example, depends
on the fluidity of the lipidic membrane and the surface
charge density, related to the nature, concentration,
and composition of the cationic-zwitterionic lipid mix-
ture, pH, temperature, and ionic strength.*® In this case,
however, the whole structure is not that flexible since
the cationic substrate corresponds to the rigid inor-
ganic nanoparticles. Therefore, the arrangement of the
DNA fragments on the surface of the nanoparticles will
depend on the direct relation between DNA segment
length and nanoparticle size. In the relatively narrow
range of sizes employed in this investigation and con-
sidering the average 2700 bp per DNA fragment of
CT DNA used, the DNA chains adsorb on the particle
surface (wrapping), increasing the ribbed texture given
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by the previous polyelectrolyte film multilayer. Con-
sidering the TEM images of nanoparticles obtained using
the phosphotungstenic acid, the adsorbed DNA turns
around the nanoparticles, wrapping them. In solution,
however, the PE film jointly with the DNA fragments
spread outward, increasing the hydrodynamic radius
of the magnetoplexes obtained.

In Vitro Cellular Uptake. To characterize the interac-
tions between cells and the magnetoplexes formed,
the Caco-2 cell line was used to monitor the interna-
lization pathway and to evaluate their cytotoxicity. Cell
viability of magnetoplexes-treated cells was measured
and expressed as a percentage compared to that of
untreated cells. Among the magnetoplexes tested,
only certain cases were efficiently internalized by cells
and localized to the endolysosomal compartments
after 24 h of incubation at 37 °C. Because of that, in
the physiological conditions encountered by the mag-
netoplexes upon crossing the cell membrane, different
chemical processes can initialize. Previous studies have
shown that cells can take up nanoparticles via endo-
cytosis pathways and degrade them into lysosomes.*’
During this cellular endocytosis, nanoparticles experi-
ence a decrease of pH, from that of the extracellular
medium (7—7.5), to early and late endosomes (6—5.5),
to the acidic environment of lysosomes (4.5—4.8). In
the lysosomes, nanoparticles may be exposed to the
combined effect of acidic pH and lysosomal hydrolases
(enzymes that can hydrolyze proteins, DNA, RNA, poly-
saccharides, and lipids).

The magnetoplexes' chemical and colloidal stability
is crucial in these experiments, and therefore we avoid
the isoneutrality situation (CR = 1) at their surface.
Additionally, since relevant to the present study and
depending on the number of DNA fragments attached,
the MSNs should present a significant amount of free
cationic functional groups from the PDADMAGC, allow-
ing average positively charged magnetoplexes to facil-
itate the interactions with the cell membrane. In order
to fulfill this requirement, we have used magneto-
plexes with CR > 1, located in the intermedium
(CR (1, 1.5)) or in the positive, almost constant (CR > 1.5)
C-potential range in the sigmoidal curve. Magneto-
plexes with CR < 1 were not used in these experiments.

In order to compare different cases of magneto-
plexes, we employed the samples summarized in
Figure 7: Mg, M5, and M, with a sufficient DNA loading
so that we have magnetoplexes with CR €(1, 1.5), and
Ms, Mg, M4, and C, with less DNA loading so that we
have magnetoplexes with CR > 1.5. The first type of
magnetoplexes (CR (1, 1.5)) did not internalize the cell
membranes. We attribute this behavior to the fact that
the near-neutral surface charge decreases their colloi-
dal stability and can likely lead to aggregation when
injected in the cell culture, rendering very difficult the
endocytosis of the larger composites formed. Because
they are unable to interact with the membrane, these
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Figure 7. Percentage of cell viability (cytotoxicity results) at
two different concentrations (10 and 20 ug/mL) using
magnetoplexes from samples Ms, Mg, Mg, M;,, M14, and C,.

magnetoplex aggregates stood outside the cell. This
behavior justifies the cytoxicity results obtained, find-
ing an increased level of cell survival due to the lack
of proper interaction when using the magnetoplexes
from sample M, 4. Magnetoplexes from samples Mg and
M, (with increased CR values) have, however, de-
creased the cell viability to values lower than 60%,
and although most of the nanostructures have not
reached the cytoplasm of the cell, there is, of course,
some influence in the assays. Although the three sam-
ples were similarly biolabeled, there are differences
besides CR not being considered, such as the number
of polyelectrolyte layers (three in the case of Mg and
M, and five in the case of M14), that definitively govern
the level or type of aggregation and could therefore
justify the differences in cell viability. Figure 8a includes
a TEM image of magnetoplexes from sample My,
(CR = 1.1), where one can appreciate the aggregated
nanostructures outside the Caco-2 cells.

The magnetoplexes with CR > 1.5 were able to
internalize the cells and were exclusively found in
endosomal compartments. However, in view of the
very different results in terms of cytotoxicity values also
summarized in Figure 7, the uptake pathways under-
gone seem to be different. All the assays where these
magnetoplexes were employed offer very different
percentages of cell viability (below 40% (Ms and C,),
below 60% (Mg), and above 80% (M;4)). In these cases,
the main difference in the samples corresponds again
to the number of polyelectrolytes deposited before the
DNA loading. The cytotoxicity seems to decrease upon
increasing the number of polyelectrolytes because
Ms has one layer, Mg and C, have three layers, and
M4 has five layers. Although sample C4 has three
layers, the highest cytotoxicity values can be explained
in terms of the magnetic material and likely the release
of the much more toxic cobalt ions.

To rule out any possible effect or synergy of the bio-
molecules attached, we also carried out an extensive
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Figure 8. TEM images of magnetoplexes (with different values of CR) from samples M4, Mg, and C, after interacting with

Caco-2 cells.

TEM analysis of the nanoparticles taken up inside
the cells. Interestingly, the TEM analysis indicates that
these magnetoplexes with increased CR appear to be
very susceptible to degradation, but again depending
on the number of polyelectrolytes. The polyelectrolyte
film and the DNA compaction responds differently to
the lower pH conditions encountered in the intracel-
lular environment. Figure 8b, ¢, and d show TEM
images of the magnetoplexes with CR > 1.5 from sam-
ples Mg, M4, and C4 ingested inside the endosomes.
Those from sample My, appear as individual, while
those from samples Mg and C, have evolved into a
silica matrix with the magnetic nanoparticles trapped
inside. Again, there are no big differences between the
magnetoplexes unless we consider the subtle diver-
gences in CR and the number of polyelectrolytes. But
interestingly, the cytotoxicity assays jointly with the
TEM analysis indicate that the magnetoplexes appear
to be more or less susceptible to degradation, indicat-
ing that the biocoating can be stable enough to some-
how shield the magnetic cores from the cellular envi-
ronment. The average diameter of the magnetic cores
from all the samples checked seems to remain invari-
able after the degradation process undergone when
inside cells (Figure 8b, ¢, and d). The silica shell around
every magnetic core has however undergone comple-
tely different changes in morphology. Indeed, the silica
from samples Mg and C,4 has evolved into gel networks
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due to the lower pH encountered inside the endo-
somes. Nonetheless, the morphology attained by the
silica shells in the magnetoplexes from sample M4 is
completely different. The TEM analysis reflects an etch-
ing process occurring primarily at the inner silica in
contact with the magnetic material. The silica shell can
become sufficiently etched, allowing the magnetic
core to freely move in the void formed. Similar silica
etching has been already reported.*®*° The main dif-
ference in these cases compared to the present one is
the use of APS (3-aminopropyltrimethoxysilane) in the
silica network. Silicate bonds formed from APS are less
cross-linked than silicate bonds formed from TEOS, and
consequently, the APS-rich matrix is more porous and
less dense and reacts faster. Since APS has not been
used in our case, the reason for the inner etching may
be related to the presence of the polyelectrolytes and
the DNA fragments at the surface, but because all the
samples analyzed have polyelectrolytes and DNA, only
the increased number of polyelectrolytes (5) and the
lesser amount of DNA (to reach the highest CR (2.2))
seem to make a difference here. Yin et al. reported a
permeable silica shell through a surface-protected
etching, an approach that can convert dense coatings
into porous shells while still acting as physical barriers
preventing the aggregation of the particles.*® Analog-
ously, the right combination of polyelectrolytes and
DNA fragments can effectively protect the MSN surface
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from dissolution inside the cells. Their polymeric chains
containing multiple —NH, binding groups interact
with the hydroxide groups, cross-linking the silica shell
near the surface and increasing their stability against
etching. The relatively large size of the polyelectrolytes
used restricts their electrostatic interactions to take
place only at the surface and consequently means
negligible infiltration and ensures the protection only
in the outer part of the silica shell. Since, again, all the
magnetoplexes employed have PDADMAC in direct
contact with the silica shell, there should be some kind
of influence of the extra layers of polyelectrolytes de-
posited in the case of sample My ,.

Taking into account that the nanoparticles and
magnetoplexes were all routed along the same endo-
cytosis pathway, the differences observed in cellular
behavior were not caused by a different localization of
the magnetic nanostructures but by the physicochem-
ical properties at their surface. The unique physico-
chemical properties of the magnetoplexes modified as
a function of the number of polyelectrolyte layers and
the DNA fragments (CR) solve the conundrum of achi-
eving lower or higher values of cytotoxicity in analo-
gous experiments.

It has been demonstrated that the kinetics of iron
oxide NP degradation strongly depend on the nano-
particles' surface coating,”’ and in the case of silica-
coated nanoparticles, De Cuyper et al. have reported
their chemical instability once internalized into cells.>?

EXPERIMENTAL SECTION

Chemicals. Ammonium hydroxide solution, NH,OH (28—30%
NH3), and iron(lll) chloride hexahydrate (FeCls;, 97%) were ob-
tained from Fluka. Oleic acid, iron acetylacetonate (Fe(acac)s),
dioctyl ether, iron pentacarbonyl (Fe(CO)s), 1,2-hexadecandiol,
oleylamine, benzyl ether, cobalt acetylacetonate (Co(acac),),
cobalt(ll) chloride hexahydrate (CoCl,-6H,0, 98%), iron(lll) ni-
trate nonahydrate (Fe(NOs)s, 98%), nitric acid (HNOs, 65%), poly-
(5)oxyethylene-4-nonylphenyl ether (NP-5), tetraethylorthosili-
cate (TEOS), poly(sodium 4-styrenesulfonate) (PSS) (M, & 70 000),
poly(diallyldimethylamonium chloride) (PDADMAC) (M,, <
200000), phosphotungstic acid solution (10 vol %), sodium
silicate, sodium chloride, sodium hydroxide, hexane, cyclohex-
ane, and sodium salt of calf thymus DNA (2700 base pairs per
fragment on average) were supplied from Sigma-Aldrich.
Chloroform was supplied by Merck. All chemicals were used
as received. Distilled water was deionized using a Millipore
system (with conductivity lower than 18 4S cm™"). The Caco-2
human colon adenocarcinoma cell line was obtained from the
European Collection of Cell Cultures (ECACC no. 86010202).

Synthesis of Fe;0, Nanoparticles. FesO, nanocrystals (6.6 nm)
were synthesized as follows: Fe(CO)s (0.4 mL, 3.04 mmol) was
injected under N, flow into a mixture containing 20 mL of octyl
ether and 1.72 mL of oleic acid (5.42 mmol) at 100 °C, previously
deoxygenated under N, for 20 min. The resulting mixture was
slowly heated (280—290 °C) and refluxed for 2 h under an open
atmosphere, observing a change of color from yellow to black.
The solution was allowed to cool to room temperature under
continuous magnetic stirring and subsequently treated with
excess ethanol. The formed nanoparticles were separated by
centrifugation, and the process was repeated at least three
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Although the degradation of the silica shell to liberate
monomers is in itself harmless, when it results in
exposure of the spinel core to the acidic environment,
toxic effects are induced, especially in the case of the
intrinsically toxic cobalt ions composing the cobalt
ferrite cores, which results in elevated toxicity upon
dissolution. Nonetheless, the ability of some of the
magnetoplexes to be internalized by the Caco-2 cells
maintaining an acceptable cell survival percentage
must be related to the way some mechanisms proceed,
such as the silica dissolution or the likely Fe or Co cation
release, and the number of polyelectrolytes and the
CR definitively play important roles.

CONCLUSION

We have developed a method to tune the physico-
chemical properties of magnetic silica nanoparticles
through the molecules chemisorbed to their surface
that control the ¢-potential. This tuning of the physico-
chemical properties appears reflected in cytotoxicity
values and in how and where the nanoparticles ended
up inside or outside the cells. This response appears to
be directly dependent on the molecules grafted at the
surface, which determines the final charge ratio (modi-
fied in this case as a function of the number of layers of
polyelectrolytes and DNA fragments). Hence, we con-
clude that the surface functionalization plays a key role
not only in regulating the cell-membrane penetration
but also in interfering with the cell activity.

times. Finally the Fes0,4 nanoparticles were dispersed in 30 mL
of hexane solution, adding 20 uL of oleic acid.”***

Fe30,4 nanocrystals (12.8 nm) were synthesized as follows:
Fe(acac)s (3 mmol) was added to a mixture of 1,2-hexadecane-
diol (10 mmol), oleic acid (6 mmol), oleylamine (6 mmol), and
octhyl ether (286—287 °C) (20 mL) under magnetic stirring and
N, flow. The mixture was heated to 290 °C for 1 h and allowed to
reflux (2 h). Again, a change of color from yellow to black was
observed.>® The formed nanoparticles were separated by cen-
trifugation, adding ethanol, and the process was repeated at
least three times. Finally the Fe;O4 nanoparticles were dis-
persed in 30 mL of hexane solution, adding 20 uL of oleic acid.

Fe30,4 nanocrystals (15 nm) were synthesized as follows:
Fe(acac)s; (2 mmol), 1,2-hexadecanediol (10 mmol), benzyl ether
(20 mL), oleic acid (2 mmol), and oleylamine (2 mmol) were
mixed and magnetically stirred under N, flow. A volume
(0.3 mL) of hexane with 6.6 nm Fe;04 nanocrystals as synthe-
sized was then added. The mixture was first heated to 100 °C
and then to reflux for 1 h more.>® The black-brown mixture was
cooled to room temperature. Under ambient conditions, etha-
nol (40 mL) was added to the mixture, and a black material was
precipitated and separated via centrifugation. The black pro-
duct was redispersed in 40 mL of hexane, simultaneously
adding oleic acid (0.05 mL) and oleylamine (0.05 mL).

Synthesis of CoFe,0, Nanopartides. CoFe,O, Nanopatrticles in
Aqueous Solution (ref 57). Solutions of 5 mL of 2 M CoCl,-6H,0
in HCl 7.4% and 40 mL of 0.5 M FeCl; - 6H,0 in Milli Q water were
prepared. Both solutions were taken to 50 °C, mixed, and
poured into a boiling solution of 200 mL of 1 M NaOH under
vigorous stirring. The boiling was maintained for 30 min, and
the solution was cooled to room temperature without stirring.
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After five water-cleaning stages by magnetic sedimenting and
decanting of the supernatant, the ferrofluid is treated with an
oxidative reaction to passivate the surface. For that, the nano-
particles were dispersed in 30 mL of a 2 M HNOs solution with
0.35 M Fe(NOs3)3-9H,0 and heated to 100 °C for 45 min with
continuous stirring. The resulting product was magnetically
sedimented overnight. Then the supernatant was decanted
and substituted with 100 mL of Milli Q water.

CoFe,0,4 Nanoparticles in Organic Solution. CoFe,O,4 nano-
particles were prepared by adding Fe(acac); (2 mmol) and
Co(acac); (1 mmol) to a mixture containing 1,2-hexadecanediol
(10 mmol), oleic acid (6 mmol), oleylamine (6 mmol), and benzyl
ether (20 mL) under magnetic stirring and N, flow. The mixture
was heated to 200 °C for 2 h and then to reflux (300 °C) for 1 h.”®
The resulting black mixture was cooled to room temperature
and washed and dispersed in 30 mL of hexane, adding 20 uL of
oleic acid, analogously to the Fe;04 nanoparticles.

Synthesis of Magnetic Silica Nanoparticles. For incorporation in
silica, the Fe;0,4 and CoFe,0,4 nanoparticles were transferred to
chloroform or cyclohexane (in the case of nanoparticles synthe-
sized in aqueous solution by adding oleic acid for the phase
transfer). For a typical reverse microemulsion synthesis,?' 1.3 mL
of NP-5 was dispersed in 10 mL of cyclohexane and stirred for
15 min. Subsequently, Fe30, or CoFe,04 nanoparticles dispersed
in chloroform (100—200 uL, 0.05M) were added, after which
different volumes (20—150 uL, depending on the final silica
shell thickness) of TEOS and 850 uL of ammonia hydroxide
solution were added. These conditions varied in the case of the
cobalt ferrite nanoparticles synthesized in aqueous solutions.
For their coating, 2.6 mL of NP-5 was dispersed in 13 mL of
cyclohexane and stirred for 15 min. Subsequently, the 21.5 nm
CoFe,0, nanoparticles now dispersed in cyclohexane (6 mL,
~0.18 mM) were added, after which different volumes (10—
25 uL, depending on the final silica shell thickness) of TEOS and
300 uL of ammonia hydroxide solution were added.

For all the samples, between the additions, the reaction
mixture was stirred for 15 min. After the last step, the mixture
was stirred for 1 min and then stored at room temperature for
1 week. Finally, the silica-coated magnetite or cobalt ferrite
nanoparticles were purified (by adding ethanol to the reac-
tion mixture for centrifugation (10 min, 1800g)) and redispersed
in water.

Surface Modification of the MSNs. A polyelectrolyte film was
deposited by the alternate adsorption of PDADMAC (poly-
(diallyldimethylammonium chloride)), PSS (poly(sodium
4-styrenesulfonate)) and PDADMAC onto the MSNs as indicated
elsewhere,® in such a way that the polymer selected has an
charge opposite that on the silica spheres, hence predomi-
nantly adsorbing through electrostatic interactions. These poly-
electrolyte-coated particles were prepared by adding 100 uL of
concentrated suspension of MSNs (2.5 wt %) to a 1 mL solution
of PDADMAC (1 mg mL™', containing 0.5 M NaCl), waiting
15 min for adsorption and then removing excess PDADMAC
by four repeated centrifugation/wash cycles. The centrifugation
was done with a relative centrifugal force of 3800g for 10 min.
PSS (1 mg mL", containing 0.5 M NaCl) was deposited onto
PDADMAC-coated MSNs in a similar way using the same con-
ditions, followed by the next PDADMAC layer. All the cases of
one, three, or five layers of polyelectrolytes produce a smoother,
more uniform and positively charged surface on the MSNs.

Preparation of Magnetoplexes (MSNs—DNA Complexes). A stock
solution of calf thymus DNA (CT DNA) (0.073 mg/mL = 1.12 x
10~* M base pairs) was prepared by dissolving an appropriate
amount of the solid in aqueous solution two days before mixing
with the PE,-MSNs. DNA concentrations (expressed in mM base
pairs) were determined by absorbance at 260 nm (¢ = 6600
M™" cm). A Aseo/Asso ratio of 1.90 and a negligible absorbance at
320 nm (A3yo = —0.003) reveal that the contamination of the
DNA used in this work by the presence of a certain percentage
of proteins is negligible.*>®° Appropriate aliquots of the posi-
tively charged MSN suspensions were mixed with a 0.5 mL stock
solution of CT DNA, whose concentration is kept constant, to
cover a wide range of charge ratios (CR = moles of the MSNs'
positive charges/mol of DNA negative charges) on the nano-
particle surface. Samples were then vortexed for 5 min.
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Cytotoxicity Assays. The Caco-2 human colon adenocarcinoma
cell line was used to evaluate cell viability in the presence of the
different types of nanoparticles. Cells were routinely grown in
25 or 75 cm? plastic flasks in Dulbecco's modified Eagle's medi-
um containing 4.5 g/L glucose, 10% fetal calf serum, 100 units/
mL of penicillin, 100 «g/mL of streptomycin, 2 mM L-glutamine,
and 1% nonessential amino acids at 37 °C, in a 5% CO,
humidified atmosphere. Cytotoxicity was determined using a
colorimetric assay with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) reagent.®®? This assay is based
on the conversion of the yellow tetrazolium salt to purple
formazan crystals by metabolically active cells. In these experi-
ments, cells were seeded at a density of 10 000 cells per well into
96-well tissue culture plates and grown for 24 h before adding
the tested nanoparticles. These nanoparticles, previously di-
luted in culture medium without fetal bovine serum, were
added to the wells at final concentrations of 10 and 20 «g/mL
(determined by ICP (inductively coupled plasma) analysis), and
cells were incubated for 24 h. After the incubation, 10 uL of the
MTT reagent was added to each well and cells were incubated
for an additional 4 h period to allow the cleavage of the MTT
reagent by viable cell mitochondrial dehydrogenase. Afterward,
100 uL of the solubilization solution was added and plates were
incubated overnight. The absorbance of the solubilized forma-
zan product was then spectrophotometrically quantified in an
ELISA microplate reader at 570 nm with the reference at 630 nm.
All experiments were performed three times and in triplicates.
The cell viability is expressed as a percentage according to the
following formula:

S, S A —A
%Cell Viability = WMOO
c+m

where Ac, ,.m corresponds to the absorbance of the cells with
nanoparticles present in the medium, A, , ,, corresponds to the
absorbance of the nanoparticles in the medium (no cells
present), and A, , corresponds to the absorbance of cells in
the medium (no nanoparticles). The cell viabilities were there-
fore measured as a function of the relative cell survival percent-
ages when compared to nanoparticle-free cell control, and the
data reported represent an average of three measurements in
all cases.

Characterization. TEM measurements were performed on a
Philips CM12 instrument operating at an acceleration voltage of
120 kV. Samples for TEM were prepared by placing a drop of the
dispersions on a Cu grid, letting the liquid evaporate at room
temperature in the case of nanoparticles. In the case of cells, a
specific protocol for cell culture was developed by the micro-
scopy unit at the University of Vigo (http://webs.uvigo.es/
cactiweb/s_microe/pmme01.htm). ICP analysis was performed
using a Perkin-EImer Optima 4300 DV. To study the dc (direct
current) magnetic properties using superconducting quantum
interference device (SQUID) magnetometry the magnetic nano-
particles were precipitated and the dried sample was mea-
sured. The phase analysis light-scattering technique (Zeta PALS,
Brookhaven Instrum. Corp., USA) was used to measure electro-
phoretic mobilities (and from it, {-potential) and particle hydro-
dynamic sizes. This interferometric technique uses phase
analysis light scattering to determine the electrophoretic mo-
bility of charged nanoparticle suspensions. Electrophoretic
mobility data, each taken as an average over 50 independent
measurements, were registered as a function of magnetoplex
compositions (MSNs to DNA molar ratios), including the values
for MSNs in the absence of DNA. UV—vis spectra were collected
using a Shimadzu UV-3101PC UV—visible spectrometer over the
range 200—1100 nm.
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