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ABSTRACT

Purpose: Nano-drug delivery systems based on polymeric biomaterials have received considerable interest as
drug delivery vehicles. In this work, radical polymerization was carried out in order to obtain nanoparticles based
on a new acrylate terpolymer (PBMA-(PEG)MEMA-PDMAEMA).

Methods: Nanoparticles were developed in the form both of nanospheres and nanocapsules, an innovative kind
of hollow nanoparticles with a great potential because of their low effective density and high specific surface
area. The ability of the nanoparticles to load and then release a nucleic acid (DNA) to be used in cancer treatment
was also investigated.

Results: Scanning electron microscopy analysis showed a spherical shape, nanometric dimensions, and a homo-
geneous distribution of the nanoparticles, also confirmed by dynamic light scattering measurements. Fourier-
transform infrared spectroscopy chemical imaging analysis carried out on the nanocapsules before and after
removal of the core demonstrated the presence of the cavity. High-performance liquid chromatography analysis
confirmed good encapsulation efficiency of DNA both for nanospheres and nanocapsules. Drug release tests
showed controlled release kinetics for both the systems with a high release of DNA in the first hours. In vitro MTT
assay showed that the particles do not have cytotoxic effects on the cells.

Conclusions: The preliminary investigation showed that the terpolymer-based nanoparticles developed in this

study could be good candidates to be used as innovative and versatile gene delivery systems.
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Introduction

Pharmaceutical carriers have been widely investigated in
both laboratory and clinical settings to improve the efficiency
of delivering therapeutic and diagnostic agents via different
administration routes (1). Nano-drug delivery systems based
on polymeric biomaterials have received considerable inter-
est as drug delivery vehicles in recent decades (2). Polymeric
nanocarriers are particles of a solid, spherical structure with
at least 1 dimension <500 nm (2, 3). They are prepared from
natural or synthetic polymers with a therapeutic agent encap-
sulated within the polymer matrix, conjugated, or absorbed
onto the surface (3).

As is well known, most commonly used pharmaceuticals
are not able to accumulate in the target organ or tissue in a
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selective and quantitative way; usually they are evenly dis-
tributed within the body. Moreover, to reach the target area,
the drug has to cross many biological barriers, where it can
cause adverse reactions or be partially inactivated (4-5).
Preclinical and clinical studies have demonstrated that drug-
loaded polymeric nanoparticles confer prolonged circulation
time, protection of the drug from physiological degradation,
enhanced accumulation in the target sites, reduced side ef-
fects, improved drug tolerance, and/or long term drug bio-
availability (6).

In order to increase the amount of encapsulated drug,
nanoparticles can be functionalized from a morphological
point of view with the aim of obtaining a hollow structure.
Hollow polymeric nanostructures have attracted consider-
able interest in recent years because of their new function-
alities and unique physicochemical properties anticipated
from polymeric materials at nanoscale level (7). Hollow
spheres have great potential for promising applications
because of their low effective density, high specific surface
area, and many other advantageous properties (8). Thanks
to their hollow core structure, these particular kinds of
nanoparticles can encapsulate a large number of guest
molecules such as drugs, enzymes, proteins, and genes (9).
Although there are many strategies for preparing hollow
polymeric spheres, a template is often needed (10). With
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the template method, hollow structures can be obtained
after removing the template by dissolution, evaporation,
or thermolysis. Hollow nanoparticles are often cross-linked
and this offers good physical resistance, preventing their
collapse during the core extraction process.

In this work, radical polymerization was carried out in or-
der to obtain nanoparticles (NPs) based on a new acrylate
terpolymer starting from butyl methacrilate, poly(ethylene
glycol) methyl ether methacrylate and 2-(dimethylamino)ethyl
methacrylate (PBMA-(PEG)MEMA-PDMAEMA) to be used as a
platform for the delivery of a nucleic acid for cancer treatment.
The idea of a new copolymer based on 3 different compo-
nents is triggered by the need to combine the good properties
of each element. PBMA is an acrylic polymer well known for
its biocompatibility and it is often used in biomedical applica-
tions to obtain platforms for drug delivery and gene delivery
(11-13). PDMAEMA has been largely utilized as a nonviral gene
delivery system with low cytotoxicity (14-16). The presence of
PEG chains makes the surface of the carrier more hydrophilic
and minimizes the tendency to absorb proteins, thus reducing
the reticuloendothelial clearance (17-19). NPs were developed
both in the form of nanospheres (NSs) and nanocapsules (NCs)
using the template method. The ability of the NPs to load and
then release a nucleic acid to be used for different applications,
including cancer treatment, was also investigated using a mod-
el molecule of DNA.

Materials and methods

Preparation of nanospheres and nanocapsules

Terpolymer-based NSs were obtained by radical polymer-
ization starting from a diluted solution of BMA, (PEG)MEMA
and DMAEMA (percentage molar ratio 80/10/10, respectively)
in the presence of trimethylpropane trimethacrylate (TRIM)
as cross-linker (20% mol/mol). The polymerization was car-
ried out in bidistilled water in the presence of the radical ini-
tiator (Na,S,0./(NH,),S,0,, 10% mol/mol). The reaction was
carried out for 3 h, ensuring a constant stirring at 600 rpm
at 37°C. At the end of the polymerization process, the NSs
were recovered, rinsed 3 times with bidistilled water in order
to remove the unreacted monomers, and then freeze-dried
overnight.

NCs were obtained by an innovative technique consist-
ing in a first step during which the PMMA NPs to be used
as the core were synthesized by emulsion polymerization of
methyl methacrylate in the presence of SDS. Then the po-
lymerization of the monomers around the preformed core
(PMMA core/monomers weight ratio 1:5) was carried out
using the procedure previously described and subsequently
the core was extracted by dispersing the NCs in chloroform
(Carlo Erba Reagenti, Rodan, Italy). Finally the NCs were
rinsed with bidistilled water and freeze-dried overnight. All
the reagents were purchased from Sigma-Aldrich (St Louis,
MO, USA).

Absorption and release tests

DNA (deoxyribonucleic acid, low molecular weight from
salmon sperm, Sigma-Aldrich) was dissolved in phosphate
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buffered solution (PBS) to obtain a concentration of 1 mg/ml.
Subsequently, 10 mg of NPs were dispersed in 1 mL of DNA
solution and gently stirred for 2 h. The NPs were separated
from the absorption solution by ultracentrifugation (Mikro
200 Hettich Zentrifugen, Tuttlingen, Germany) at 14 000 rpm
for 15 min. A solution of DNA in PBS (1 mg/ml) was centri-
fuged in the same conditions and subsequently analyzed by
high performance liquid chromatography (HPLC; Series 200;
Perkin EImer, Waltham, MA, USA) in order to verify the possi-
ble presence of pelleted DNA. Release tests were carried out
by dispersing 10 mg of DNA-loaded NPs into 1 mL of PBS at
37°C. An aliquot of the release medium was collected at pre-
determined intervals, and fresh PBS was reinstated. Absorp-
tion and release tests were performed in triplicate both on
the NSs and NCs. The collected samples were subsequently
analyzed by HPLC.

Cytotoxicity test

To evaluate the cytotoxic characteristics of the produced
NPs, the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenil tetrazo-
lium bromide (MTT) assay was performed using 3T3 cells
from a mouse fibroblast cell line (Cell bank Interlab Cell Line
Collection; IST, Genoa, Italy). NPs were extracted in Dul-
becco’s Eagle’s Modified Medium (DMEM, Sigma-Aldrich)
(20 mg/ml) for 24 h at 37°C. The cells were seeded onto
48-well plates at 2 different densities: 1.2-10* cells/cm? for
the 24 h and 0.6-10% cells/cm? for the 72 h-exposure period
test. Then, 24 h after seeding, culture medium was removed
from the wells and replaced with fresh culture medium
(800 L) added with 200 uL of sterile filtered NC and NS
extract. For each extract 10 replicates were performed. No
extracts were added to 12 wells used as negative controls
(NC); 4 wells containing only cell culture medium were used
as blank. The plates were incubated in a humidified atmo-
sphere containing 5% CO, at 37°C. After 24 h and 72 h of
incubation, respectively, cell viability was measured by MTT
assay as follows. A total of 100 pL of MTT solution (10% v/v
with respect to the culture medium volume) were added
to each well. After 4 h incubation at 37°C, the medium was
completely removed and replaced with 1 mL of DMSO. After
5 min of slow agitation the absorbance was read at 570 nm
using a UV spectrophotometer (V-530; Jasco, Easton, MD,
USA).

Characterization of the nanoparticles

The morphology of the NPs was examined by scanning
electron microscope (SEM) (JSM 5600; JEOL, Tokyo, Japan).
The samples were placed on the SEM sample stage and sput-
ter coated with gold. The mean size and polydispersity index
(PDI) of the NPs dispersed in different media (ethanol, PBS,
buffered solution with pH 4.00 and 9.21) were determined
by dynamic light scattering (DLS) using a Zetasizer nano ZS90
(Malvern Instruments, Malvern, UK). DLS analysis were per-
formed in triplicate on both systems.

Fourier-transform infrared (FTIR) chemical imaging anal-
ysis was carried out in order to obtain information regard-
ing the composition of the NPs, the removal of the PMMA
core and the presence of DNA after absorption tests. HPLC

AW/



e342

Acrylate nanoparticles for DNA release

Fig. 1 - SEM analysis of NPs. (A) SEM image of NSs; (B) SEM image of NCs before and (C) after extraction of the core.

analysis was carried out to evaluate monomer conversion,
using an Alltech Alltima C18 5u (250 mm x 4.6 mm; Fisher
Scientific, Waltham, MA, USA) as a column, and acetonitrile
(ACN)/water (80/20 v/v), fluxed at 1 ml/min as the internal
mobile phase. The injected volume was 50 yL and the UV
wavelength was 210 nm.

The final monomer conversion was evaluated using the
following equation:

(€,-C,)
C

o

x(t)=

where C and C are respectively the initial and final mono-
mer concentration in the reactive mass.

HPLC analysis was also performed to investigate the amount
of absorbed and released DNA. Samples were analyzed using
a Synergi 4u Hydro-RP C18 (80 A, 250 mm x 3.00 mm; Phe-
nomenex, Torrance, CA, USA) as a column and ACN/water
(7/93 v/v), fluxed at 1ml/min as the internal mobile phase. The
injected volume was 50 pL, and the chromatograms collected
at the UV wavelength of 260 nm were used for quantitative
analysis. Released kinetics were analyzed using the semi em-
pirical equation of the power low to describe drug release from
polymeric systems:

where M _and M_ are the absolute cumulative amounts
of drug released at time t and infinite time respectively, k is a
constant incorporating structural and geometric characteris-
tics of the device and n is the release exponent, indicative of
the drug release mechanism (20).

Results
Monomer conversion

The radical polymerization of monomers in diluted con-
dition allowed the formation of NPs directly in the reaction

phase. Final conversion of the 3 monomers was greater than
95% both for the NSs and NCs.

A\

TABLE | - Average radius and polydispersity index of nanospheres
and nanocapsules

Dispersant NSs NCs
Average PDI Average PDI
r(nm) r(nm)
pH9.21 2189+21.2 0.61 198.0+20.4 0.68
Ethanol 193.0+20.9 0.60 2147 £19.7 0.63
PBS 188.8+ 174 0.53 190.7 +19.4 0.56
pH 4.00 1275+12.1 0.40 163.3+13.6 0.52

NSs = nanospheres; NCs = nanocapsules; PDI = polydispersity index.

Morphological and dimensional analysis

Morphological analysis revealed a spherical shape and a
rather homogeneous distribution for both the NSs and NCs,
with a modest state of aggregation and a high yield (Fig. 1).
The core extraction process did not alter the morphology of
the NCs as shown in Figures 1B and 1C.

Quantitative information regarding the dimensions of the
NPs were supplied by DLS measurements on NS and NC sam-
ples. The analysis showed an average radius between 127.5 +
12.1 and 218.9 + 21.2 nm for NSs and a slight increase in NC
dimensions with an average radius between 163.3 + 13.6 and
214.7 £ 19.7 nm. Table | summarizes the average radius and
PDI of the NSs and NCs dispersed in different solvents, high-
lighting the influence of the dispersant medium on the state
of aggregation. In particular, a lower average radius was ob-
served for the NP aggregates dispersed in buffered solution
at pH 4.00, in accordance with the molecular composition of
the samples that caused an electrostatic repulsion. The PDI
was 0.4 for NSs and 0.52 NCs suggesting that although the
dispersant had a positive effect on the state of aggregation of
the samples, some NPs aggregates were still present.

FTIR chemical imaging analysis

FTIR chemical imaging analysis highlighted the presence
of the 3 components in the NPs. Figure 2 shows the chemical
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B Fig. 2 - FT-IR Chemical Imaging analy-
Vs sis. (A) Chemical map and spectrum
o (B) of the terpolymer based NPs.
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map (Fig. 2A) and spectrum (Fig. 2B) acquired on terpolymer-
based samples. Diagnostic bands associated with the 3 com-
ponents are visible: the absorption related to CxHy groups
between 3000-2700 cm™, the high adsorption around 1700
cm? associated with the esters of the polymer matrix, a small
band around 1680 cm™ attributable to the C = C bond of the
PDMAEMA and (PEG)MEMA, and the adsorption related
to the C-O-C group between 1200 cm™ and 1000 cm™. FTIR
chemical imaging analysis was also carried out to assess the
successful extraction of the core from the NCs. The possibil-
ity of evaluating the presence of PMMA is related to the ad-
sorption of CH groups. Spectra related to the NSs and NCs
before and after extraction were acquired (Figs. 3A, 3B, 3C).
The NC spectrum before extraction showed the absorption
around 2936 cm related to the CH contribution of PMMA,
and the adsorption around 2960 cm? related to the CH
contribution of the PBMA (Fig. 3B). The maps as a function
of the ratio PMMA/PBMA between 2930 to 2940 cm™ and
2936 to 2953 cm™ were acquired for NSs and NCs before and
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after extraction in order to investigate PMMA core removal
(Figs. 3D, 3E, 3F). The band ratio of the NCs before extraction
(R = 0.8-0.85) was higher than that of the NSs (0.75-0.80),
confirming the presence of the PMMA core. After the ex-
traction process, a decrement of the PMMA/PBMA ratio
(R = 0.75-0.80) due to the reduction of the PMMA contribu-
tion was observed.

Absorption test

The encapsulation efficiency was evaluated by HPLC analy-
sis of the absorption medium at the end of the test. Both the
systems showed good encapsulation efficiency, reaching a
value of 67.95% for the NSs and 87.1% for the NCs. The pres-
ence of the DNA was also investigated by FTIR chemical imag-
ing analysis. Spectra acquired from the chemical map of the
samples after adsorption showed the presence of a small band
that fits on the adsorption of the ester group (data not shown).
The second derivative spectra of the DNA showed a diagnostic
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Fig. 4 - Drug delivery test. (A) Trend of DNA release from NPs, linear
scale and (B) Log scale.

band around 1685 cm, related to the vibration of the carbonyl
group of the DNA bases. The second derivative spectra of NSs
and NCs, respectively, before absorption did not reveal the
presence of the diagnostic band of the DNA. The band around
1685 cm™ was evident once again in the second derivative
spectra of the NPs after absorption, confirming the presence
of the nucleic acid on the NPs.

DNA release test

The amount of released DNA from NPs was evaluated by
HPLC analysis on the samples collected at predetermined in-
tervals. The release kinetics are shown in Figures 4A and 4B.
In both cases, a rapid release in the first hours (burst effect)
was observed, which tended to decrease over the following
days. Moreover, HPLC analysis carried out on a solution of
DNA in PBS (initial concentration of 1 mg/ml) after ultracen-
trifugation procedure highlighted a concentration value simi-
lar to the theoretical one, with an error of +0.005 that can
be neglected, suggesting that the initial burst effect is due to
the release of DNA absorbed onto NPs. DNA release from NCs
was higher than the one from NSs and prolonged in time. The
models shown in Figure 4 demonstrate a good correlation de-
gree for both the NSs and the NCs with a coefficient n<0.50.

Cytotoxicity test

The cytotoxicity of the produced NPs was preliminarily test-
ed using the MTT cytotoxicity assay. NS and NC extracts were
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Fig. 5 - Cytotoxicity MTT test of NCs and NSs extracts after 24 h
(3O) and 72 h (M) of incubation with 3T3 cells. Comparison with
the negative control is shown. The results are the mean ( £ SD) of
10 measurements.

added to 3T3 cells and the viability of the cells was evaluated
after exposure periods of 24 h and 72 h, respectively. The ob-
tained results are shown in Figure 5. It can be observed that at
both 24 h and 72 h the mitochondrial activity of the cells was
not affected by the extracts. No significant differences were
found between treated and control wells (F-test, P>.05) with
the exception of NCs extracts after 24 h of incubation (P<.05).

Discussion and conclusions

The combination of radical polymerization of 3 distinct
monomers by the precipitation method and core-shell pro-
cedure via template method allowed the production of new
hollow particles with a spherical shape and nanometric di-
mensions.

FTIR chemical imaging analysis confirmed the successful
copolymerization both for NSs and NCs. In view of a pos-
sible use of these nano-systems for gene therapy, DNA was
selected as the model molecule to be loaded into NPs. Both
systems showed good absorption efficiency, probably due to
the presence of PDMAEMA, which provides amino groups to
the terpolymer, thus improving the molecular interaction be-
tween NPs and DNA functional groups.

Moreover, the results of the absorption test demonstrat-
ed the effect of the hollow structure in maximizing the load-
ing of nucleic acid, as shown by an evident increase in the
amount of DNA encapsulated into the NCs with respect to
the NSs. This behavior was also reflected on the release ki-
netics, which showed an amount of delivered DNA from the
NCs greater than that from NSs. Both systems highlighted
the typical kinetics of release from NPs (21-23). Analyzing
the delivery profiles more in depth (Fig. 4B), especially in the
case of NCs, the release kinetics can be divided into 3 steps.
In a very early stage a slower release occurred, due to the
fact that the system tends to achieve equilibrium with the
surrounding environment. In a second phase a burst effect
was evident, probably due to the DNA weakly bound to the
surface of the NCs and/or to the matrix immediately below
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the NC surface. The third phase showed a sustained and pro-
longed release, due to the DNA located into the NCs cavity
and its diffusion through the polymeric matrix that allows a
slower and more prolonged release than the one from NSs.
After 20 days the absorbed DNA was not completely released
and the steady state was not reached for the NCs. This could
be due to the fact that there was DNA remaining inside the
cavity that probably need much more time to diffuse and be
delivered. Regarding NSs, the steady state was reached after
9 days, but in this case as well not all the absorbed DNA was
released, probably because of the electrostatic interactions
occurring between the terpolymer and the functional groups
of the nucleic acid. The release order value (n<0.50) ob-
tained for both the samples using the semi empirical model
of Peppas (20) is typical of a release dominated by a purely
diffusive mechanism, in which there is no influence due to
macromolecular relaxation phenomena, as expected in the
case of a cross-linked structure. Finally, a preliminary cyto-
toxicity investigation showed no toxic effects of the NPs on
the cells, thus supporting the potential use of these particles
as carriers for drug delivery applications.

In conclusion, the results obtained in this study showed
that thanks to their chemical composition, terpolymer-based
NPs may be suitable systems to promote interaction with oli-
gonucleotidic drugs, thus obtaining a carrier for the delivery
of nucleic acid. The possibility of obtaining a hollow structure
allows the amount of the absorbed DNA to be maximized and a
more prolonged release kinetics than those from NSs. The hol-
low structure allows offer the advantage of allowing a higher
amount of drug to be administrated using a lower amount of
polymer.

The preliminary results obtained in this work encour-
age us to continue in the evaluation of these new polymeric
nanocarriers as DNA delivery systems in view, of a possible
application in gene therapy for cancer treatment once suit-
able modifications have been made.
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