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Background

In the last decades, the application of material engi-
neering in the biomedical field has generated a large
amount of nanometric compounds for diagnostic and
pharmacological uses (Parveen et al. 2011). One of the
fields in which nanoparticles (NPs) have been mostly
studied is oncology (Mukerjee et al. 2012; Peer et al.
2007). In spite of three decades of research on nanom-
aterials and the exceptional improvements that NPs
might bring in cancer therapy (e.g., prolonged biodis-
tribution, active target therapy, reduced toxicity, com-
bined diagnosis and therapy), many obstacles have
hampered the clinical development of nanodrugs. In
fact, there are only very few NP formulations that are in
clinic nowadays (Wang et al. 2011). Doxil®, doxorubi-
cin-loaded liposomes, and Abraxane®, an albumin-
based paclitaxel nanoformulation, are commonly used
for the treatment of ovarian, breast, and lung cancers
(Malam et al. 2009; Barenholz 2012; Ma and Mumper
2013). Other organic and inorganic nanomaterials have
been proposed for drug delivery, including silica,
metals, carbon nanostructures, and biopolymers (Mat-
sumura 2008; Yang et al. 2013). The growing interest in
polymers is related to their great plasticity, the possi-
bility to “finely” tune their physico-chemical properties,
their degree of functionalization, and their biocompat-
ibility. The potential of polymeric NPs in improving the
pharmacokinetics of loaded therapeutic molecules,
enhancing their stability, making better targeted deliv-
ery, and reducing side effects has been demonstrated in
different preclinical tumor models (Nazir et al. 2014). In
particular, in a context where traditional chemothera-
peutic strategies and target therapies (such as endocrine
or anti-HER?2 therapies) are proven unsuccessful, drug
delivery might play a fundamental role. This is the case
of triple-negative breast cancer (TNBC) where tradi-
tional strategies are greatly hampered by the concom-
itant absence of the three main receptors (estrogen,
progesterone, and HER2) commonly expressed in breast
tumors (de Ruijter et al. 2011). TNBC constitutes
10-20 % of all breast carcinomas, and it is characterized
by a large size, frequent lymph node involvement, high
aggressiveness, metastasis formation, and poor progno-
sis (Pal et al. 2011). NPs were already tested against
TNBC, with promising results (Deng et al. 2013; Inoue
et al. 2012).

Although the clear potentials of NP dependent drug

delivery, the lack of detailed characterization of

nanomaterials often obstacles a quick development
toward more complex clinical investigations. Issues
such as behavior in biological fluids, the interaction
with target cells, toxicity, and the pharmacokinetics in
healthy and diseased animals should be carefully
studied. Highly standardized and uniform systems of
analysis should be developed to categorize the impact
of nanocarriers before their development for pharma-
cological purposes (Akhter et al. 2013; De Jong and
Borm 2008).

The present study stems from the need to fill this
lack. To this aim we generated an integrated platform
focused at elucidating the mutual influence between
polymeric nanomaterials and preclinical models of
TNBC at increasing levels of complexity (biological
fluids, cells, healthy and pathological organisms).
Initially, we studied how physico-chemical properties
regulate NP-biological fluids interaction and influence
NP cellular uptake, subcellular localization, cytotox-
icity, proliferation, and cell cycle in two different lines
of TNBC. Finally, we studied NP permanence into the
bloodstream, tissue biodistribution, progressive clear-
ance in filter organs, and the active migration in tumor
parenchyma in mice. Because of their high stability,
finely tuned poly(methyl methacrylate) NPs (PMMA-
NPs) were used to set the platform (Ferrari et al. 2014).
To integrate in vitro, in vivo, and ex vivo imaging,
PMMA-NPs were labeled with two fluorophores
rhodamine-B (RhB) and a deep infrared dye (DIR).
The platform that is here described appears suitable for
the screening and selection of NPs that could be used
as delivery systems for a variety of compounds that
can be potentially effective against resistant tumors
such as our TNBC models (Liechty and Peppas 2012).

Materials and methods

Synthesis and characterization of fluorescent
PMMA-NPs

To generate fluorescent macromonomer of 2-hydroxy-
ethyl methacrylate (HEMA) covalently bound to RhB,
N,N'-dicyclohexylcarbodiimide (DCC) was used as an
esterification agent with DMAP as a catalyst (Cova
et al. 2013; Dossi et al. 2012). This fluorescent
macromonomer (HEMA-RhB) was further copoly-
merized with a controlled amount of methyl methac-
rylate (MMA) and RhB to generate stable and uniform



NPs. The reaction was run in acetonitrile and details
on synthesis-characterization are reported in the
Supporting Information (SI, Figs. S1, S2). PMMA-
NPs were synthesized through an emulsion-free
radical copolymerization process between MMA and
HEMA-RhB (0.01 % wt/wt in respect to MMA)
(Ferrari et al. 2014) to ensure narrow particle size
distribution as described in SI. To produce positively
and negatively charged NPs 2,2'-Azobis(2-methyl-
propionamidine) dihydrochloride and potassium per-
sulfate (KPS) were used as initiators, respectively.
Reactions were performed in batch emulsion poly-
merization (BEP) or in monomer-starved semi-batch
emulsion polymerization (MSSEP).

The following parameters were used to synthesize
NPs with different sizes and surface charges:

e Positive 50 nm PMMA-NPs (PMMA-50"): 2 g
MMA and 20 % Tween80/MMA, in MSSEP.

e Positive 100 nm PMMA-NPs (PMMA-100"):
2.5 g MMA and 20 % Tween80/MMA, in BEP.

e Positive 200 nm PMMA-NPs (PMMA-200"):
2.5 g MMA and 5 % Tween80/MMA, in BEP.

e Negative 50 nm PMMA-NPs (PMMA-507): 2 g
MMA and 35 % Tween80/MMA, in MSSEP.

e Negative 100 nm PMMA-NPs (PMMA-1007):
2 g MMA and 15 % Tween80/MMA, in MSSEP.

e Negative 200 nm PMMA-NPs (PMMA-2007):
2.5 g MMA and10 % Tween80/MMA, in BEP.

Deep infrared dye (DIR) was not loaded during NPs
formation due to high temperature and to the presence
radicals; therefore a post-synthesis process has been
adopted. DIR was dissolved in DMSO at a concentra-
tion of 0.05 mg/ml and entrapped in the pre-formed
NPs. 4-h dialysis against PBS was employed to
remove unloaded DIR.

Average NP size was measured using dynamic light
scattering (DLS, Zetanano ZS, Malvern) in dH,O
using Micro UVCuvettes, 12.5 x 12.5 x 45 mm°>
(70 pL) with light path 1 cm (Brand GmbH). Further
characterization to prove the incorporation of RhB
into the polymer matrix is reported in the SI (Figs. S3,
S4).

Transmission electron microscopy, atomic force
microscopy, and fluorimetry

The morphology of NPs of different sizes was first
observed by transmission electron microscopy. TEM

analyses have been performed using a 200 kV electron
microscope (Philips CM200-FEG) and preparing the
sample drying a drop of NP latex on a copper grid
coated with a carbon film (Cu-grid 200 Mash). The
stability of NP (in terms of dispersity and shape
maintenance) was assessed in dH,O and after 48 h of
incubation with human serum by atomic force micros-
copy (AFM, NanoscopeV, Veeco instruments, Plain-
view, NY USA) as previously described (Albani et al.
2009). To clarify the behavior of the fluorophores
internalized in NPs and the possible interference
signal in these biological fluids, NP fluorescence
properties were analyzed through fluorimetry (multi-
mode plate reader Infinite® M200) (Ferrari et al.
2014).

Cell lines and culture conditions

For in vitro studies we used two TNBC cell lines; the
murine 4T1 and the human MDA-MB231.1833. 4T1
cells were grown in monolayer in Ham’s F12 supple-
mented with 10 % FBS and 1 % L-glutamine
(200 mM). MDA-MB231.1833 cells were maintained
in DMEM-high glucose supplemented with 10 % FBS
and 1 % L-glutamine (200 mM).

Both cell lines were maintained at 37 °C in a
humidified atmosphere at 5 % CO, in T25 or T75
flasks.

NP cellular internalization

4T1 and MDA-MB231.1833 cells were seeded on
round glass slides in 24-well plates at the concentration
of 2,000 cells/ml and 10,000 cells/ml, respectively,
and left in adhesion for 24 h (Ferrari et al. 2014). Cells
were incubated with positively and negatively charged
50, 100, and 200 nm PMMA-NPs for 6, 24, and 72 h
and fixed with 4 % paraformaldehyde in PBS for 40'.
Nuclei were stained with Hoechst-33258 (2 pg/ml in
PBS) for 40’. Samples were then mounted on glass
cover slides with Fluormount mounting medium and
analyzed with an Olympus Fluoview microscope
BX61 with confocal system FV500 equipped with
specific lasers Aexc = 405 nm, Aexc = 546 nm for
Hoechst-33258 and RhB, respectively. Quantitative
evaluation of fluorescent markers indicating NP cellu-
lar interactions and uptake was performed through a
specific image cytometry software (TissueQuest,



TissueGnosticsGmbH, Austria) as previously reported
(SI, Fig. S5) (Cova et al. 2013).

To evaluate if serum influences NP-internalization,
cells were treated with PMMA-100" pre-incubated in
human serum for 48 h and compared with cells treated
with PMMA-100" in dH,O0. 6, 24, and 48 h after NP
incubation cells were fixed and analyzed as previously
described.

Growth inhibition

Cell growth rate was evaluated incubating exponen-
tially growing 4T1 and MDA-MB231.1833 cells with
PMMA-NPs at three different concentrations. The
original NP solutions were diluted to obtain final
polymeric concentrations of 25, 50, and 100 pg/ml.
Using the formula reported by our group (Ferrari et al.
2014), it was calculated that these absolute concen-
trations corresponded to nominal concentration of:
1.0 x 10", 2.0 x 10", and 4.0 x 10"" NPs/ml for
PMMA-50"; 0.5 x 10", 1.0 x 10", and 2.0 x 10"
NPs/ml for PMMA-100"; 0.05 x 10'', 0.10 x 10",
and 0.25 x 10''NPs/ml for PMMA-200". Cells were
counted 24, 48 and 72 h after incubation using a
Coulter Counter Multisizer 3 (Beckman Coulter, Inc.).

FACS analyses

At 24, 48, and 72 h after incubation with PMMA-
100", at the three different reported concentrations,
MDA-MB231.1833 cells were fixed in 70 % ethanol
and the DNA was stained overnight with 1 ml of a
solution containing (12.5 pg/ml) propidium iodide
(PD) and 12.5 pl of RNAse (1 mg/ml). Flow cytomet-
ric analysis was done on at least 10,000 events for each
condition using a FACS Calibur instrument (Becton—
Dickinson, Sunnyvale, CA, USA). The determination
of the cell proliferation rate was carried out by
biparametric BrdU/DNA analysis as described in SI.
A cell membrane permeability assay was done to
evaluate the mechanism of cell death induced by
PMMA-100" on 4T1 and MDA-MB231.1833 cells by
Vybrant® Apoptosis Assay (Molecular Probe).

Sub-localization
Cytoplasm immunohistochemistry assays were done

to observe the distribution of PMMA-100" inside
cells. We used vital dyes and antibodies labeled with

fluorochromes to highlight the different cell organ-
elles, including mitochondria (MitotrackerGreen®),
early lysosomes (anti-Lamp II antibody), endosomes
(anti-M6PR antibody), Golgi apparatus (anti-GM130
antibody) as described in SI.

Animals

Female athymic Foxnl nu/nu mice, 6-8 weeks old,
were obtained from Harlan Laboratories (Bresso,
Italy). Mice were maintained under specific patho-
gen-free condition in the Institute’s Animal Care
Facilities; they were regularly checked by a certified
veterinarian who is responsible for health monitoring,
animal welfare supervision, and experimental protocol
revision. Procedures involving animals and their care
were conducted in conformity with the institutional
guidelines at the IRCCS—Istituto di Ricerche Farma-
cologiche “Mario Negri” in compliance with national
(Decreto Legge nr 116/92, Gazzetta Ufficiale, supple-
ment 40, February 18, 1992; Circolare nr 8, Gazzetta
Ufficiale, July 14, 1994) and international laws and
policies (EEC Council Directive 86/609, OJL 358, 1,
Dec. 12, 1987; Guide for the Care and Use of
Laboratory Animals, US National Research Council,
8th edition, 2011). This project of research has been
reviewed by IRCCS-IRFMN Animal Care and Use
Committee (IACUC) and then approved by the Italian
“Istituto Superiore di Sanita” (code: 17/01 D Appl 3).

In vivo and ex vivo fluorescence imaging

Biodistribution of PMMA 100" was studied in mice
(n = 8) subcutaneously injected with 1 x 10" MDA-
MB231.1833 cells. Two animals were treated with a
physiological solution. Remaining animals were treated
intra-vein with 200 pl of NPs (1. x 10"} NPs/ml).
In vivo imaging was conducted on animals anesthetized
with a continuous flow of 5 % isoflurane/oxygen mixture,
just before NP administration (to set proper laser
parameters avoiding non-specific autofluorescence sig-
nal) 2, 24, and 72 h after injection using Explore Optix
System (ART Advanced Research Technologies, Mon-
treal, Canada) as already described by our group (Bigini
et al. 2013). For fluorescence analysis of single organs,
two animals per scheduled time point were sacrificed.
Liver, spleen, kidney, and tumor were explanted and
imaged ex vivo with the Explore Optix System.



Two-photon in vivo microscopy

Mice were prepared for in vivo imaging by skull
thinning craniotomy as already reported by our group
(Fumagalli et al. 2011, 2013) and widely described in
SI.

Histological analysis

Histological studies were performed in two experi-
mental groups, perfused and non-perfused animals.
NP biodistribution was followed for 2, 24, and 72 h
after administration. All animals were deeply anes-
thetized with an overdose of ketamine (75 mg/kg)-
medetotimine (1-mg-kg). The first group was tran-
scardially perfused [4 % paraformaldehyde (w/v) in
0.1 M phosphate-buffered saline pH 7.4]. Liver,
kidneys, spleen, and tumor were removed, postfixed
in 4 % paraformaldehyde for 24 h and transferred to a
30 % sucrose solution until cryostat sectioning. In the
second group, organs were immediately frozen in dry
ice after sacrifice and stored at —80 °C until use. For
both groups, 30-um-thick serial sections of each organ
were collected and stained with Hoechst 33258 (2 ng/
mlin PBS, 35, RT) for nuclei visualization. The slides
related to perfused animals were visualized by confo-
cal microscope, as previously described, while the
sections derived from non-perfused animals were
acquired with Nanozoomer HT 2.0 (Hamamastu
Photonics, Hamamatsu City, Japan) scanner to obtain
rapid scans of the organs in their whole volume, with
high anatomical resolution.

Data calculation and statistical analysis

All data were expressed as mean + S.D. Two-way
ANOVA or Student’s t test were used. p values <0.05
were considered significant. All statistical analyses
were done using the Graph Pad Prism version 6.00 for
Windows (Graph-Pad Software, San Diego, CA,
USA).

Results

In vitro platform

The platform was set by a cluster of finely tuned
PMMA-NPs of different dimensions and surface

charges. We synthesized NPs of 50, 100, and
200 nm with positive and negative C-potential (SI,
Fig. S6). Dynamic laser light scattering highlighted
PMMA-NP stability indH,O, saline solution, and
culture medium for at least 2 weeks after incubation
at 37 °C. All these parameters were maintained
independently on the size or the external charge of
NPs (SI, Fig. S6).

The analysis of PMMA-NP morphology done with
TEM confirmed both the spherical shape of newly
synthesized NPs and the average dimension measured
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Fig. 1 Panels a, b Representative TEM images of PMMA NPs
(PMMA-50" and PMMA-100" respectively) showing their shape
and morphology. NPs result spherical and monodispersed. AFM
analysis shows representative patterns of distribution of PMMA-
100" in distilled water (c) or after 48 h incubation with human
serum (d). This analysis confirms the stability of the selected NPs.
Scale bars panel a = 50 nm; panel b = 100 nm; panel c,
d = 2 pm. Panel e longitudinal analysis of the fluorescence
intensity of PMMA-100" incubated with dH,O (black) or human
serum (red). Data are the mean £ SD of five independent
measurements. Statistical analysis was done by two-way ANOVA
(with Bonferroni post-test). (Color figure online)



with DLS analysis (Fig. la, b). Stability was then
examined with AFM in dH,O and after 48 h of NP
incubation in human serum at 37 °C to understand if
plasmatic proteins may influence their main physico-
chemical parameters. Neither relevant changes in size
and aggregation nor shape deformation were observed
(Fig. 1Ic) compared to NPs suspended in dH,O
(Fig. 1d). Moreover, a fluorimetric analysis was per-
formed to evaluate any influence of serum incubation
on NP fluorescence emission over time. Even if the
absolute fluorescence intensity seems slightly reduced
by the presence of serum, the general trend of emission
is comparable in the two conditions. The statistical
analysis confirmed that the observed reduction is not
statistically significant for the whole duration of the
experiment (Fig. le). The lack of a significant quench-
ing effect is vital for efficient visualization of NPs in
in vitro and in vivo long term studies.

Following the characterization analyses that con-
firmed the stability of our PMMA-NPs, we then tested
NP interactions with two different cell lines of TNBC. In
particular we focused our attention on uptake ability, on
NP-related toxicity and on the subcellular interactions.
Fig. 2a shows the profile of NP internalization (red)
24 h after incubation with 4T1 cells (nuclei in blue).
Quantitative data (Fig. 2b) confirmed that charge has an
effect on NP cellular internalization. Positively charged
NPs have higher uptake rates than negatively charged
ones, and this effect was particularly evident for
PMMA-100". Figure 2c, d suggests that the NP inter-
nalization considerably differed between the two TNBC
models. In particular, from the quantitative analysis
performed with TissueQuest, both the intracellular
fluorescence intensity (Fig. 2e) and the percentage of
cells internalizing PMMA-NPs (Fig. 2f) resulted sig-
nificantly higher in 4T1 cells than MDA-MB231.1833.

We previously showed that serum incubation did not
modify physico-chemical properties of NPs. However,
serum pre-incubation significantly increased 4T1 cells
NP entry (SI, Fig. S7) thus suggesting a relevant
influence of plasmatic proteins in this process of uptake.

Since the optimization of NP cellular uptake is
pivotal to design NP for intracellular drug delivery, we
selected positively charged NPs for next studies.

We further investigated how PMMA-NPs interact
with 4T1 cells by evaluating their subcellular local-
ization at three different times (6, 24, and 72 h
incubation). Representative staining of nuclei (blue)
and different subcellular markers (green) 24 and 72 h

after PMMA-100" incubation (red) are depicted in
Fig. 3a. First column shows that the actin staining did
not change over time. The increased yellow staining
observed in merged images 72 h after NP incubation
is merely due to the overlap of green and red signal
(actin and internalized NPs, respectively). No change
in the immunoreactivity of a Golgi apparatus marker
(GM130) was observed at both time-points (Fig. 3a,
second column). The increased merged signal (yel-
low) observed 72 h after incubation is most likely due
to the progressive transport of internalized NPs from
the periphery to the perinuclear region. On the
contrary, a marked increase of the early endosomal
marker M6PR immunoreactivity (Fig. 3a, third col-
umn, green signal) was found after 24 and 72 h of
incubation. The increased expression of a mature
lysosomes marker confirmed the activation of clear-
ance mechanisms in response to the massive NP entry
(Fig. 3a, right column). Quantitative data of fluores-
cence staining revealed that the progressive entry of
NPs induced a fast increase of early lysosomes
followed by an increase associated with low pH
lysosomes in both TNBC lines. No statistical altera-
tions of fluorescence were recorded for structural
markers (cytoskeleton, Golgi apparatus, nucleus,
mitochondria) at different time-points after NP incu-
bation (Fig. 3b).

Experiments of growth rate, viability, replication,
and cell-cycle were done to unveil possible dose- and/
or time-dependent NP-toxicity. No significant differ-
ence in cell growth was observed depending on either
NP size or on concentration and exposure time in 4T1
cells (Fig. 4a—c).

On the other hand, a significant reduction was
observed in MDA-MB231.1833 at the latter time-point
(48 h) independently from concentration (Fig. 4d—f).
To better investigate this effect, the percentage of
MDA-MB231.1833 cells expressing either apoptotic
and/or necrotic markers was measured at basal condi-
tions and after PMMA-100" incubation. A little but not
significant increase of apoptotic markers (YO-PRO™
cells) was found 24 h after NP administration, inde-
pendent of their concentration (SI, Fig. S8). The rate of
proliferating cells (BrdU"/BrdU~ cells) was slightly
lower after NP exposure (SI, Fig. S9b). However, no
significant changes in cell cycle phases were found at
different time-points among all experimental groups
(ST, Fig. S9a). These results suggest a strong tolerance
of cells to PMMA-NPs at this experimental conditions.
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Fig. 2 a, b Representative confocal microscopy images show-
ing internalization of different PMMA-NPs (red signal) in 4T1
cells (nuclei, blue signal) after 24 h of incubation (a) and
relative quantitative analysis (b). Histograms show the spread of
positively (black bars) and negatively charged PMMA-NPs
(gray bars) inside the cells. Data are represented as mean + SD
from six different independent measurements for each exper-
imental condition. *p < 0.05, *p < 000.1 higher than nega-
tively charged PMMA-NP (unpaired Student’s ¢ test). c,

In vivo, ex vivo platform

Longitudinal tracking of NP biodistribution was
carried out by in vivo optical imaging after PMMA-
100" systemic administration (Fig. 5a). The first panel
shows the lack of any signal before NP injection. 2 h

d Representative pictures showing the kinetics of internalization
of PMMA-100" in 4T1 (¢) and MDA-MB231.1833 cells (d). e,
f Diagrams showing the percentage of 4T1 (black line) or MDA-
MB231.1833 cells (red line) internalizing PMMA-100" (e) and
of the intensity of fluorescence for each cell (f). All data are
expressed as mean £ SD of six independent measurements.
Analysis was performed by two-way ANOVA (with Bonferroni
post-test). ***p < (0.001 difference from 4T1 and MDA-
MB231.1833. (Color figure online)

after NP administration, a strong signal was found in
the upper-left side of abdomen (likely associated with
liver and spleen) with a weaker fluorescence in
correspondence to the renal region (Fig. Sa, second
panel). One day after administration, no relevant
alteration was observed in abdominal area whereas the
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«Fig. 3 a Representative confocal microscopy images of 4tl
cells incubated with PMMA-100" showing expression of
Hoechst-33258 (upper line-blue), subcellular markers (second
line-green) NP (third line-red), and relative merge signal (fourth
line). b Quantitative levels of fluorescence for different markers
in 4T1 and MDA-MB231.1833 cells exposed to PMMA 100*
for 0, 6, 24 and 72 h. The mean fluorescence for RhB was
normalized to 1 at ¢t = 6 h. For other markers, fluorescence
intensity was set as 1 at = 0. Values are expressed as
mean £ SD of twelve independent measurements. Analysis was
done by unpaired Student’s ¢ test **p < 0.05, ***p < 000.1
compared to the previous time-point. (Color figure online)

signal associated with renal system completely disap-
peared (Fig. 5a, third panel). A strong reduction of the
signal, that remains high only in the epigastric region,
was observed 72 h after administration (Fig. Sa,
right). No signal associated with tumors was ever
found during total body scanning acquisitions. How-
ever, when we repeated the scan on specific ROIs
excluding the abdominal region, we found a lower but
specific fluorescent signal associated to NPs accumu-
lation into the tumor mass (Fig. 5c¢).

Ex vivo optical imaging confirmed the presence of
NPs in filter organs and tumors at different time-points
after NP administration (Fig. 5b). A rapid increase of
signal was found in liver already 2 h after adminis-
tration; then, NP fluorescence remained stable up until
the 24th hour before slightly decreasing. In spleen, the
trend of accumulation was similar to that observed in
liver even if less intense. In kidneys, the signal was
weaker and did not change overtime (no NPs accu-
mulation). Even if different times lower than in liver,
NP signal was also detectable in tumors where it
reached its maximum intensity only 24 h after treat-
ment with a slower kinetic of accumulation compared
to other filter organs, where the maximum was
observed 2 h after administration.

Two-photon confocal microscopy was carried out
to visualize the presence of NPs in the bloodstream.
Representative images of the brain cortical vascula-
ture confirmed the presence of NPs in the vessels 30/
after administration (Fig. 6a). The speed and direction
of the blood flow measured by calculating the slope of
the non-fluorescent streaks (RBC speed) (Schaffer
et al. 2006) confirmed the circulation of NPs in both
small arterioles (Fig. 6a, vessel 1, RBC speed
1.143 mm/sec) and in big pial vessels (Fig. 6a, vessel
2, RBC speed 4.662 mm/sec). One day after injection
the presence of NPs in the bloodstream, even if

decreased, was still visible (Fig. 6b). Moreover the 3D
reconstruction confirmed that NPs were closely con-
fined into the circulatory tree (Fig. 6¢).

Representative histological images of filter organs
and tumors after blood removal are depicted in
Fig. 6d. Very interestingly the quantification of the
signal showed a fast NP accumulation in liver and
spleen, with a fluorescence peak measured 24 h after
administration that was maintained until the last time
point. In tumor sections, NP accumulation was slower
and the maximum intensity was reached only 72 h
after administration. The presence of NPs was nearly
absent in kidneys thus suggesting that these large NPs
were not able to be efficiently uptaken by renal
parenchyma (Fig. 6e).

To verify the actual contribution of NP in the resident
blood, microscopy analyses of frozen not washed
sections were carried out. Representative liver sections
of animals sacrificed 1 and 24 h after NP injection are
shown in Figs. 7a, c. One hour after administration, it is
possible to notice that NPs are almost completely
confined into the blood vessels. The higher magnified
picture unveils the structure of the vessels and shows
that NPs are both around the perimeter of the endothe-
lium and inside blood cells. The pattern of fluorescence
is completely different 24 h after administration
(Fig. 7c) when NPs progressively migrate in paren-
chyma. A similar pattern was found in tumor sections
(Fig. 7b, d). One hour after their administration, NPs
were mainly confined in the vessels and on the external
lamina of the tumor (Fig. 7b) whereas a widespread red
signal was observed one day after NP administration
(Fig. 7d, left).

These results demonstrate that, combining both
in vivo and ex vivo techniques of analysis, our system
allowed us to easily study NP biodistribution and
define the kinetics of NP migration from the blood-
stream to the parenchyma of target tissues.

Discussion

In the last decades, a growing number of studies have
described the therapeutic potentials of nanomedicine
in a wide variety of applications. In spite of these
encouraging results, the translation from preclinical
models to clinical practice has been nearly absent and
a new generation of nanodrugs other than Doxil and
Abraxane has not yet emerged. One of the reasons of
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Fig. 4 Growth inhibition curves in 4T1 (a—c) and MDA-
MB231.1833 cells (d—f) exposed to different concentrations of
PMMA-50", PMMA-100" and PMMA-200". Black lines
indicate control cells; green, red and blue lines indicate the
lowest, the intermediate and the highest NP concentration with

this apparent dichotomy between basic science and
clinical application is the lack of a careful character-
ization of the newly synthesized nanomaterials (Dob-
rovolskaia and McNeil 2013). Particular emphasis
should be put in studying their safety, biocompatibil-
ity, and tropism to target tissues and/or cells. A

150000

MDA-MB231.1833 and PMMA-50*
E
= 100000
[T
(5]
‘6
e
2
£ - Ctr
S 50000
= -- 1*10"
- 2*10"
—¥- 4*1011
"o 12 2 % 43 3
Time (hours)
150000 e
MDA-MB231.1833 and PMMA-100*
E
N
T 100000 -
(&)
5 Ay
° \
]
Q2
£ —o- Ctr
3
C = 0,5410"
- 1*10"
-+ 2*10"
N 12 24 3 iy 60
Time (hours)
150000
f
MDA-MB231.183 3and PMMA-200*
£
)
“@ 100000 e
(5]
Y dekdk
<]
e
[
2
g : - Ctr
= 500 = -= 0,05*10"
-+ 0,1*10"
¥ 0,25*10™
12 2 3% 3 L)

Time (hours)

which cells were incubated. All values are mean 4 SD of three
independent analyses. Analysis was done by two-way ANOVA
(with Bonferroni post-test). ***p < 0.001 difference from
untreated cells. (Color figure online)

standardized and integrated in vitro and in vivo system
studying biological interactions at different stages of
complexity (Cho et al. 2013) would be a reliable
starting point to screen the potential of nanomaterials
in nanomedicine. To this aim, a multimodal platform
has been developed in this work. The main steps that
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Fig. 5 a, b Representative optical imaging scans (a) showing
the biodistribution of i.v. injected PMMA-100" in tumor
bearing mice and relative ex vivo scans of excised organs
(b) at three different time-points after NP administration and
before injection, in order to set acquisition parameters. ¢ In vivo

we included in our system and the relative results
obtained are summarized in Tables 1 and 2.

Although our platform can be applied for a wide
range of nanodevices, here we focused the attention on
a single material (PMMA) and on a single therapeutic
aspect (TNBC).

Before dwelling on the biological relevance of the
platform, we would like to emphasize that, thanks to
its flexibility, our system might be easily enriched
when approaching different scenarios than the one
presented here. Our system can be seen as a box that

3.74e+003

2.08e+003

1.03e+003

935

135

optical imaging scanning of the tumor area and of the
controlateral side 2 h (leff) and 72 h (right) after i.v. adminis-
tration. The intensity of fluorescence signal, measured as
normalized photon counts (NC), is shown as a pseudo-color
scale bar. (Color figure online)

can be improved by inserting or removing modules
without changing the effectiveness of the strategy. The
creation of this box is “per se” a big novelty and a
useful tool for the categorization of the impact of
nanomaterials through a reproducible and well defined
approach.

The first requirement to develop reliable nanoma-
terials for future clinical use is the synthesis of stable,
pure, and highly reproducible NPs. These properties
should not only be studied at the basal condition, but
also in more complex biological systems, such as after
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Fig. 6 a, b In vivo two-photon microscopy view of brain
cortical vasculature 30’ (a) and 24 h (b) after PMMA-100"
injection. At both time-points vessels appeared in good shape
and PMMA-100" were found flowing in the bloodstream, even
if after 24 h NP signal is much weaker. Arrows indicate the
direction of flow and RBC speed was measured (1.143 mm/sec
in small arterioles and 4.662 mm/sec in big pial vessels) 30/
after injection. Volume grid unit 50 pm. ¢ 3D reconstruction
from the fluorescent signal shown in panel b. d Representative
confocal microscopy images showing sections of tissues in a

injection into the bloodstream. In fact, it is known that
the cellular and acelluar components of the blood
might influence NP properties and regulate their fate
(Baumann et al. 2013; Karmali and Simberg 2011).
This is the case of plasma proteins that, interacting
with NPs, form a protein layer on their surface called
“protein corona” (Canovi et al. 2013). The occurrence
of this phenomenon is highly related to NP dimensions
and surface charge (Monopoli et al. 2012). Even if the
present study was not aimed at further elucidating this
process, we verified the influence of serum on NP
stability. Our DLS, AFM, and fluorimetric data
showed that all the tested NPs remained stable and

mouse sacrificed 24 h after PMMA-100" administration.
PMMA-100" signal is observed in red; in green autofluores-
cence is reported for anatomical detail. e Histogram showing the
percentage area occupied by NP in tissues four different times
after NP administration. Data are mean & SE 10 sections from
each tissue were processed and three animals were used for each
experimental group. Asterisk (significant increase compared to
the first time-point; degree (significant decrease compared to the
first time-point). (Student’s 7 test). (Color figure online)

monodispersed independently from their dimensions
and charges even in presence of serum. These results
allowed us to confirm the quality of NPs for further
in vitro and in vivo steps.

To develop NPs against TNBC, where the absence
of target receptors hinders extracellular pharmacolog-
ical interactions, intracellular delivery of active com-
pounds should be optimized. When evaluating the
ability of our NPs to internalize into TNBC cell lines,
we found that positively charged NPs have much more
rapid kinetics and higher rate of internalization
compared to negatively charged ones. This difference,
which is probably due to the fact that opposite charges
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Table 1 First screening tests for NP selection

1007 are mainly located inside the blood vessels both in liver and
in tumor, where they are also found on the external lamina. 24 h
later, NPs seem to leave the bloodstream and actively migrate into

tissue parenchyma. (Color figure online)

PMMA PMMA PMMA PMMA PMMA PMMA
50 (h) 100" (h) 200" (h) 507 (h) 100~ (h) 200~ (h)
In-silico Stability >48 >48 >48 >48 >48 >48
Traceability over time >48 >48 >48 >48 >48 >48
Serum interaction >48 >48 >48 >48 >48 >48
In vitro Rate of internalization 4T1 Moderate Very high High Very low Very low Low
MDA n.e. High n.e. n.e. n.e. n.e.
Growth inhibition 4T1 Low Low Low n.e. n.e. n.e.
MDA Low Moderate Moderate n.e. n.e. n.e.




Table 2 Characterization of the biological interactions for the selected PMMA-100" NPs

In vitro Apoptosis/necrosis Cell Proliferation Homeostasis Subcellular Vesicular
cycle perturbation localization transport
MDA MDA MDA MDA, 4T1 MDA, 4T1 MDA, 4T1
Low Low Low Absent Perinuclear Good >24 h
In vivo Detectability in tissues and Filter organs Accumulation Clearance Tumor
ex vivo blood biodistribution penetration
Very good Splenic, hepatic Low High Moderate

between positive NPs and negative membrane favor
reciprocal interactions (Ma et al. 2013) might help us
in selecting proper NPs for future applications.

The penetration of NPs into the cytoplasm is a
necessary condition to carry potential compounds in
TNBC cells but it is not sufficient for account for a
therapeutic response. Our high magnified images
clearly revealed a spotty staining typical of endosomal
compartmentalization of NPs. The retrieval transport
of nanocarriers is a common receptor-independent
mechanism for a wide range of NPs (Petros and
DeSimone 2010). Here we showed that PMMA-NPs
accumulate close to the perinuclear area but did not
enter the nucleus. This localization is highly strategic
thinking about a possible release of many chemoter-
apics or RNA-i based molecules (Malhotra et al.
2013). Our longitudinal characterization of subcellular
organelles showed a selective activation of the lyso-
somal machinery from 24 to 48 h after NP exposure.
This is an important suggestion to both demonstrate
that even stable materials can be metabolized and to
define a temporal window to be considered before
developing biodegradable polymers for clinical
purposes.

Even if the aim of NP-dependent drug delivery in
TNBC is the death of target cells, the carrier must be
safe when interacting with host tissues. Our data
confirm the biocompatibility of PMMA-NPs, neither
apoptosis/necrosis nor proliferation rate was found
altered upon NP exposure. However, NP entry may
also generate pathological effects that could be
exacerbated by repeated administrations and chronic
treatments. Our results confirmed that no relevant
morphofunctional perturbation was observed regard-
ing important parameters in TNBC following NP
penetration. This body of evidence makes our platform
an interesting tool for the evaluation of the main NP
parameters in regulating the potential of polymeric
NPs to be used as drug carriers against TNBC.

For a complete characterization in nanomedicine,
in vitro studies should be completed with studies in
both healthy and diseased animals. In vivo imaging in
tumor bearing mice enabled us to demonstrate that
NPs circulate into the bloodstream long enough to
interact with different filter organs and tumors and are
actually able to migrate from the blood to tissues
parenchyma. To verify this, the contribution of NPs
still circulating into the blood had to be eliminated and
the measurement of extravasated NPs was carried out.
By high resolution ex vivo histological analyses, we
noticed that the peak of fluorescence of non-perfused
tumors was revealed 24 h after injection. On the
contrary, after removing blood, the fluorescent peak
was observed after 72 h. This shift can be explained by
the ability of NPs to migrate in tumor parenchyma.
This happened also in liver and spleen, with much
faster kinetics if compared to the tumors. By this
result, it is possible to speculate that migration
phenomena into these latter filter organs are regulated
by active uptake mechanisms, while in tumors the
accumulation of NPs is obtained through a passive
EPR effect due to the leaky tumor vasculature.

In conclusion, the evaluation of stability, cellular
uptake, safety, clearance activation, permanence in the
bloodstream, and tumor tropism was considered as
fundamental steps to fully characterize the interactions
of “paradigmatic” polymeric NPs with their “thera-
peutic target.” This platform was set up using PMMA-
NPs because of their stability and was limited to the
analysis of “nude fluorescent NPs.” We believe that to
define the safety of the material alone is the first step to
plan a robust development of nanomaterials for
therapeutic purposes. However, to develop reliable
nanodrugs, biodegradable polymers should be used to
enable the release of the loaded molecules. Obviously
our evaluation does not exclude that these particles, if
loaded with hazardous drugs, could potentially release
them outside the target tumor and lead to systemic



toxicity. This issue should be carefully studied in
future experiments. The system that was discussed
here could be implemented when developing NPs
loaded with candidate drugs. To test the release of the
drugs, other screening methods could be easily
integrated (such as by mass spectrometry and/or
HPLC analyses) to the platform without changing
the structure of the box. These improvements would
represent other steps toward the optimization of a
powerful instrument of analysis to fill the gap between
basic science and clinical application.
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