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polymers and polymer multilayered capsules in
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Redox-active polymers and carriers are oxidizing nanoagents that can potentially trigger intracellular off-
target effects. In the present study, we investigated the occurrence of off-target effects in prostate cancer
cells following exposure to redox-active polymer and thin multilayer capsules with different chemical pro-
perties. We show that, depending on the intracellular antioxidant capacity, thiol-functionalized poly-
(methacrylic acid), PMAgy triggers cell defense responses/perturbations that result in off-target effects (i.
e., induction of autophagy and down-regulation of survivin). Importantly, the conversion of the carboxyl
groups of PMAg,, into the neutral amides of poly(hydroxypropylmetacrylamide) (pHPMAsy) nullified the
off-target effects and cytotoxicity in tested cell lines. This suggests that the simultaneous action of car-
boxyl and disulfide groups in PMAs polymer or capsules may play a role in mediating the intracellular off-
target effects. Our work provides evidence that the rational design of redox-active carriers for thera-
peutic-related application should be guided by a careful investigation on potential disturbance of the cel-
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1 Introduction

The assessment of off-target effects and cell survival mecha-
nisms associated with the therapeutic exploitation of nano-
materials represents an active research area in the field of
biomedical nanotechnologies. The most widely accepted
sources of nanomaterial-mediated side effects deal with the
induction of oxidative stress-response and inflammation."
However, general cell stress-response pathways, including
autophagy, have recently emerged as possible nanomaterial-
induced mechanisms of either toxicity or cell survival."?
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lular machineries related to the carrier association.

Macroautophagy (hereafter referred to as autophagy) is an evo-
lutionarily conserved mechanism in eukaryotic cells in which
cytoplasmic material is trafficked to the lysosomes via intra-
cellular vesicles known as autophagosomes. Autophagy has
attracted attention in more recent years because of its critical
role in organism homeostasis. Autophagy has pleiotropic func-
tions and promotes cell survival by supplying the cell with
nutrients, clearing the intracellular
unnecessary or damaged material, and by defending the cell
against infection. Despite these beneficial functions of auto-
phagy, constitutive activation of autophagy has been reported
to trigger cell death.® In this context, whether autophagy acti-
vation as a response of cancer cells to stimuli represents a pro-
survival or a pro-death mechanism still remains to be fully elu-
cidated, although the outcome of autophagy activation has
been proposed to be strictly dependent on the cell context.*
Several studies suggest that both micro- and nano-particles
undergo autophagic sequestration, and that nanomaterial-
mediated cell death may occur as a consequence of persistent
autophagosome accumulation.”** Such an event may be the
result of either excessive autophagy induction caused by the
accumulation of nondegradable materials, or impairment of
the autophagy flux (i.e., nucleation, elongation, maturation
and degradation) usually resulting from a blockade in the
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maturation step (i.e., fusion of autophagosomes with lyso-
somes) following lysosome dysfunction.’ In this context, it has
been reported that micro- and nano-particles may induce
damage to the lysosomal compartment, resulting in responses
such as lysosomal oxidative stress, alkalization, osmotic swel-
ling, or detergent-like disruption of the lysosomal membrane."

Redox-responsive micro-nanocarriers bearing disulfide and
thiol moieties have been extensively studied for the delivery of
therapeutic agents, including small molecules, DNA, RNA and
oligopeptides.>'*>*> Redox-active carriers are generally used
because of their integrity in the oxidizing bloodstream and in
the extracellular environment, thus therapeutic cargo is pro-
tected from denaturation or degradation. Upon subsequent
cellular internalization, the trafficking of the carrier from the
early endosomes to the lysosomes results in the release of
cargo due to the intracellular reducing environment.*?

In a previous study we designed multilayered redox-
active microcapsules (puCs) using disulfide-crosslinked poly-
(methacrylic acid) (PMAgy) for the delivery of a small interfer-
ing RNA (siRNA) targeted to the anti-apoptotic gene, survivin,
in prostate cancer (PCa) cells.” To prepare the puCs we used
layer-by-layer (LbL) assembly and mesoporous silica templates.
LbL assembly is known as a highly versatile technique for the
creation of drug delivery vehicles with nanometer thin polymer
walls.>* Mesoporous silica particles with a bimodal pore struc-
ture (smaller mesopores in the 2-3 nm range and larger meso-
pores, 10-40 nm) were used as templates.25 The porous
template technique provides a method to encapsulate, for
example, a positively charged polymer into the redox respon-
sive multilayered pCs and eventually to postload puCs with
negatively charged biomacromolecules, such as RNA, by
diffusion through the permeable multilayer film and in situ
complexation with the polycation. We have shown that the
siRNA cargo can be postloaded into PMAgy pCs containing
poly-L-lysine (PLL) by diffusion through the multilayer shell to
form PLL-siRNA polyplexes in situ by electrostatic interactions.>
The pCs protect the PLL-siRNA from enzymatic degradation
and it has been hypothesized that PMAgy; destabilization of the
vesicle’s membrane may promote the endosomal/lysosomal
escape of the cargo.” Similarly, pH-sensitive carboxylic poly-
mers, such as polyalkylacrylic acid, are known to be mem-
brane-destabilizing agents.”® In the endosome/lysosome, the
polymer undergoes a pH-induced coil-to-globule transition,
resulting in membrane destabilization and cytoplasmic release.
Regardless of the release mechanisms, our previous study
shows that the siRNA-PLL complexes embedded into the pCs
are at least partially released in the cytosol and are able to sig-
nificantly inhibit survivin gene expression.> However, we also
observed that the exposure of PCa cells to PMAgy pCs resulted
in a less pronounced down-regulation of survivin expression
levels and induction of autophagy. These effects occurred
regardless of the cargo, as both control siRNA-loaded PMAgy
pCs and empty pCs also elicited a response. The non-depen-
dence on the cargo indicated that the occurrence of off-target
effects and the activation of a non-specific response were
related to the exposure to the redox-active capsules themselves.
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In the present study, we investigate the mechanisms by
which redox-active polymers and pCs trigger off-target effects
by focusing on the possible correlations between the observed
off-target effects and (i) the chemical and functional properties
of the uC building blocks, (ii) the physico-chemical properties
of the uCs, and (iii) the cellular entry and intracellular traffick-
ing of the uCs. We show that, depending on the physicochem-
ical properties of the pCs and their polymeric components,
redox-active materials can elicit a number of cell line-depen-
dent responses. Our findings indicate that redox-active poly-
mers or uCs can potentially interfere with the intracellular
milieu and that understanding this behavior has important
implications for biomedical applications of biomaterials.

2 Experimental section
2.1 Materials

Roswell Park Memorial Institute medium (RPMI1640), fetal
bovine serum (FBS), phosphate buffered saline (PBS) and
trypsin were obtained from BioWhittaker (Verviers, Belgium).
The human prostate carcinoma cell lines, PC-3 and DU145,
were obtained from American Type Culture Collection. Cells
were resuscitated soon after arrival, and grown as a monolayer
in RPMI 1640 containing 10% FBS. All cultures were main-
tained at 37 °C in a humidified 5% CO, incubator. Poly-
(methacrylic acid, sodium salt), (PMA-Na, M,, = 15000 g
mol~") was purchased from Polysciences, 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide, cystamine hydrochloride, dithio-
threitol (DTT), N-hydroxysuccinimide (NHS), and N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
(EDC) 1-amino-2-propanol were purchased from Sigma-Aldrich
(St. Louis, MO) and used as received.

2.2 Preparation of PMAgy, pHPMA-co-MA, pHPMAgy

PMAgy with 15 mol% thiol groups was synthesized and charac-
terized as previously reported.”” Briefly, 75 mg of PMA was
dissolved in 5 mL of PBS buffer at pH 7.2 and charged with
70 mg of EDC and 40 mg of NHS and stirred for 15 min. Sub-
sequently 7.5 mg of cystamine hydrochloride was added to the
reaction mixture. The reaction mixture was kept under stirring
for 8 h, purified by dialysis against Milli-Q water and freeze
dried. The degree of functionalization was estimated from "H
NMR (D,0): § (ppm): 0.8 -CH; from PMA; 1.6 -CH,, from PMA;
2.5-3.4 -CH, from cystamide moiety. pHPMA-co-MA with
15 mol% MA and 85 mol% pHPMA were prepared as follows:
100 mg of PMA was dissolved in 15 mL of PBS buffer at pH 7.2
and incubated with 302 mg of EDC and 59 mg 1-amino-2-
propanol. The reaction mixture was stirred overnight, purified
by dialysis against Milli-Q water and freeze dried. The chemi-
cal composition of the pHPMA-co-MA copolymer was deter-
mined by potentiometric titration of carboxyl groups. The
degree of functionalization was also verified from 'H NMR
(dmso-de): § (ppm): 0.8 -CH; from MA; 1 -CH, from MA and
HPMA; 2.85 -CH, from hydroxypropyl amide moiety; 3.65 -CH
from hydroxypropyl amide moiety; 4.7 -OH from hydroxypropyl

This journal is © The Royal Society of Chemistry 2015


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c4nr07240e

Open Access Article. Published on 17 March 2015. Downloaded on 3/29/2026 12:50:08 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

amide moiety. pHPMAgy with 15 mol% thiol groups was pre-
pared as follows: 100 mg of PMAgy was dissolved in 10 mL
PBS buffer at pH 7.2 and incubated with 440 mg of EDC and
185 mg of 1-amino-2-propanol. The reaction mixture was
stirred overnight, purified by dialysis against Milli-Q water and
freeze dried. The complete neutralization of PMAgy was
assessed by potentiometric titration.

2.3 Preparation of PMAgy and pHPMAgy pCs

Mesoporous silica particles were prepared as previously
reported.”® 100 pL of PLL (2 mg mL™" in sodium acetate buffer
at pH 4) was infiltrated into 1 mg of mesoporous silica par-
ticles. After infiltration of PLL into the template, the polycation
was labeled with 2.3 pL of AF488 (1 mg mL™"). Next, the par-
ticles were washed three times with acetate buffer to remove
the excess AF488 and the free unbound polymer. Loading of
PLL in the nanopores was confirmed by fluorescence
microscopy. The PLL-infiltrated particles were incubated alter-
nately with PMAgy (1 g L™") and PVP (1 g L™") for 15 min, as
previously described.” Three centrifugation/wash cycles (900g
for 30 s) with sodium acetate buffer (50 mM, pH 4) were con-
ducted after deposition of each polymer layer. Polymers were
added sequentially until 20 layers were deposited. The core-
shell particles were treated with chloramine T (2 mM) in MES
buffer (10 mM, pH 6) for 2 min. The particles were then sus-
pended in sodium acetate buffer, to which HF (2 M) in NH,F
(8 M, pH 5) was added. Caution! Hydrofluoric acid and
ammonium fluoride are highly toxic. Extreme care should be
taken when handling HF solution and only small quantities
should be prepared. The resulting pCs were washed via cen-
trifugation (4500g for 5 min) four times. pHPMAgy pCs were
prepared as follows: PMAgy microparticles were washed with
100 pL sodium acetate buffer (50 mM) and centrifuged. The
supernatant was removed, the particles were resuspended with
20 pL of MES buffer pH 6 and then incubated with 340 pL of
EDC (20 mg mL™" in MES pH 6) and 270 pL of 1-amino 2-pro-
panol (20 mg mL™" in MES pH 6) for 2 h. Subsequently, the
microparticles were washed with PBS buffer three times.
Finally the templates were removed by treatment with 5 M HF.
C-potential measurements of PMAgy and pHPMAg; microparti-
cles were carried out on a Malvern Zetasizer. The {-potential
values in Milli-Q water were —29 + 3 mV and +2 + 3 mV for
PMAgy and pHPMAgy microparticles, respectively. The pCs
were imaged on an Olympus IX71 digital wide-field fluo-
rescence microscope equipped with a fluorescein isothio-
cyanate (FITC) and tetramethyl rhodamine isocyanate (TRITC)
filter cube, a differential interference contrast (DIC) slider
(U-DICT, Olympus), and a 60x% objective lens. A CCD Camera
(CoolSNAP fx, Photometrics, Tucson, AZ) was mounted on the
left-hand port of the microscope. The diameters of the PMAgyy
and pHPMAgy 1Cs were measured by optical microscopy for at
least 200 pCs.

2.4 AFM characterization

The mechanics of PMAgy and pHPMAgy puCs were investigated
using a combination of a Nanowizard I AFM (JPK Instruments

This journal is © The Royal Society of Chemistry 2015
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AG, Berlin, Germany) and an optical inverted microscope
obtained from Zeiss, (Zeiss Axiovert 200, Germany), following
the protocol reported by Dubreuil et al.>® Briefly, prior to deter-
mining the force-deformation relationship of the nanocarriers,
the glass support was dip-coated in an aqueous solution of
1 mg mL™' polyethylene imine (PEI, M,, = 30000, Sigma-
Aldrich) for 20 min and rinsed in distilled water afterwards.
Microcapsules were subsequently adsorbed from the sample
solution onto the polymer film for 3 min, before the solution
was washed twice with PBS. Force measurements were carried
out in a filtered PBS solution to mimic biological conditions. A
glass bead with a diameter of ~40 um (Polysciences Inc., USA)
was glued using a two component epoxy glue (UHU Plus
endfest 300, UHU GmbH & Co. KG, Germany) onto the tip-less
cantilever (spring constant 16.9-46.6 mN m~', NSC12 or
CSC12, MicroMash, Estonia). At least 35 capsules were
measured for each set of substrates, and for each individual
capsule six measurements were performed to monitor changes
in the deformation behavior. The maximum applied force
ranged from 8-80 nN with a typical value of 10 nN. The
approaching and retracting velocity were set at 5 pm per
second.

AFM Imaging was performed as follows: prior to adsorption
of the capsules, bare Si-wafers were cleaned by ultrasonication
in a 1:1 solution of water and propan-2-ol for 15 min. Further,
the wafers were rinsed with water and cleaned in a boiling
solution of a 5:1:1 mixture of water, hydrogen peroxide and
ammonia for 10 min. The wafers were repeatedly rinsed with
water and dried in a nitrogen flow afterwards. To promote the
adhesion of the capsules, the Si-wafers were coated with poly-
ethylene imine (PEI) following the protocol reported above.
After extensively rinsing the PEI-coated wafers, they were
placed into diluted solutions of the nanocarriers (5 uL. mL ™" or
15 pL, mL~") for 30 min. The samples were imaged in the dried
state using a Dimension 3100 equipped with a Nanoscope V
controller (Veeco Instruments Inc., USA) operating in Tapping
Mode. The SizN, cantilevers (OMCL-AC160TS, Olympus) had a
typical spring constant of 42 N m™", a generic resonance fre-
quency of ~300 kHz and a tip radius less than 7 nm. The
obtained images were processed with NanoScope Analysis
v. 1.40 (Build R2Sr1.83411) using Plane Fit in the XY-Mode
and Flatten of the 1st order.

2.5 Cytotoxicity assay

The cytotoxic activity of polymers and capsules was assessed
by the MTS assay (Promega, Milano, Italy), according to the
manufacturer’s protocol. Briefly, cells were seeded at the
appropriate density into 96-well plates. The following day, the
cells were treated with polymer or pCs for the indicated time
points in a final volume of 100 pL of RPMI1640. Twenty pL of
a MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium salt) solution was then
added to each well. The absorbance was measured using a
FLUOstar OPTIMA plate reader (BMG Labtech GmbH,
Offenburg, Germany) at 492 nm after 4 h incubation at 37 °C
in 5% CO,. The cytotoxic activities of GSH and GSSG were
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assessed by a growth inhibition assay. Briefly, 24 h after
seeding in 6-well plates, cells were exposed for 72 h to the com-
pounds, collected and counted in a particle counter (Coulter
Counter, Coulter Electronics, Luton, UK). Each experimental
sample was run in triplicate. The concentration of compounds
causing 50% cell growth inhibition (ICs,) was determined by
dose response curves generated by testing at least 5 different
drug concentrations.

2.6 Evaluation of the “redox potential” of PC-3 and DU145
cells

The amounts of total glutathione in PC-3 and DU145 cells
were estimated using the GSH/GSSG-Glo™ Assay Kit
(Promega), according the manufacturer’s instructions. Such a
luminescence-based system allows the detection and quantifi-
cation of total GSH and GSSG as well as the GSH/GSSG ratios
in cultured cells by comparison with a GSH standard curve.

The Total Antioxidant Capacity (TAC) of PC-3 and DU145
cells was measured by a TAC Assay Kit (Cell Biolabs Inc., San
Diego, CA), according to the manufacturer’s protocol. Briefly,
24 h after seeding the cells were collected, washed and lysed
by sonication in PBS. Cell lysates were then diluted with a reac-
tion reagent and, upon addition of Cu** solution, the reaction
was stopped and read with a spectrophotometric microplate
reader at 490 nm. Antioxidant capacity, expressed as copper
reducing equivalent (CRE), was determined by using a stan-
dard curve generated by using fixed concentrations of uric
acid.

2.7 Evaluation of intracellular internalization of capsules

Cells were seeded in 6-well plates and the day after treated
with AF647-labeled pCs at a particle : cell ratio of 72: 1 at 37 °C
and 5% CO,. At specific intervals (0, 3, 6 and 24 h) cells were
washed (x3) with PBS and harvested by trypsinization followed
by centrifugation at 400g for 5 min. The cell pellet was resus-
pended in PBS and analyzed by flow cytometry (FACS Canto,
BD Biosciences, San Jose, CA). Cells that had internalized cap-
sules were identified in the TRITC fluorescence channel. The
percentage of positive cells within the overall cell population
(20000 per analysis) was calculated by FACSDiva™ software
(BD Biosciences).

For deconvolution microscopy experiments, PC-3 cells were
plated into 8-well Lab-Tek I chambered coverglass slides
(Thermo Fisher Scientific, Rochester, NY) and allowed to
adhere overnight. Cells were then incubated with capsules (125
or 500 capsules: cell) for 24 or 96 h (37 °C, 5% CO,), followed
by three washes with PBS. Cells were then fixed with 4% para-
formaldehyde for 20 min at room temperature, permeabilized
with 0.1% Triton X-100 in PBS for 1 min, and blocked with 1%
BSA in PBS for 5 min. Samples were then incubated with
mouse anti-human LAMP1 monoclonal antibody (2.5 pg mL™"
in PBS containing 0.25% BSA) (BD Pharmingen, San Diego,
CA) and anti-human LC3 antibody (2 ug mL™" in PBS contain-
ing 0.25% BSA) (Sigma-Aldrich, Sydney, Australia), followed by
detection with AF647-labeled goat anti-mouse IgG (2 pg mL ™"
in PBS containing 0.25% BSA) (Invitrogen, San Giuliano Mila-
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nese, Italy) or AF647-labeled goat anti-mouse antibody IgG
(2 pg mL™" in PBS containing 0.25% BSA) (Invitrogen) for 1 h
at 23 °C. Optical sections were collected with a TCS SP2 laser
scanning confocal unit (Leica, Solms, Germany). Colocaliza-
tion analysis was performed with Imaris software (Bitplane
AG, Ziirich, Switzerland).

2.8 Western immunoblotting

Total protein extracts were prepared according to standard
methods. Twenty pg of protein extracts was fractioned by dena-
turating polyacrylamide gel electrophoresis and transferred to
nitrocellulose using standard protocols. The filters were
blocked with PBS containing 5% (w/v) skim milk and incu-
bated overnight with primary antibodies specific for survivin
(Sigma-Aldrich), LC3 (Cell Signaling) and topoisomerase I (BD
Pharmingen). The filters were then incubated with secondary
peroxidase-linked whole antibodies (Life Technologies Europe
BV, Monza, Italy). Bound antibodies were detected using the
Novex ECL, HRP Chemiluminescent substrate Reagent Kit
(Life Technologies). Filters were autoradiographed and images
were acquired by using a BioSpectrum Imaging System (Ultra-
Violet Products Ltd, Cambridge, UK). An anti-f-actin antibody
(Sigma-Aldrich) was used on each blot to ensure equal loading
of proteins.

2.9 Evaluation of survivin concentration with enzyme-linked
immunosorbent assay (ELISA)

Survivin expression levels were assessed in PC-3 cells treated
with building block polymers using the Surveyor IC Immuno-
assay (R&D Systems, Abingdon, UK), according to the manu-
facturer’s protocol. Briefly, 24 h after seeding, cells were
treated with polymers (1.25 ng per cell) for 96 h. Cells were
then collected and processed. The kit employs a two-site sand-
wich ELISA to quantitate survivin in cell lysates. An antibody
specific for survivin was pre-coated onto a microplate. Stan-
dards and samples were added and any survivin present was
bound by the immobilized antibody. After washing away
unbound material, a biotinylated detection antibody recogniz-
ing survivin was used for detection utilizing a standard strepta-
vidin-HRP format. Color developed in proportion to the
amount of survivin content. The color development was
stopped and the intensity measured. A survivin standard curve
was used to determine the concentration of survivin in
samples.

2.10 Human proteome array

The expression profiles of cell stress-related factors were ana-
lyzed using the Human Apoptosis Array kit (R&D Systems),
according to the manufacturer’s protocol. Briefly, 24 h after
seeding, cells were treated with polymers (1.25 ng per cell) for
96 h. Cells were then collected, lysed and incubated overnight
onto the array. After washing, the array was incubated with a
cocktail of biotinylated detection antibodies. Streptavidin-HRP
and chemiluminescent detection reagents were applied. The
signal produced at each capture spot corresponded to the
amount of bound protein.

This journal is © The Royal Society of Chemistry 2015
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3 Results and discussion
3.1 Preparation of redox-active polymers and pCs

To ascertain the role of the chemical composition of PMAgy
pCs in inducing off-target effects, a number of polymers and
puCs were prepared, namely PMAgy (Fig. 1A), pHPMAgy
(Fig. 1B), PMAgy pCs and pHPMAgy pCs (Fig. 1C). The carboxyl
groups (85% mol) of PMA (15 kDa) were converted to neutral
amide groups to obtain pHPMA-co-MA. Similarly, to obtain a
redox-active neutral polymer, pHPMAgy, all carboxyl groups of
PMAgy were converted to neutral amide groups. The degree of
functionalization of polymers was estimated from 'H NMR
and potentiometric titration, as described in the experimental
section.

For the preparation of multilayered PMAgy 1Cs loaded with
PLL (Fig. 1), PLL was infiltrated into the mesoporous silica
templates prior to PMAgy/PVP multilayer assembly. LbL
assembly was performed at pH 4 via the alternate deposition
of PMAgy and PVP until the nanometer thick film could retain
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Fig. 1 Schematic representation of (A) PMAsy polymer, (B) pHPMAgy,
polymer and (C) PMAgy and pHPMAsy puCs preparation routes.
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PLL (five bilayers). Disulfide crosslinks were formed by the oxi-
dation of thiols and after core removal, PVP was washed out
from the pCs at pH 7. The carboxyl groups of PMAgy pCs
were converted to neutral amide groups to obtain redox active
pHPMAy; uCs by treatment with EDC (20 mg mL™" in MES pH
6) and 1-amino 2-propanol (20 mg mL™" in MES pH 6). The
reaction was performed before silica template dissolution.

The stoichiometric neutralization of carboxyl groups in
PHPMAgy nuCs was verified by the potentiometric titration of
carboxyl groups and microelectrophoresis measurements. No
residual carboxyl groups were detected. The {-potentials of
PMAgy and pHPMAg;; pCs were —28 mV and 2 mV respectively,
indicating the amidation reaction was efficiently performed.
The diameters of PMAgy pCs (1.7 + 0.2 pm) and pHPMAg;; pCs
(1.3 £ 0.2 pm) were measured by optical microscopy over a set
of 200 pCs (Fig. S1t). The deconstruction of both PMAg;;* and
PHPMAgy; pCs was verified by optical microscopy after treat-
ment with a reducing agent (DTT 0.5 M, Fig. S17). This feature
confirmed that the multilayered pCs are held together by
redox-responsive disulfide bonds (S-S).

Moreover, using AFM we investigated how the chemical
modification of PMAgy MCs into pHPMAgy HCs affects the
thickness and stiffness (Table S1t). This provided insights into
the effects of pC architecture on mechanical resistances at
deformations on the nanoscale, as previously reported.>* AFM
imaging analysis (Fig. S21) showed that the shell thicknesses
for the dried PMAgy pCs and pHPMAgy pCs were 10 + 6 and
31 + 3 nm, respectively. Since the number of polymer layers
was the same, the increase in thickness in the pHPMAgy pCs
indicated neutralization of carboxyl groups, leading to a less
compact and more amorphous nanostructured film. AFM
force spectroscopy measurements (Fig. S21) were then per-
formed to quantify the mechanical properties of swollen
PMAgy; pCs and pHPMAgy; pCs.*' Microcapsule stiffness was
determined from the slope of force-distance plots (Fig. S27).
Both PMAgy pCs and pHPMAgy PCs show a similar stiffness
(Table S11), corresponding to 7 + 3 and 6 + 3 mN m™ ", respecti-
vely. Previous work reported that the stiffness plays an
important role in microcapsule cellular uptake,® PMAgy; and
PHPMAg; pCs show comparable deformability in spite of
differences in wall thickness, suggesting that no mechanical
influence of the stiffness on capsule-cell interactions should
be expected.

We next studied the cellular response of these redox-active
polymers and uCs and attempted to correlate their structure to
cellular responses.

3.2 Cytotoxicity of redox-active polymers and pCs on DU145
and PC-3 PCa cell lines

We previously reported that PMAgy pCs have cytotoxic effect
on PC-3 PCa cells (300:1 particles per cell).> As methacrylic
copolymers are widely used as excipients (Eudragit®) in a large
number of pharmaceutical preparations and have shown little
or no toxicity,> we hypothesized that the observed toxicity
could be correlated directly to the redox properties of PMAgy
and would be dependent on the selected cell line. Hence, the
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cytotoxic activity of PMAgy polymer and PMAgy pCs was
assessed on DU145 cells, another well-established cell model
of human castration-resistant PCa.

We found that, unlike PC-3 cells, the survival of DU145
cells was negligibly affected by either polymer building block
or puC, even at dosages up to 2.5 ng per cell and 1000 particles
per cells, respectively (Fig. S31 and 2A), thus suggesting the
occurrence of a cell line-dependent cytotoxic response.

Since we cannot exclude that the absence of toxicity of
PMAgy HCs in DU145 cells may be a consequence of the
reduced or inefficient internalization of pCs, their uptake was
investigated in both cell lines by flow cytometry. Results
showed a time-dependent increase in the percentage of TRITC-
positive cells in both cell lines after the exposure to Alexa-
Fluor647-labeled pCs at a particle per cell ratio of 72:1
(Fig. 2B). Specifically, after 24 h exposure to labeled capsules,
82% and 90% of positive cells were observed in DU145 and
PC-3 cells, respectively. This finding ruled out that a modest
uptake capability of DU145 cells could account for their lower
susceptibility to pCs compared with PC-3 cells.

To gain further insight into the cell line-dependent cyto-
toxic response, the basal redox properties of PC-3 cells were
compared with those of DU145 cells. The analysis of both total
intracellular reduced (GSH) and oxidized (GSSG) glutathione

A) 120
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Fig. 2 (A) DU145 cell survival curves after incubation for 72, 96 and
120 h with PMAg,, uCs. Data are reported as a percentage of viable cells
exposed to uCs compared with untreated cells. All data represent mean
values + SD. (B) Time dependent evaluation of PMAgy pC internalization
in DU145 and PC-3 cells. Cells were exposed to AF647-labeled capsules
at a capsule to cell ratio of 72:1 for 3, 6 and 24 h. Cells were analyzed
using flow cytometry.
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content revealed that PC-3 cells produced significantly (P <
0.05) lower amounts of GSH (116 + 4 fmol per cell) compared
with DU145 cells (156 + 2 fmol per cell), whereas no difference
in total GSSG content was observed between the two cell lines
(1.13 + 0.06 and 1.2 + 0.1 fmol per cell in PC-3 and DU145,
respectively). Moreover, in comparison to DU145, PC-3 cells
showed a two- to three-fold reduction (P < 0.05) in sensitivity
to both GSH (27.95 + 0.08 mM versus 12.8 + 1.2 mM) and GSSG
(34 £ 7 mM versus 12.5 + 0.8 mM), as revealed by a cytotoxicity
assay. In addition, evaluation of the total reducing capability
(e.g., CRE per pg of protein) showed that PC-3 cells were
characterized by a higher total antioxidant performance (16.8
+ 1.9 CRE per pg protein) compared to DU145 cells (12.7 + 0.14
CRE per pg protein).

Taken together, these results suggest that the cytotoxic
effect of PMAgy pCs on PC-3 cells could be the result of the
pC-mediated oxidative stress produced by a more efficient cel-
lular reduction of uCs by PC-3 cells.

To ascertain whether disulfide groups of PMAgy puCs were
responsible for the cytotoxic effect observed in PCa cells, the
cellular interactions of pHPMAgy polymer and pHPMAgy pCs
were assessed. The intracellular uptake and trafficking of
PHPMAgy pCs were investigated in PC-3 cells. Flow cytometry
analyses showed a time-dependent increase in the percentage
of AlexaFLuor647-positive cells that reached 90% of the overall
cell population after 24 h exposure to 72:1 particles per cell
(Fig. S4Aft). Fluorescence deconvolution microscopy analyses
showed that after 24 h exposure to AlexaFLuor488-labeled puCs
(500: 1 particles per cell) the majority of internalized pCs were
localized close to the late endosomes/lysosomes, as revealed
by the overlap of the fluorescent signals originating from
both capsules and the lysosome associated membrane protein
1 (LAMP1), detected by an AlexaFluor647 secondary antibody
(Fig. S4Bt). This confirms that, like PMAgy pCs,>*** pHPMAgy
KCs travel through the endocytic route, and then converge into
the lysosomes, for their intracellular accumulation.®>”

However, no cytotoxic effects were observed in both cell
lines exposed for 96 h to up to 2.5 ng per cell of polymers
(pHPMA-co-MA, pHPMAgy, Fig. S51) and 1000 particles per
cell of pHPMAg;; pCs (Fig. 3).

Overall, these data indicate that the cytotoxicity of redox-
active pCs on PC-3 cells depends on the chemical composition
(e.g., combination of carboxyl and disulfide moieties) of the
polymeric building blocks and that the redox properties of
PC-3 cells appear to play a pivotal role on cell viability after
exposure to PMAgy pCs.

3.3 Assessment of autophagy in PC-3 and DU145 cells
exposed to redox-active polymers and pCs

It has been reported that internalized pCs or derived frag-
ments may undergo ubiquitination or colocalize with polyubi-
quitin complexes that are then targeted to the autophagosome
via a p62-LC3-I-dependent pathway.*®>° In this context, we
previously showed that PC-3 cells exposed to PMAgy pCs were
able to activate the autophagic pathway, regardless of the
cargo, likely as a consequence of their attempt to degrade what
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Fig. 3 Cell survival curves for PC-3 and DU145 PCa cells after incu-
bation for 96 h with pHPMAgy, and PMAgy pCs. Data are reported as a
percentage of viable cells exposed to pCs compared with untreated
cells. All data represent mean values + SD.

they perceive as a foreign material and, consequently, to cope
with pC-induced detrimental effects (e.g., oxidative stress).”

To gain further insight into the autophagosome formation
in response to PMAgy pC exposure, the localization of LC3-II (a
marker of autophagosome membrane) in the cytosol of
PC-3 cells was investigated by deconvolution fluorescence
microscopy (Fig. 4).

As expected, a dose-dependent formation of auto-
phagosomes was observed in PC-3 cells treated for 96 h

Fig. 4 Representative deconvolution microscopy images of PC-3 cells:
(A) Control, treated for 96 h with (B) PMAgy UCs (125 pCs per cell), (C)
PMAsy uCs (500 pCs per cell), (D) PMAgy polymer (1.25 ng per cell), (E)
pHPMAg uCs (500 uCs per cells), and (F) chloroquine (100 pM). Chloro-
quine was used as a positive control for autophagosome accumulation.
uCs were labeled with AF488 dye (green) and the immunostaining of
LC3 was performed using an antibody raised against the LC3 labeled
with AF647 dye (red). Scale bars: 10 pm.
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with PMAgy; pCs (Fig. 4B, C). Strikingly, complete co-localiz-
ation of PMAgy pCs and autophagosomes (stained for LC3
protein) was observed, indicating that PMAgy pCs were recog-
nized by the autophagy machinery and accumulated into the
autophagosomes.

Conversely, when incubated for 96 h with PMAgy polymer
building blocks, PC-3 cells did not show any autophagosome
formation (Fig. 4D). This indicates that, contrary to what was
observed with PMAgy HCs, the soluble form of PMAgy fails to
induce autophagy and toxicity (Fig. S5t), suggesting that the
polymer per se does not represent a threat for PC-3 cells. In
addition, fluorescence microscopy analysis did not show
autophagosome formation in PC-3 cells incubated with 500
particles per cell of pHPMAgy uCs (Fig. 4E), whereas it revealed
the capability of PC-3 cells to engulf a large number of
PHPMAg;; uCs per cell (Fig. 4E) with no detrimental effects on
their vitality (Fig. 3).

These data gain further support by the biochemical analysis
of the conversion of the LC3 protein from the cytosolic (LC3-I)
to the autophagosome-associated (LC3-II) form assessed by
Western immunoblotting. Specifically, no changes in LC3-II
expression levels were observed in either PCa cell lines
exposed to pHPMAgy pCs (125:1 pCs per cell, Fig. 5A) or to
soluble polymer building blocks (pHPMAgy, pHPMA-co-MA
and PMAgy, Fig. 5B).

Of note, no conversion of LC3-I to LC3-II was observed in
DU145 cells treated for 72 and 96 h with 125 PMAgy pCs per
cell (Fig. S61). Overall, these findings indicate that the lack of
any sign of autophagy induction may lead to an improved bio-
compatibility profile compared to PMAgy pC (Fig. 3 and S57).
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Fig. 5 Representative Western immunoblotting showing LC3-I and -II
expression levels in PC-3 and DU145 cells exposed for 72 h and 96 h to
(A) pHPMAg, pCs (125 pCs per cell) and (B) building block polymers
(1.25 ng per cell). f-actin was used as control for equal protein loading.
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3.4 Assessment of the occurrence of off-target effects in PCa
cells exposed to redox active polymers and pCs

To further corroborate our previous study® in which we
observed a non-specific down regulation of survivin expression
levels in PC-3 cells exposed to PMAgy HCs, regardless of the
cargo (e.g., siRNA against the target gene), we evaluated the
expression levels of this protein in DU145 cells treated with
PMAgy polymer (1.25 ng per cell) or uCs (125: 1 particles per
cell).

A decrease of survivin expression levels was observed in
PC-3 cells exposed for up to 96 h to soluble PMAgy polymer
(Fig. 6A and Table 1), as assessed by both Western immuno-
blotting and enzyme-linked immunosorbent assay (ELISA). On
the contrary, no significant changes in survivin expression
were seen in DU145 cells after up to 96 h exposure to either
soluble PMAgy; polymer or uCs (Fig. 6A and S77). Moreover, no
perturbations in the expression levels of topoisomerase I (a
protein that does not share any domain or sequence homology
with survivin) were observed in PMAgy-treated DU145 cells
(Fig. 6A), whereas a slight decrease of the protein amount was
detected in PMAgy-treated PC-3 cells (Fig. 6A).

Overall our data indicate that both PMAgy polymer and
PMAgy pCs promote off-targets effects, in terms of protein
expression, in PC-3 cells compared to DU145 cells (Fig. 6A and S77).

Conversely, no evidence of significant perturbations in the
expression levels of survivin and topoisomerase I was detected
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Fig. 6 (A) Representative Western immunoblotting showing survivin

and topoisomerase | expression levels in PC-3 and DU145 cells exposed
for 72 h and 96 h to the indicated building block polymers (1.25 ng per
cell). (B) Representative Western immunoblotting showing survivin
expression in PC-3 and DU145 cells exposed for 72 h and 96 h to
PHPMAg, pCs (125 particles per cell). f-actin was used as a control for
loading.
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Table 1 Survivin expression level in PC-3 cells exposed to building
block polymers

pg Survivin/pg

total protein®
Control 11.57 £ 0.40
PMAgy 9.56 + 0.42*
pHPMA-co-MA 12.47 £ 0.45
PHPMAgy 13.17 + 1.04
“Survivin  expression level was assessed by enzyme-linked

immunosorbent assay performed on PC-3 cells exposed for 96 h to
1.25 ng per cell of the indicated building block polymers. *P < 0.05
(ANOVA).

in PC-3 and DU145 cells exposed for up to 96 h to (1.25 ng per
cell) pHPMAgy polymer (Fig. 6A and Table 1). Similarly, no
changes in survivin expression levels were found in both PCa
cell lines (Fig. 6B) after the exposure for up to 96 h to
PHPMAGy pC, (125 : 1 particles per cells).

These findings are also supported by the observation,
obtained through a protein array system, that the exposure of
PC-3 cells to PMAgy polymer impaired the expression levels of
factors involved in the response of cells to different insults
(Fig. 7).

Specifically, PMAgy-treated cells were characterized by a
marked up-regulation of the pro-apoptotic cell membrane
death receptors TRAIL-R1/DR4 and TRAIL-R2/DR5, which are
important players in the apoptotic extrinsic pathway, and a
slight up-modulation of two proteins belonging to the Bcl-2
family of proteins, Bax and Bcl-2. Bax redistributes to the mito-
chondria from the cytosol during apoptosis and its increased
expression can accelerate cell death.*>*' Conversely, Bcl-2 acts
as an anti-apoptotic factor by repressing the induction of pro-
grammed cell death triggered by diverse stimuli.*' PMAgy-treated

Control

PMAsy

Bax Bcl-2
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Fig. 7 Analysis of protein expression levels by proteome array carried
out in PC-3 cells treated with polymer building blocks. PC-3 cells were
treated for 96 h with 1.25 ng per cell of PMAg,, pHPMA-co-MA, and
pHPMAg,, polymers. Cells were then collected and analyzed.
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PC-3 cells were also characterized by an increase in the
expression levels of HSP60 and a down-regulation of HTRA2/
Omi, both involved in the control of protein folding.****
Specifically, HSP60 plays a role in assisting nascent poly-
peptides to reach a native conformation, whereas HTRA2/Omi
is a protease that degrades mis-folded and non-assembled
polypeptides. In addition, a slight increase in the amounts of
p21CPYWARL 3 negative regulator of the cell cycle progression
during cell stress,** and of PON2, a membrane-bound enzyme
that protects cells from oxidative stress,*” was also observed in
PC-3 cells exposed to free PMAgy polymer. Of note, neither
PHPMA-co-MA nor pHPMAgy elicited such a global pertur-
bation in the expression levels of cell stress-related factors,
except for an evident increase in the amount of HSP60 in
PHPMAg-treated PC-3 cells, probably as a result of an oxi-
dative insult produced by disulfide moieties on the polymer.

Taken together, these data indicate that: (i) the physico-
chemical properties of redox active PMAgy polymer and cap-
sules play a pivotal role in eliciting cell-dependent off-target
responses, which can be avoided by using the negatively
charged polymer pHPMA-co-MA or the neutral disulfide
polymer pHPMAg;y; and (ii) depending on the cell context, the
simultaneous action of carboxyl and disulfide groups in
PMAgy polymer or nCs may play a role in mediating the off-
target effects.

4 Conclusion

In the present study, we investigated the occurrence of off-
target effects in cancer cells following exposure to redox-active
biomaterials with different chemical properties. Specifically,
we showed that depending on the cell context, PMAgy; polymer
triggers cell defense responses/perturbations that restrict its
exploitation to selected tumor cell models. Cell-dependent
response to redox active PMAgy; based material correlates with
intracellular antioxidant capacity. This highlights that the
chemical composition of a given polymer that forms the pCs
represents an important parameter for the biological pro-
perties of the pCs themselves. Conversion of the carboxylic
acids in PMAgy to neutral amides (pHPMAgy) resulted in a
more inert redox-active system, which resulted in the reduction
of the off-target effects, as suggested by both the relevant
absence of cytotoxic activity and the unaltered expression
levels of stress-related factors when administered to cancer
cells. Our results provide evidence that the rational design of
micro-nanovectors for therapeutic-related applications should
be guided by an investigation on potential disturbances of the
cellular machineries related to pC association.
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