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Hyperthermia is considered a promising strategy to boost the curative outcome of traditional chemother-

apeutic treatments. However, this thermally mediated drug delivery is still affected by important limit-

ations. First, the poor accumulation of the conventional anticancer formulations in the target site limits

the bioavailability of the active ingredient and induces off-site effects. In addition, some tumoral scen-

arios, such as ovarian carcinoma, are characterized by cell thermotolerance, which induces tumoral cells

to activate self-protecting mechanisms against high temperatures. To overcome these constraints, we

developed thermoresponsive nanoparticles (NPs) with an upper critical solution temperature (UCST) to

intracellularly deliver a therapeutic payload and release it on demand through hyperthermia stimulation.

These NPs were synthesized via reversible addition—fragmentation chain transfer (RAFT) emulsion

polymerization and combine polyzwitterionic stabilizing segments and an oligoester-based biodegradable

core. By leveraging the pseudo-living nature of RAFT polymerization, important physicochemical pro-

perties of the NPs were controlled and optimized, including their cloud point (Tc,) and size. We have

tuned the T, of NPs to match the therapeutic needs of hyperthermia treatments at 43 °C and tested the

nanocarriers in the controlled delivery of paclitaxel, a common anticancer drug. The NPs released almost

entirely the encapsulated drug only following 1 h incubation at 43 °C, whereas they retained more than

95% of the payload in the physiological environment (37 °C), thus demonstrating their efficacy as on-
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1. Introduction

Over the last few decades, the constant progress in polymer
nanotechnology has revealed the pivotal role of nanoparticles
(NPs) in addressing the main challenges of several tumoral
applications, ranging from molecular imaging to controlled
drug delivery and targeted therapy. The interest in polymer-
based NPs has become two-fold." Firstly, like other nanocol-
loids, NPs are characterized by a high surface-to-volume ratio,
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demand drug delivery systems. The administration of drug-loaded NPs to ovarian cancer cells led to
therapeutic effects outperforming the conventional administration of non-encapsulated paclitaxel, which
highlights the potential of the zwitterionic UCST-type NPs as an innovative hyperthermia-responsive drug

which promotes their interfacial activity in an aqueous
environment with either molecular or cellular processes,
affecting cell response and growth. Secondly, the macromol-
ecular structure can be tailored to specific therapeutic aims
using different controlled polymerization methods.> Recent
works have demonstrated that the modern synthetic polymer
chemistry ensures the covalent incorporation of monomers in
desired sequences, thus providing an invaluable tool for
tuning the physicochemical properties of the resulting NPs
and their behavior in biological compartments (ie., hydro-
philic/hydrophobic, electrostatic, van der Waals, and n-x stack-
ing interactions). A further degree of control of NP-cell inter-
actions was introduced by materials capable of responding to
environmental stimulation. Indeed, stimuli-responsive NPs
have gained significant attention as efficient drug delivery
vehicles in tumor immunotherapy, due to the opportunity of
activating the drug release via specific endo- or exo-stimuli,
including intracellular pH variations, a high concentration of
glutathione, overexpression of enzymes and reactive oxygen
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species, and temperature changes.”* Thermoresponsive poly-
mers are appealing for thermal therapies. In biomedicine,
hyperthermia is regarded as a promising adjuvant strategy to
counteract the progression of cancer in combination with
radiotherapy or chemotherapy. Heat can directly alter the
physical properties of cellular components, affecting multiple
intracellular mechanisms and sensitizing cells to radiation
and administration of chemotherapeutics.>® Promising clini-
cal outcomes have been achieved in the treatment of breast
cancer, cervical carcinoma, bladder cancer, head and neck
tumors, soft tissue sarcoma and melanoma’® without signifi-
cant side-effects in healthy cells."®'" However, in some cases,
the synergistic effects of heating and antineoplastic agents
may be drastically reduced due to the activation of cell thermo-
tolerance. In fact, tumor cells can develop the ability to protect
themselves from high temperatures through upregulation of
heat shock protein (HSP) and post-hyperthermia adaptation
processes, such as cell cycle arrest in the G2-phase and
changes in cell metabolism."* This response decreases the
therapeutic benefits, even though partial cell apoptosis still
occurs.”® For these reasons, the curative treatment is still
looking for novel approaches to overcome the current
limitations.

In this direction, NPs enabling the delivery of antineoplas-
tic drugs in response to thermal activation could represent an
important advance in tumor treatment. Several thermo-
responsive nanoscaffolds are proposed in the literature, with
efforts towards the development of lower critical solution
temperature (LCST) nanocarriers.”'**® Indeed, the polymer
chains of LCST-type nanocarriers shrink at temperatures above
their LCST, inducing the release of the encapsulated drug.
However, the drug is usually not entirely ejected from the NPs,
due to a residual miscibility of the hydrophobic core with the
payload beyond the LCST.'®'” This constrains the control of
drug release performances.

On the other hand, the use of polymers characterized by an
upper critical solution temperature (UCST) has recently
emerged as a promising strategy to design NPs for thermic
treatments. These polymers show a hydrophobic-hydrophilic
transition and a single phase exists above their cloud point
(Tcp)- By exploiting this dynamic behavior, the UCST-type NPs
can dissociate or swell, simultaneously releasing the loaded
drug. Few UCST-type polymeric nanocarriers have been pro-
posed so far for hyperthermia-mediated drug release to treat
cancer, essentially focused on breast cancer'® and hepatocellu-
lar carcinoma.'® These NPs are composed of poly(acrylamide-
co-acrylonitrile)-based copolymers,'”***! poly(N-acryloyl glyci-
namide) (PNAGA),>*** ureido-derivatized polymers®* or
polypeptides.'>*® However, in these cases, the poor control
over the polymer microstructure is associated with a sub-
optimal drug delivery system, which results in the current lack
of appealing strategies for hyperthermia-mediated tumor treat-
ments. For this reason, researchers have started developing
zwitterionic NPs exhibiting the UCST transition. In fact,
zwitterionic polymers are proved to enhance biocompatibility,
reduce immune response, and can promote the cellular uptake
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of therapeutic agents.>*® In addition, these polymers were
reported to significantly reduce the protein adsorption, allow-
ing the realization of stealth NPs with a prolonged circulation
time. This is a crucial feature, as it enables the exploitation of
these polymers as alternatives to polyethylene glycol (PEG),
most often employed in this direction but recently proved to
induce an accelerated blood clearance following repeated
administrations due to the production of specific anti-PEG
immunoglobulins.>*~"

In this work, we propose the synthesis of UCST-type zwitter-
ionic NPs and their validation as hyperthermia-activated drug
delivery platforms for ovarian cancer treatment, a representa-
tive critical scenario characterized by cell thermotolerance up
to 43 °C.3*3* The NPs were obtained through the self-assembly
of poly(sulfobetaine-co-sulfabetaine) (p(SB-co-ZB)) copolymers
chain-extended with a hydrophobic block of vinyl oligoesters.
The block copolymers were produced via reversible addition—
fragmentation chain transfer (RAFT) emulsion polymerization,
which allowed us to modulate: (i) the T, of the NPs by chan-
ging the composition of the zwitterionic p(SB-co-ZB) segments
and (ii) the size of the NPs by tuning the length of the hydro-
phobic portion. In this way, we have obtained a library of NPs
exhibiting a UCST phase transition in the temperature range
of 14-43 °C in physiological solution (i.e., 0.9% w/w NacCl),
which can be optimized according to the specific therapeutic
needs. As a case study to showcase the potential of these NPs,
we have considered the in vitro hyperthermia treatment of
ovarian carcinoma. SKOV3 cells exhibit thermal-resistant be-
havior, preserving ca. 98.8% viability, upon incubation at
43 °C, the conventional temperature of the hyperthermic intra-
peritoneal chemotherapy (HIPEC). We therefore selected the
NP formulation with a T, close to 43 °C and validated these
nanocarriers as on-demand release systems for paclitaxel
(PTX), a known chemotherapeutic agent. Following the admin-
istration of PTX-loaded NPs to SKOV3, we demonstrated that
the drug release could be induced by hyperthermia activation
only, significantly affecting the metabolic activity of the target
cells and outperforming the conventional administration of
PTX in a non-encapsulated form. On the other hand, the drug
was selectively retained at the typical physiological tempera-
ture of 37 °C.

To the best of our knowledge, a single application of UCST-
type NPs is reported in the literature for hyperthermia ovarian
treatment. These NPs were composed of poly(acrylamide-co-
acrylonitrile)-b-poly[(oligo(ethylene glycol)methyl ether meth-
acrylate)] and used as doxorubicin delivery systems to treat the
OVCAR-3 cell line.>° However, these cells are more thermosen-
sitive than SKOV3 and already exhibit a notable decrease in
cell viability (ca. 21%) following the hyperthermia treatment
only.**** Moreover, some limitations were debated by the
authors regarding the therapeutic activity of the nanosystems,
which required a higher dosage of the encapsulated drug com-
pared to the free drug administration, under hyperthermia
conditions, to achieve 50% inhibitory concentration (ICs).>°

Here, we propose the innovative administration of zwitter-
ionic thermoresponsive NPs to treat more hostile ovarian

This journal is © The Royal Society of Chemistry 2024
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cancer cells combining hyperthermia and on-demand drug
release, and provide preliminary inspiring outcomes towards
the definition of a new strategy to counteract the progression
of the disorder, still lacking an efficient therapeutic approach.

2. Experimental
2.1 Materials

2-Hydroxyethyl methacrylate (HEMA, 97%, MW = 130.14), &-
caprolactone (CL, 97%, MW = 114.14), tin(u) octoate (Sn(Oct),,
92.5-100%, MW = 405.12), sodium sulfate (Na,SO,;, >99%,
MW = 142.04), 4,4’-azobis(4-cyanovaleric acid) (ACVA, >98%,
MW = 280.28), 4-cyano-4-(phenylcarbonothioylthio)pentanoic
acid (CPA, >97%, MW = 279.38), [2-(methacryloyloxy)ethyl]
dimethyl-(3-sulfopropyl)Jammonium hydroxide (SB, 97%, MW
= 279.35), 2-(dimethylamino)ethyl methacrylate (DMAEMA,
98%, MW = 157.21), 1,3-propanediol cyclic sulfate (PCS, 98%,
MW = 138.14), and sodium chloride (NaCl, >99.5%, MW =
58.44) were purchased from Merck KGaA (Darmstadt,
Germany) and used as received without any further purifi-
cation. Cyanine 7 NHS ester (Cy7, MW = 733.64) was purchased
from Lumiprobe GmbH (Hannover, Germany), whereas the
anticancer drug paclitaxel (PTX, MW = 853.91) was purchased
form D.B.A. Italia s.r.l. (Segrate, Italy). Solvents were of analyti-
cal grade purity and used as received. NPs were stored at 4 °C.

2.2 Characterization techniques

2.2.1 'H-NMR analysis. Reaction intermediates and pro-
ducts were analyzed by proton nuclear magnetic resonance
performed on a Bruker AC spectrometer (400 MHz, Bruker
Corp., Billerica, MA) using appropriate deuterated solvents as
detailed in the synthesis section. The samples were prepared
at 20 mg mL ™" solid content and the analysis was performed
with 64 scans. The chemical shifts were reported as § values
(ppm) with respect to tetramethylsilane (TMS) as the internal
standard.

2.2.2 ATR-FTIR analysis. Attenuated total
Fourier transform infrared spectroscopy was performed using
a Cary 630 FTIR spectrometer (Agilent Technologies Italia,
Italy). Spectra were acquired at a resolution of 4 cm™ in the
wavenumber range of 4000-650 cm™' at room temperature
(RT).

2.2.3 GPC analysis. The molecular weight distribution of
the p(SB-co-ZB) copolymers was characterized via gel per-
meation chromatography performed on a Jasco 2000-series
chromatograph equipped with a refractive index detector. The
separation was performed at 40 °C on three Suprema columns
(300 mm length, 8.0 mm inner diameter) in series, with par-
ticle size 10 mm and pore size 100, 1000 and 3000 A, preceded
by a guard column (50 mm length, 8.0 mm inner diameter).
The elution was performed at 1.0 mL min~' in a 0.05 M
Na,SO,/acetonitrile 80:20 v/v solution. Polyethylene glycol
standards were used to calibrate the system. The sample was
prepared by dissolving 4 mg of polymer in the mobile phase,
followed by filtration with a 0.45 pm nylon membrane.

reflectance
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2.2.4 HPLC analysis. To track the PTX release from the
thermoresponsive NPs, the different aliquots taken during the
experiments were extracted with 0.5 mL of acetonitrile and
vortex mixed for 10 s. The insoluble polymer was then precipi-
tated by centrifugation at 8000 rpm for 10 min and the super-
natant recovered and diluted with 0.5 mL of acetonitrile. The
PTX content was evaluated via high performance liquid chrom-
atography performed on an Agilent 1100 system (Agilent
Technologies) equipped with a diode array detector set at
230 nm. The separation was performed on an Agilent Eclipse
C18 column (250 mm length, 4.6 mm inner diameter) under
isocratic conditions using a 0.01 M ammonium acetate buffer
(pH 5)/acetonitrile/methanol solution (50/40/10 v/v) as the
mobile phase.

2.2.5 DLS analysis. NP size, polydispersity, {-potential and
thermoresponsive behavior were evaluated through dynamic
light scattering using a Zetasizer Nano ZS (Malvern
Instrument, UK). Samples were analyzed in 0.9% w/w NaCl
solution, and for measurements involving a heat-up ramp, a
temperature increase occurred at an interval of 1 °C, leaving
the sample to equilibrate for 5 min at each temperature before
performing the measurements. Readings were performed in
triplicate.

2.2.6 TEM analysis. To visualize the individual NPs above
the T.,, transmission electron microscopy was used. The NP
suspensions at a concentration of 0.2% w/w were incubated at
50 °C for 1 h. A droplet of 5 pL was then deposited on a
copper/palladium grid coated with an amorphous carbon layer
preventively plasma glow-discharged for 30 seconds. After this
time, the excess suspension was blotted with paper. The grid
was negatively stained with a uranyl formate solution (0.75%
w/w) for 20 seconds, blotted to remove the excess of staining
solution and dried with a vacuum hose. TEM micrographs
were acquired on a Philips CM200 electron microscope at 200
kV equipped with a field emission gun filament. 2048 A ~2048
pixel images with 256 grey levels were recorded through a
Gatan US 1000 CCD camera.

2.2.7 Imaging of NP phase separation. Imaging of NP
phase separation was visually evaluated by heating up the sus-
pension to 50 °C and letting it cool down on a microscope
slide while visualizing the behavior using a CELENA® S digital
imaging system (Logos Biosystems, Villeneuve d’Ascq, France)
with a 10x air objective.

2.3 Synthesis of zwitterionic copolymers with a UCST phase
transition

The polyzwitterion was synthesized through RAFT copolymeri-
zation between sulfabetaine methacrylate (ZB) and sulfobe-
taine methacrylate (SB). According to our previous work,*® the
procedure consists of two steps. The first stage concerned the
synthesis of the ZB monomer vig an addition reaction. Briefly,
DMAEMA (2.5 g, 15.9 mmol) and PCS (2 g, 14.5 mmol) were
separately dissolved in 2.5 and 17.5 mL of dry acetonitrile at
RT, respectively. The methacrylate solution was added to the
PCS one and the resulting mixture was kept under stirring for
72 h at 50 °C under inert conditions (N, atmosphere). After
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cooling to RT, cold acetone (30 mL) was added to precipitate
the monomer and the solid was collected by vacuum filtration
and further washing with acetone. The product was dried in a
vacuum oven at 30 °C to remove the residual solvent and
characterized via "H-NMR using deuterium oxide (D,0) as a
solvent to evaluate the purity of the synthesized ZB monomer
(yield 94%).

In the second stage, the p(SB-co-ZB) copolymer was syn-
thesized by dissolving ZB and SB in a 1:4 v/v mixture of
ethanol : acetic buffer (pH = 4.5) containing NaCl (1 M, with
respect to the buffer volume) to promote the “salting in”
effect. ACVA was used as the initiator and CPA was used as the
chain transfer agent (CTA). The total monomer concentration
(i.e., sum of ZB and SB) was set to 20% w/w and the initiator to
CTA molar ratio was equal to 1: 3. Different SB/ZB molar ratios
were used in the synthesis of the zwitterionic copolymer, main-
taining its degree of polymerization (DP) fixed to 200. In par-
ticular, the amount of SB was calculated to obtain a homopoly-
mer DP (i.e., DPgg) equal to 105, 110, 115, 120 and 125, provid-
ing five different formulations of the final p(SB-co-ZB) (ESIT).
This choice relies on preliminary evaluations of the impact of
DPgi and DP,; on the UCST and the size of the NPs. As men-
tioned in a previous work,*® higher DPgg results in polymer
phase separation at higher temperatures, which would shift
the UCST of the NPs out of the range of interest for this appli-
cation and lead to larger NPs.

As an example, the copolymer characterized by DPgg = 105
and DPp = 95 (labelled as p(105SB-c0-95ZB)) was synthesized
by dissolving 254 mg (0.91 mmol) of SB and 243 mg
(0.82 mmol) of ZB in 2.5 mL of an ethanol:acetic buffer
mixture and adding 810 pg (2.88 pmol) of ACVA and 2.42 mg
(8.66 umol) of CPA. The resulting mixture was purged for
10 min by bubbling nitrogen and left under magnetic stirring
at 65 °C (pre-heated oil bath) for 24 h. Successively, an aliquot
was withdrawn and dried in a vacuum oven to evaluate the
monomer conversion via ‘H NMR (D,0 0.9% w/w Nacl, 30 °C)
and the molecular weight distribution via GPC analysis (ESIT).
The polymer was purified by precipitation in acetone, followed
by centrifugation to enhance the recovery. Finally, the product
was dried in a vacuum oven at 35 °C to remove all residual
solvent and stored at —20 °C.

2.4 Synthesis of caprolactone-based macromonomers

Ring opening polymerization (ROP) of e-caprolactone (CL) was
conducted to obtain the lipophilic macromonomer used in the
NP synthesis. HEMA was chosen as the initiator and Sn(Oct),
as the catalyst. Two oligomers, with different lengths of the ali-
phatic chain, were synthesized by using a molar ratio
monomer : initiator equal to 3:1 and 5:1 to obtain HEMACL;
and HEMACLs, respectively, where the subscript refers to the
average number of CL units in the macromonomer. According
to the procedure discussed in our previous work,>” HEMACLs
was obtained as follows: CL (20 g, 175.2 mmol) and Na,SO,,
used to keep the environment anhydrous, were mixed and
heated at 125 °C. Then, a mixture of the initiator (4.56 g,
35 mmol) and the catalyst (70.9 mg, 0.175 mmol), pre-heated
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at the same temperature, was added dropwise to the monomer
by means of a syringe under inert conditions (N, flow). The
reaction system was left under stirring for 3 h at 125 °C. The
polymerization process was assessed by withdrawing an
aliquot from the batch system and performing 'H-NMR
(CDCl;, 25 °C) and GPC analyses to confirm the formation of
the macromonomer. Finally, the system was cooled down to
RT and stored at 4 °C. The same procedure was performed to
obtain HEMACL;, varying the amount of the monomer (12 g,
105 mmol).

2.5 HEMA-Cy7 functionalization

To ensure the traceability of the polymeric nanoscaffolds in
in vitro studies, HEMA was conjugated to Cy7 NHS ester.
HEMA (9 mg, 69.15 pmol) and the cyanine compound (10 mg,
12.07 pmol) were dissolved in anhydrous DCM (1 mL) and left
under stirring for 30 min in the dark at RT. The resulting solu-
tion was stored at 4 °C.

2.6 Synthesis of UCST-type zwitterionic NPs

The thermoresponsive NPs were synthesized by chain-extend-
ing p(SB-co-ZB)yo, with the caprolactone-derived macro-
monomer via RAFT emulsion polymerization. This strategy
allowed the simultaneous formation of amphiphilic block
copolymers and their self-assembly. The DP of the lipophilic
block was set equal to 20 and different combinations were
tested by changing the zwitterionic copolymers (i.e., different
DPgg and DP;) and selecting either HEMACL; or HEMACL; as
the monomer. In a typical synthesis, p(SB-co-ZB),, (160.2 mg,
2.79 pmol) and NaCl (190 mg) were dissolved in acetic buffer
(pH = 4.5, 5.17 mL), whereas HEMACL; (27.8 mg, 56 pmol) or
HEMACL; (39.5 mg, 56 pmol) was dissolved in DMSO (1 mL).
The latter was added dropwise to the zwitterionic mixture and
the resulting emulsion was purged with N, for 10 min and
heated to 65 °C. ACVA (260 pg, 0.93 pmol) was finally added to
the system and left under stirring for 24 h. The obtained
product was purified through dialysis (SpectraPor, regenerated
cellulose membrane, M,, cut-off = 6-8 kDa) against 0.9% w/w
NacCl solution for 1 day at RT and stored as suspension at 4 °C.
The NP concentration in a physiological solution was esti-
mated by drying aliquots (3 x 100 pL) at 50 °C and weighing
the solid residue.

The synthesis of Cy7-labelled NPs was performed following
the same procedure by just adding 3 drops of HEMA-Cy7 to
the polymer mixture prior to the addition of ACVA.

2.7 Encapsulation and release of paclitaxel

Paclitaxel was encapsulated into the NPs via flash nanoprecipi-
tation.*® Based on the UCST behavior of the selected NPs, PTX
loading was performed at 45 °C (above the UCST transition)
and the instruments used in this stage (i.e., a 5 mL syringe, a
needle and glass vials) were heated and equilibrated at the
same temperature before usage. A mass ratio of 0.05 mgprx
mgyp - was set for the procedure. 200 pg pL~"' drug solution
(10.5 mg PTX in 52.5 pL of DMSO) and NP suspension (30 mg
mL™") were heated to 45 °C and 7 mL of the latter were with-

This journal is © The Royal Society of Chemistry 2024
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drawn and added to the former solution. The final mixture
was aspired and ejected 5 times from a needle-equipped
syringe to provide adequate turbulent conditions to lead to
mixing and drug encapsulation. The amount of entrapped
drug, ie. the encapsulation efficiency (EE%), was determined
as follows: aliquots (3 x 100 pL) of the resulting system were
collected and dried under air flow, re-dispersed in 0.5 mL of
acetonitrile, vortex-stirred for 60 s, and the supernatant was
analyzed by HPLC. EE% was calculated as (eqn (1)):

EE% = (7’"”" — ms"l) X 100 (1)
mprx

where mprx is the total mass of added PTX and myg, is the
unloaded drug mass collected in the supernatant; mg, was
determined referring to a PTX calibration curve (ESI{) based
on the HPLC analyses of samples at different drug concen-
tration in acetonitrile, ranging from 100 ug mL™' to 0.01 g
L™". The drug loading (DL%) was estimated according to the
following equation (eqn (2)):

DLY% = <7mm _ ms"l) X 100 (2)
LGN
where myp is the mass of NPs.

The drug release profile was estimated at two different
temperatures, 37 °C and 43 °C, to assess the NP UCST-acti-
vated drug delivery performances. In both cases, 1 mL of PTX-
loaded NP suspension was added to a dialysis membrane
(Float-A-Lyzer dialysis cassette, 1 mL, M,, cut-off: 8-10 kDa)
and submerged in 0.9% w/w NaCl solution (250 mL) kept at
37° or 43 °C over time according to the chosen experimental
conditions. At defined time points, aliquots (100 pL) were with-
drawn from the dialysis cassette, dried under air flow at RT,
and the residue was dissolved in acetonitrile (500 pL) for HPLC
analysis. Based on the PTX calibration curve, the amount of
released drug was estimated as reported in the following
equation (eqn (3)):

m —m
PIXY(t) = (%) X 100 3)
PTX,0

where PTX%(t) is the percentage of drug released at the
specific time ¢ and mprx o and mprx, are the amounts of PTX
in the dialysis membrane at the starting point (i.e., ¢ = 0) and
at time ¢, respectively. Experimental data were collected from
three independent replicates for each temperature and
reported as mean + standard deviation (SD).

2.8 Cell culture

The human ovarian serous adenocarcinoma cell line SKOV3
was obtained from the American Type Culture Collection
(ATCC) (LGC Standards, Teddington, UK) and cultured in
McCoy’s 5A medium (Cat#f 26600-023; Thermo Fisher
Scientific) supplemented with 10% fetal bovine serum, 10 000
U mL ™" penicillin, and 10 mg mL™" streptomycin. The cells
were incubated at 37 °C under a humidified atmosphere with
5% CO,.
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2.9 Hyperthermia cell treatment

The hyperthermia sensitivity of SKOV3 was assessed to ident-
ify the thermal tolerance range ensuring a cell viability at
least equal to 95% and the lethal temperature producing 50%
cell death (i.e., LT5p). The cells were seeded at a density of 6.5
x 10° cells per cm” into a 96-well plate for 24 h and then
exposed to different temperatures in the range of 39-53 °C
with a 2 °C step increase (i.e., 39 °C, 41 °C, 43 °C, 45 °C,
47 °C, 49 °C, 51 °C and 53 °C) for 1 h. Afterwards, the media
were replaced with fresh aliquots and the cells were incubated
under normal culture conditions (37 °C, 5% CO,) for 24 h.
Effects of the hyperthermia treatment on cell metabolic
activity were evaluated through the MTT assay according to
the manufacturer’s instructions. Briefly, the activity of mito-
chondrial dehydrogenases in living cells was measured in
terms of absorbance at 570 nm (TECAN Spark) after 3 h of
exposure to MTT solution (0.5 mg mL™") in PBS at 37 °C and
5% CO,. The absorbance values obtained in the absence of
the cells were used for background subtraction. The cells not
exposed to hyperthermia were used as a control for normali-
zation. LTs, was calculated via curve fitting. Experiments were
performed in triplicate.

2.10 NP biocompatibility

A preliminary evaluation of the potential UCST NP side-effect
on cell biological activity was conducted through the MTT
assay. 6.5 x 10° cells per cm> were seeded into a 96-well plate
and incubated for 24 h. The NP suspension was heated to
43 °C and filtered twice: firstly, through a 0.45 pm nylon filter
and then through a 0.2 pm sterile nylon filter. The filtration
process did not lead to a significant mass loss of NPs and a
stock suspension at a concentration of 25 mg mL™" was pre-
pared. Serial dilutions of the latter, ranging from 2.5 mg mL ™"
to 25 ug mL™", were administered to SKOV3 and incubated for
24 h at 37 °C and 5% CO,. Then, the metabolic activity assay
was performed as discussed in the previous section.

2.11 Fluorescence staining and confocal microscopy for NP
internalization

Fluorescence microscopy was used to visualize the cellular
internalization of the NPs. SKOV3 cells were seeded at a con-
centration of 6.5 x 10° cells per cm? into an 8-well chamber
slide (Nunc Lab-Tek-8-chamber wells, ThermoFisher Scientific,
Italy) and incubated for 24 h. Then, NPs were filtered as
described in the previous section and administered at a con-
centration of 1.25 mg mL™". After 24 h, the cells were stained
with calcein-AM to confirm the cell viability following NP
internalization or fixed and stained with phalloidin-FITC and
Hoechst 2232 to observe the cell morphology and NP localiz-
ation. In the first case, the cells were incubated with 1 pM
calcein-AM (ThermoFisher Scientific, Italy) for 5 min and then
rinsed with fresh medium. In the second case, the cells were
fixed in paraformaldehyde (4% in PBS) for 15 min at RT and
then incubated 45 min with 0.5 pg ml™" phalloidin-FITC dye
(Sigma Aldrich - Merck, Italy). After washing three times with
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Tween (0.1% in PBS), cell nuclei were labeled with 1 puM
Hoechst 2232 (10 min incubation). Micrographs were collected
using a Nikon AR1+ equipped with an incubator and diode
lasers (Aexcitation 405/488/561/640 nm). The stained cells were
imaged with a 40x water immersion objective (A.N.1.15, WD
0.60). The pinhole was set to 0.9 Airy unit. 1024 x 1024 pixel
micrographs were acquired as z-stack images with a stem
equal to 0.3 pm.

2.12 Metabolic activity assay

Cell metabolic activity was evaluated following the adminis-
tration of the PTX-loaded NPs under hyperthermic con-
ditions to validate the potential therapeutic effect of drug
release mediated by the NP UCST behavior. SKOV3 cells were
seeded at the density of 6.5 x 10° cells per cm” in growth
medium and incubated for 24 h. PTX-loaded NPs (4.4 ngprx
mgyp ') were prepared as follows: the NP suspension was fil-
tered through a 0.45 pm nylon filter and a 0.2 pm sterile
nylon filter at 43 °C. The NP loading was performed as
described in section 2.7, starting from a polymer concen-
tration of 25 mg mL™".

The resulting suspension was added to the cells at a con-
centration of 1.25 mg mL™" and incubated at 37 °C for 24 h.
Successively, the cells were exposed to 43 °C hyperthermia
treatment for 1 h, followed by medium exchange and incu-
bation at 37 °C for 12 h or 24 h. The cells incubated with
pristine (i.e., non-encapsulated) PTX solution represented the
reference group. All conditions were set to have the same
final concentration of 1.3 nM drug in the culture medium
corresponding to the ICs, value (i.e., the concentration at
which the drug produces a 50% cell viability reduction, ESI})
under hyperthermia conditions. Additionally, the cells
treated with the same volume of DMSO (1% v/v) required for
the preparation of the drug solution are set as the internal
control to demonstrate the absence of evident cytotoxic
effects related to the administration of the organic solvent.
The MTT assay was performed as previously mentioned,
12 h and 24 h post-treatment Additionally, SKOV3 cells were
incubated with PTX-loaded NPs at 37 ©°C without the
hyperthermia stage following the same procedure.
Experimental data were collected from three independent
experiments for each condition.

2.13 Live/dead assay

The cell viability was evaluated through live/dead assay follow-
ing the cell uptake of the drug-loaded NPs and the hyperther-
mia treatment. 6.5 x 10° cells per cm® were seeded into a
12-well plate and allowed to adhere for 24 h (37 °C, 5% CO,).
The investigated conditions were the same as described in
section 2.12 (i.e., administration of PTX solution, PTX-loaded
NPs, and DMSO 1% v/v as internal control). After 24 h treat-
ment incubation, 1 h hyperthermia was performed and the
culture medium was replaced with fresh aliquots. Then, the
cells were incubated for 24 h at 37 °C. Subsequently, the
Cyto3DTM live-dead assay kit (TheWell Bioscience, Inc., North
Brunswick, New Jersey, USA) was used to determine the live/
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dead nucleated cells through a dual-fluorescence system of
acridine orange (AO) and propidium iodide (PI), both nuclear
staining (nucleic acid binding) dyes. Live nucleated cells fluor-
esced green and dead nucleated cells fluoresced red. The
samples were analyzed using a Nikon Eclipse Ti2 microscope
with a 10x (1.4 NA) objective equipped with a CrestOptics
X-Light V3 confocal spinning disk and a back illuminated
Kinetix sCMOS camera. Images were acquired with NIS
Elements 5.4 software and analyzed with the FIJI image proces-
sing package using the mean gray value of the green and red
channels separately, and then the green/red ratio was calcu-
lated as a representative of the cell viability. Zoomed insets
were obtained using FIJI “zoom in images and stacks action
tool”.

2.14 Statistical analysis

Data were analyzed using Prism ver. 10.1.1 (GraphPad
Software, San Diego, CA) and reported as mean + SD if not
otherwise specified. The statistical significance, set at the 0.05
level, was evaluated through one-way analysis of variance (one-
way ANOVA) followed by Tukey’s multiple comparison test.

3. Results and discussion

3.1 Characterization of p(SB-co-ZB) copolymers and
thermoresponsive behavior

First, the ZB monomer was synthesized in house by reacting
PCS and DMAEMA. The monomer purity and composition
were confirmed by NMR analysis (Fig. 1a). Then, the synthesis
of p(SB-co-ZB) copolymers with different monomer ratios was
performed via RAFT polymerization to ensure high control on
the polymer interchain composition and living end-group fide-
lity. The synthesis of the zwitterionic copolymers was con-
firmed by NMR and ATR-IR analyses. Fig. 1c shows the
'"H-NMR spectrum of p(110SB-co-90ZB), as the representative
copolymer, where the characteristic peaks of SB and ZB are
highlighted. In particular, the signals related to the vinyl
hydrogens of the monomers (at 6.09 and 5.71 ppm for ZB and
at 6.13 and 5.75 ppm for SB, Fig. 1a and b) are not detectable,
indicating the effective polymerization. Additionally, a slight
shift of the methylene ester peak of each monomer is visible.
The monomer conversion (y) was estimated considering the
integral of the vinyl protons and the methyl protons of the di-
methylammonium groups (-N*(CHj3),) according to the follow-
ing equation (eqn (4)):

6Am1

A3 39.48.49

x=1 (4)
where Ay is the area under curve (AUC) of the vinyl proton in
the monomer and A3z 39.45,40 is the AUC of the methyl protons.

The SB and ZB molar fraction (r) and the corresponding DP
in the synthesized copolymers were estimated by considering
the ratio between the integral (i.e., AUC) of the methylene peak
linked to the sulfate or sulfonate moiety (i.e., 47 and 37 for

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 'H-NMR spectra of the synthesized methacrylate ZB (a), SB (b),
zwitterionic copolymer p(110SB-co-90ZB) (c), and HEMACL; (d). Peaks
M1 and M2 are the residual vinyl groups of ZB and SB.
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—-CH,CH,S0;~ and -CH,CH,0SO;”, respectively) and their
sum according to eqn (5)—(8):

A
rep = ——t (5)
A7 +Az7
Azy
rzgg=—""— 6
» Ay + Azy (©)
A
DPgg = 200 x ——7 (7)
Ay7 + Asz
A
DPzg = 200 X ——/ (8)
Ay + Az

where 200 is the set DP for the copolymer. As an example, the
P(110SB-c0-90ZB) copolymer was characterized by rgg = 0.5545,
rzp = 0.4455, DPgg = 110.9 and DP,g = 89.1. The copolymeriza-
tion was also monitored through IR analysis, as shown in
Fig. 2. In detail, the following characteristic peaks in SB and
ZB can be recognized:*>>*° the C-H stretching in the wavenum-
ber range of 3200-2900 cm™', the ester carbonyl peak
(1714 cm™), the quaternary ammonium group (1480 cm™"),
the SO;~ stretching (v,s S=O at 1170 em™'; yy S=O at
1036 cm™" in the SB spectrum), the SO,~ stretching (v,s S—O
at 1222 em™'; ys S—O at 1021 cm™" in the ZB spectrum), and
the C=C stretching (1640 cm™"). In the spectrum of the
zwitterionic copolymer, the absence of the C=C absorption
band and the presence of the ~OH stretching at 3432 cm ™,
attributable to the RAFT agent, confirming the conjugation
between the two monomers (the secondary peak at 1659 cm™*
could be ascribed to the C=O0 stretching of the CPA carboxylic
acid group).

The synthesized copolymers were characterized in terms of
UCST behavior. Their phase transition in a physiological solu-
tion occurred in the temperature range of 13-21 °C and
resulted in the formation of liquid droplets (Fig. 3a) which,
through coalescence, gave rise to a homogeneous polymer-rich
phase. Upon UCST transition, the intra- and intermolecular
interactions of the polymer chains (i.e., hydrogen bonding and
electrostatic interactions) promoted the formation of polymer-
rich droplets, which exhibited a superficial hydration layer,
due to the solvation of the charged terminal groups and the
interfacial hydrogen bonding.*! The hydration shell minimizes
the adsorption of macromolecules from the external environ-
ment and enhances the stability of the separated phase. This
surface resistance, linked to the material hydrophilicity, is a
pivotal feature enabling the use of p(SB-co-ZB) for the design
of nanocarriers for drug delivery aims, thanks to the advantage
of preventing protein adsorption from the biological media
and reducing blood clearance and adverse immunological
responses.*”™** This behavior is not found in other UCST-type
polymers such as poly(acrylamide-co-acrylonitrile) copolymers,
ureido derivatives and poly(N-acryloyl glycinamide), highlight-
ing the potential specific benefits of betaine-based
polymers.>*4316

To characterize the thermoresponsive behavior for our
samples, we performed turbidimetry studies by cooling down
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Fig. 2 ATR-FTIR spectra of ZB (a), SB (b), the zwitterionic copolymer
p(110SB-co-90ZB) (c), HEMACLs (d), and UCST-type NPs (e). The main
characteristic peaks of the specimens are highlighted: C=O stretching
(light blue), C=C stretching (light red), the quaternary ammonium group
(orange) and the distinctive bands of the ZB sulfate group, the SB sulfo-
nate group and HEMACLs C-C(=0)-0 (violet).

the polymer solutions (5 mg mL™") from 35 °C, and we defined
as the cloud point (Tp) the temperature leading to a reduction
to 50% of the initial transmittance, indicative of the UCST be-
havior. We observed that by reducing the units of ZB in the
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copolymer (and hence DP,g), the temperature for this polymer
phase separation decreased with a linear trend (Fig. 3b and
ESIT). This provided us with a powerful tool for tuning the
phase separation of these zwitterionic copolymers by simply
acting on the stoichiometry of the RAFT copolymerization of
SB and ZB.

This tuning can be therefore advantageously exploited to
adapt the material response to the specific drug delivery appli-
cation of interest.

3.2 Characterization of UCST-type NPs

After having assessed the UCST behavior for the betaine-based
copolymers, we synthesized a library of thermoresponsive
zwitterionic NPs through the combination of the p(SB-co-ZB)
copolymers and the HEMACL,, macromonomers (where 7 is
the length of the oligocaprolactone chain, equal to 3 or 5). The
latter were produced via ROP and used as chain extenders of
the zwitterionic counterpart (which works as a macromolecu-
lar chain transfer agent) via RAFT emulsion polymerization,
grafting hydrophobic motifs to the polymeric chain (Fig. 4a).
The "H-NMR spectrum of the caprolactone-based macro-
monomer HEMACL; is shown in Fig. 1d, where the signals
related to the vinyl protons are clearly visible at 6.07 ppm and
5.53 ppm; additionally, IR analysis (Fig. 2d) shows the charac-
teristic peaks of the C-C(=0)-O band in the range of
1100-1250 cm ™}, C=0 stretching at 1720 cm ™, C-H stretching
at 2850-3000 ecm™' (v, CH, at 2930 cm™'; vs CH, at
2875 cm™') and ~OH stretching at 3400 em™". Similar consider-
ations can be inferred from the HEMACL; spectrum (ESIY).

The chemical characterization of the synthesized NPs was
performed via IR analysis. As reported in Fig. 2e, the distinc-
tive peaks of the starting materials can be identified (i.e., C=0
stretching, the quaternary ammonium group, sulfate and sul-
fonate bands), confirming the comb-like structure of the final
block copolymer.

Following RAFT emulsion polymerization, we obtained NPs
characterized by a spherical morphology (Fig. 4b) with a
narrow particle size distribution (Table 1). In particular, the
average hydrodynamic diameter (Dy) was affected by the
number of caprolactone units in the copolymer. Indeed, DLS
analysis showed the NP size in the range of 16-26 nm when
HEMACL; was used as the macromonomer, whereas the hydro-
dynamic diameter was in the range of 170-300 nm for
HEMACLs-based NPs. Considering that the DP of HEMACL,
was set to 20 for all specimens, the effect on the NP size could
be ascribed to the length and the steric hindrance of the lipo-
philic chain, which promoted a different self-assembling.*®

The UCST behavior of the NPs was evaluated via DLS in
physiological solution by recording the NP size as a function
of temperature, setting a heat-up ramp of 1 °C/5 min. The T,
was defined as the temperature corresponding to the inflection
point of the obtained curves size vs. temperature. Below this
critical temperature, the formation of a polymer-rich phase led
to a cloudiness of the sample and a refractive index change
detected by DLS measurement. As reported in the example of
Fig. 4c (see also the ESIf), the NPs present a constant

This journal is © The Royal Society of Chemistry 2024
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(a) RAFT emulsion polymerization using the generic zwitterionic copolymer (DP = 200) as a macromolecular chain transfer agent and

HEMACL,, as a monomer and the consequent NP formation. (b) TEM image of the 110-90-5 NPs recorded by staining the warm polymer suspension
above its Tcp. (c) Representative curve of the hydrodynamic diameter of the NPs as a function of the temperature. The T, is highlighted in red
(39.6 °C) and evaluated as an inflection point of the curve. According to the UCST behavior, the NPs resulted in micrometric clusters below T, due
to the phase separation, whereas they were well-dispersed at temperatures higher than T.,. The graph is related to the NPs composed of p(110SB-
co-90ZB) and HEMACLs, as an example. (d) Correlation between the T, of NPs and the units of ZB in the zwitterionic portion of the polymer: upon
increasing ZB, the UCST threshold increases. Data related to the NPs containing HEMACL; are reported in blue, whereas the data of HEMACLs-based

NPs are reported in black.

hydrodynamic diameter above the UCST threshold, indicating
a stable nanosystem. This is ascribed to the exposure of the
hydrophilic p(SB-co-ZB) to the NP surface, providing colloidal
stability. On the other hand, a significant size increase occurs
below the T, with a decrease of the scattering intensity
recorded by DLS, which indicates the formation of large NP
clusters/agglomerates generating a separated phase over time
(movie in the ESIT). This behavior can be justified considering
the phase separation of the polyzwitterionic chains, which in
this hydrophobic state are no longer able to provide colloidal

This journal is © The Royal Society of Chemistry 2024

stability and hence to prevent the aggregation of multiple NPs.
This characteristic response for polymers exhibiting a UCST
and grafted to hydrophobic chains has been confirmed by pre-
vious studies.?®***” All the investigated NPs exhibited this be-
havior, confirming the thermoresponsive feature inherited by
the betaine-based copolymers. In fact, a linear correlation
between the SB/ZB ratio and the T, already observed for p(SB-
c0-ZB) can be reconfirmed for these block copolymers
(Fig. 4d). The T, decreased with reducing the ZB units, in
analogy to the behavior of the pristine zwitterionic copolymer.
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Table 1 NP size, polydispersity index (PDI), {-potential and T,. The NP size and PDI were measured at 45 °C above the cloud point for all the

samples
Composition

NPs name Copolymer Macromonomer Dy (nm) PDI (-) ¢-Pot. (mV) Tep (°C) Thyp (°C)
105-95-3 P(105SB-c0-95ZB) HEMACL; 16.6 0.24 -9.1 28.1 30
110-90-3 p(110SB-c0-90ZB) 20.9 0.25 -9.7 27.3 29
115-85-3 p(115SB-co-85ZB) 23.3 0.25 -9.2 21.4 24
120-80-3 P(120SB-c0-80ZB) 24.4 0.35 -7.9 15.6 20
125-75-3 p(125SB-co-75ZB) 26.3 0.31 -8.1 13.5 15
105-95-5 P(105SB-c0-95ZB) HEMACLs 174 0.22 -9.3 42.8 48
110-90-5 P(110SB-c0-90ZB) 185 0.24 -9.2 39.6 43
115-85-5 p(115SB-c0-85ZB) 256 0.28 -9.3 37.3 39
120-80-5 P(120SB-co-80ZB) 289 0.22 -9.3 36.4 40
125-75-5 p(125SB-c0-75ZB) 302 0.31 9.4 29.7 34

However, the conjugation of HEMACL,, led to an increase of
the T, in all NPs compared to the values corresponding to the
pristine zwitterionic copolymers, and this variation was higher
with the use of the longer chain (i.e., HEMACL;). This might
be related to the reinforced inter-/intra-molecular hydrogen
bonding and van der Waals interactions between the hydro-
phobic moieties, due to the increased chain length.*” It can be
speculated that higher heating temperatures are required to
decrease the enthalpic attraction in combination with hydro-
phobic effects in chain-chain interactions,*® leading to an
increase in T, value.

Table 1 summarizes the size, {-potential, and T, values for
all synthesized NPs. The specimens are labelled referring to
their zwitterionic-caprolactone composition: as an example,
NPs 110-90-5 refers to the nanocarriers obtained by polymeriz-
ation between p(110SB-c0-90ZB) and HEMACL;.

Additionally, Ty, indicates the first temperature value at
which NPs are well dispersed (lower plateau), with the zwitter-
ionic portion extended in the water phase. This temperature
represents the reference for the hyperthermia conditions.
Indeed, at Tjyp, the NPs are dispersed and the hydration of the
zwitterionic layer as well as the drastic increase in the surface
exposed to the buffer solution can promote the enhanced
release of an encapsulated drug.

Referring to these considerations, the design of zwitterionic
NPs with tunable UCST behavior and size can be performed
through the rational combination of zwitterionic copolymers
and lipophilic counterpart. Indeed, at a constant SB/ZB com-
position, changing the length of the caprolactone-based
macromonomer results in nanocarriers with different T
values to address specific application needs. In this work, we
have selected NPs exhibiting a T, closest to the thermotoler-
ance value of the investigated cell line (i.e., 43 °C, as discussed
in section 3.4). 110-90-5 NPs were characterized by a T, =
39.6 °C and a Tyyp, = 43 °C, equal to the boundary value of
SKOV thermotolerance and chosen as a candidate for the
evaluation of the therapeutic benefits.

It is worth highlighting that slightly negative surface poten-
tials were invariably measured for all the samples. Although
the zwitterionic monomers SB and ZB are expected to be elec-

12644 | Nanoscale, 2024, 16, 12635-12649

troneutral because of the balance between the negative sulfate/
sulfonic groups and the positive ammonium groups, the nega-
tive {-potential was ascribed to the RAFT agent exploited in
polymer synthesis. As shown in Fig. 4a, it displays a carboxyl
group, which is expected to be dissociated at physiological pH.
However, the low absolute value of the {-potential is expected
not to play a major role in the NP uptake by the cells.

3.3 On-demand drug release

The performance of our UCST-type NPs as thermoresponsive
drug delivery systems was investigated using PTX as a candi-
date drug. PTX is a diterpenoid taxane derivative, commonly
used as an antineoplastic agent in ovarian cancer treatment, to
inhibit cell proliferation and metabolic activity.” The drug
loading was performed at 45 °C, a temperature that ensures
the proper dispersion of the NPs and prevents the thermal
degradation of the chemotherapeutic, preserving its
effectiveness.*>>® The resulting encapsulation efficiency was
98.9% as detected by HPLC and the drug loading content
equal to 4.95%. We investigated the PTX release at two
different temperatures: 37 °C and 43 °C, below and above the
T.p of the NPs. These values are representative of the physio-
logical and hyperthermia conditions, respectively. As reported
in Fig. 5, at 43 °C, PTX release was almost completed in 2 h,
with ca. 85% of the encapsulated amount released after 1 h,
whereas at 37 °C, the drug was efficiently retained in the NPs
for a longer time, with ca. 4.5% of PTX released up to 24 h.
These results confirmed the opportunity to control the drug
release by changing the thermal conditions according to the
UCST behavior of the NPs and their potential as stimuli-
responsive drug release systems. In fact, a fast release of PTX,
largely driven by diffusion mechanisms,*® occurred above the
Tep (i.e. at 43 °C), whereas under physiological conditions,
below T, (i.e., 37 °C), the NPs were capable of retaining the
encapsulated drug over time. These considerations point out
the proposed NPs as a switchable temperature-triggered drug
delivery system. The NP suspension could be stored in the coa-
gulated state below T, until use, then pre-heated above the
UCST threshold to encapsulate the drug, and finally adminis-
tered to the cells under physiological conditions. Indeed, only

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Release profiles of PTX delivered by p(110SB-co-90ZB)-b-
HEMACLs NPs at 43 °C (red) and 37 °C (black) measured by HPLC.

after hyperthermia stimulation, the NPs would rapidly release
the drug, establishing an on-demand drug delivery strategy.

3.4 Cell viability and NP internalization

SKOV3 cells were chosen as a representative ovarian cancer cell
line exhibiting a significant tolerance to hyperthermia treat-
ments.*® We exposed the cells to 1 h hyperthermia, equivalent
to the duration of hyperthermic intraperitoneal chemotherapy
(HIPEC), at different temperatures, and we evaluated the cell
thermal sensitivity. SKOV3 cells preserved their viability and
metabolic activity up to 43 °C (cell viability post-treatment
98.8%) and were characterized by a LTs, equal to 47.7 °C
(Fig. 6a). This suggested that at 43 °C, a common temperature
for hyperthermia treatments, the cells were resistant and no
hyperthermia-related cytotoxic effects or necrosis could be
induced. Evidently, the cell thermotolerance restricts the
efficacy of the traditional HIPEC-based antitumor treatments
and introduces the necessity of alternative strategies. In par-
ticular, the chosen 110-90-5 NPs represent a promising candi-
date for on-demand drug delivery stimulated by hyperthermia
at 43 °C. Indeed, due to their UCST behavior, they would
enable the intracellular release of PTX at the target
temperature.

To evaluate the cytocompatibility of pristine NPs (without
drug payload), a preliminary analysis was conducted via the
MTT assay. NP suspensions at different concentrations were
pre-heated to 43 °C and directly added to the cell medium.
Their effect on cell viability was then assessed after 24 h.
Fig. 6b reports that the NP-treated cells showed no significant
differences compared to the control (ie., cells without the
NPs) up to a concentration of 1.25 mg mL ", indicating that
the NPs were biocompatible. A slight cytotoxic effect (cell viabi-
lity 80%) was found at 2.5 mg mL™' (p < 0.05) only. Dose-
dependent cell responses are usually established to define the
optimal concentration range which avoids lethal accumulation
of NPs in tissues and organs.’'"*?

According to these data, we selected the concentration
1.25 mg mL™" for the investigation of the NP-mediated thera-

This journal is © The Royal Society of Chemistry 2024
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peutic effects in hyperthermia. The NPs were labeled with Cy7
(Fig. 6¢), as described in section 2.6, to ensure their in vitro
tracking. The functionalization did not significantly affect the
physicochemical properties of the nanosystems. The internal-
ization process of NPs was assessed by fluorescence
microscopy (Fig. 6d), with confocal images showing the NP
distribution in the cytosol after 24 h administration (3D ren-
dering of z-stack micrographs is provided in the ESIf). This
confirmed the uptake of the nanocarriers and their potential
as drug delivery systems in the hyperthermia treatment of
ovarian carcinoma.

3.5 Effect of hyperthermia-induced release of PTX in SKOV3

The validation of our drug-loaded thermoresponsive system
was performed in vitro, comparing the therapeutic effect of
NP-mediated PTX release with the conventional administration
route of the drug under hyperthermia conditions. We incu-
bated both drug-loaded NPs and free PTX (i.e., non-encapsu-
lated) for the same time and then treated cells with 1 h
hyperthermia at 43 °C. As a further comparison, an in vitro
evaluation was conducted also at 37 °C, without hyperthermia
treatment, to demonstrate the potential of the proposed NPs to
act as drug reservoir under physiological conditions and limit
the cytotoxic effects in the absence of thermal activation. The
drug concentration was set equal to 1.3 nM, corresponding to
the sublethal value ICsq, as estimated through the dose-
response curve at 24 h post-hyperthermia on SKOV3 cells cul-
tured in adhesion using the MTT assay (ESI}). Fig. 6e shows
the evaluation of the cell metabolic activity through the MTT
assay up to 24 h. Following hyperthermia, the NP UCST behav-
ior promoted an intracellular release of PTX, resulting in an
enhanced therapeutic effect of the drug.

In detail, after 24 h, the NP-mediated drug delivery
(PTX-NPs) reduced the cell viability to 14% (p < 0.0001 vs.
CTRL), indicating an effective impact on cell metabolism
which outperformed the conventional drug administration
route (p < 0.0001 vs. PTX) characterized by a 3.5-fold higher
cell viability. This confirmed that the administration of PTX-
loaded NPs, thanks to their thermoresponsive behavior,
boosted the therapeutic effect of the drug. Furthermore, the
cells ordinarily incubated with our nanosystems (i.e., 37 °C,
without hyperthermia) did not show significant PTX-mediated
effects (81% cell viability, at 24 h) in accordance with the NP
capability to retain the drug below the UCST. Under these con-
ditions, the administration of PTX in the free form resulted in
a more pronounced effect on cell metabolism (reduction of via-
bility to 60%, p < 0.01 vs. PTX-NPs), which was, however, less
effective than the outcome related to our drug-loaded NPs in
hyperthermia treatment. This verified that our NPs could
retain the payload until exposure to hyperthermia (i.e., temp-
erature above UCST), resulting in a smart on-demand drug
delivery system capable of switching its behavior according to
the external thermal stimuli.

These results were further validated by a live/dead assay
performed on the cells following the hyperthermia treatment.
As reported in Fig. 7, the confocal micrograph related to
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Fig. 6 (a) Temperature—response curve of SKOV3 viability using the MTT assay. The solid line represents the fitted curve according to the four-parameter
logistic curve, defining an LTso of 47.7 °C. The hyperthermia conditions (43 °C) and the corresponding cell viability are marked in red dashed lines. (b)
Cytocompatibility of the NPs by the MTT assay. Viability levels have been normalized to the CTRL group (i.e., untreated cells) and expressed as the mean +
SD. (c) Scheme for the synthesis of the fluorescent HEMA-Cy7 monomer and the structure of the resulting dye-labelled copolymer. (d) Representative con-
focal micrographs of the internalization of Cy7-labelled NPs (in red) in SKOV3 (treated) after 24 h from hyperthermia treatment. Micrographs of the
untreated cells are also reported (untreated). Actin cytoskeleton (in green) was stained with FITC-labeled phalloidin and nuclei (in blue) were counter-
stained with Hoechst 2232. Scale bar = 20 um. (e) PTX-induced cytotoxicity in SKOV3 at 12 h and 24 h after the administration of the free drug (PTX) and
drug-loaded NPs (PTX-NPs) following exposure to hyperthermia treatment and without it, respectively. In all groups, the therapeutic effects are expressed
in terms of cell viability levels normalized against their internal controls (i.e., untreated cells, dashed line) measured through the MTT assay. The cells
treated with the same volume of DMSO (1% v/v) required for the preparation of the drug solution are set as an additional control (CTRL), highlighting the
absence of relevant cytotoxic effects related to the organic solvent. The results are the mean + SD of three independent experiments. Statistical analysis
was performed using one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Non-significant outcomes (i.e., ns) are intended for all compari-
sons not highlighted in the graph; they are not reported for the sake of clarity.
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Live/dead cell ratio (-)

Fig. 7 Representative images from the live (green)/dead (red) assay in SKOV3 cells after 24 h administration of the NPs, free drug (PTX), and drug-
loaded NPs (PTX-NPs) following exposure to hyperthermia treatment using a dual-fluorescence system. The cells treated with the same volume of
DMSO (1% v/v) required for the preparation of the drug solution are set as internal the control (CTRL) and the untreated cells (dashed line) are set as
the reference. Scale bar, 100 pm. The results are the mean + SD of the live/dead cell ratio of three independent experiments. Statistical analysis was
performed using one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Non-significant results (i.e., ns) are intended for the compari-
sons not highlighted in the graph; they are not reported for the sake of clarity.

PTX-NP administration shows a lower cell survival, as clearly
visible by the high number of red-stained cells (dead nucleated
cells) compared to SKOV3 cells treated with a non-encapsu-
lated drug (p < 0.05 vs. PTX).

Overall, our results confirmed the efficacy of NP-encapsu-
lated PTX, demonstrating a clear advantage of the thermo-
responsive zwitterionic NPs as carriers of the chemotherapeu-
tic agent, which overcome the limitations in hyperthermic
treatments of thermoresistant cells. In particular, these out-
comes can be considered a preliminary in vitro validation of
the proposed nanosystems and represent a reliable basis for
their test in in vivo tumor models looking for anticancer
hyperthermia-based therapies. Indeed, the assessment of the
formulation in a three-dimensional tumor environment
mimicking the effective tumor heterogeneity and architecture,
including the presence of pathophysiological barriers, ensures
a more in-depth evaluation of the therapeutic benefits.>® This
could lead to the definition of novel treatments in diseases
still lacking a therapy, such as ovarian carcinoma.

4. Conclusion

In this work, we have proposed the synthesis of zwitterionic
UCST-type NPs and their innovative use under conditions
mimicking the tumoral hyperthermia treatments. NPs with
tunable composition, size and UCST behavior can be produced
through the combination of RAFT and ROP polymerization to
meet specific thermoresponsivity. We have demonstrated that
by changing the stoichiometry of the polymerization reactions,
i.e., the SB/ZB ratio and the length of the lipophilic oligoester,

This journal is © The Royal Society of Chemistry 2024

it is possible to modulate the macromolecular architecture of
the NPs and their phase separation/dispersion as a function of
temperature. Thanks to the synthetic route, the NPs can be
synthesized ad hoc to be responsive at the desired temperature,
such as the one involved in hyperthermia therapeutic treat-
ments. We have validated our NPs as drug delivery systems in
the hyperthermic treatment of SKOV3, an ovarian cancer cell
line exhibiting thermoresistance up to 43 °C. The NPs could
be internalized by the cells and trigger drug release at the
target temperature (43 °C) according to their UCST. The NP-
mediated intracellular release of PTX, a common chemo-
therapy drug, led to an enhanced therapeutic effect outper-
forming the conventional non-encapsulated drug adminis-
tration route. Overall, these results suggest that zwitterionic
UCST NPs may represent a promising and innovative
hyperthermia-based approach to counteract the progression of
ovarian carcinoma, in particular overcoming the constraint of
the thermotolerance of specific cell lines, which significantly
reduce the potential of hyperthermic intraperitoneal
chemotherapy.
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