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Abstract

The present work investigates the potentiality of poly(N-vinyl caprolactam) (PVCL)-based
thermoresponsive microgels decorated with cationic polymer brushes as drug delivery carriers. The
effect of physico-chemical features of the colloids on cell viability response have to be carefully
investigated to establish the range of suitable hydrodynamic diameters, crosslinking densities,
lengths and ratios of the cationic polyelectrolyte shell which allow their efficient and effective use
for cargo loading, transport and delivery. The colloidal stability of all cationic thermoresponsive
microgels is maintained over several days of incubation at 37 °C in biological mimicking medium

(Dulbecco’s Modified Eagle’s Medium supplemented with fetal bovine serum). The thin cationic



polymer shell covalently anchored does not hinder the all range of microgels to be biocompatible
while the higher cytotoxicity of the doxorubicin-loaded microgels on HelLa cells proves their anti-
tumor activity. The core-shell PVCL drug delivery nanocarriers allow a sustained release of
doxorubicin with a slightly higher viability of HeLa cells incubated in the presence of DOXO-
loaded microgels compared to the free DOXO. The nature of the endocytosis pathway is
investigated through a quantification of the extent of the cellular survival rate in the presence of

various cellular uptake inhibitors. A clathrin-dependent internalization was observed.
Keywords: Cationic thermoresponsive microgels, in-vitro drug delivery, cell internalization

pathway

Introduction

In the field of human disease therapies and, more specifically, cancer therapies,
pharmaceutical molecules (drugs, proteins, nucleic acids) are usually administered intravenously,
which generally leads to short residence time, limited targeting and penetration of tumor tissues,
toxic reactions in healthy tissues, and limitations to reach optimal effective doses.[1] Therefore, a
major challenge consists in designing drug carriers in order to improve the safety and efficacy of
therapeutic agents. Drug delivery systems (DDS) are ideally suitable to protect the active
compounds from the surrounding environment (preventing their early degradation), consequently
increasing their in-vivo circulation to deliver the drug concentration required for an optimal
therapeutic efficacy, without damaging the healthy cells or tissues.[2, 3] Thus, a robust delivery
platform needs to satisfy some requirements. First of all, the size of the carrier is an important
parameter to consider since it plays a key role in its degradation, its cellular uptake and its blood

circulation life, among other functional aspects.[4-6] For instance, the size of the vehicle should be



large enough to prevent rapid leakage in blood capillaries but small enough to escape the capture
of macrophages in the reticuloendothelial system (RES), i.e., sizes ranging from a few tenths to a
few hundreds of nanometers. Biocompatibility and non-toxicity are also imperative criteria for a
suitable delivery system.[7, 8] Among the different systems that have been envisaged as
nanocarriers for therapeutics, submicronic polymeric nanogels or microgels are very promising
candidates due to their versatile properties such as easy production and functionalization, large
surface area, porous network, high loading capacity and potential responsiveness to environmental
factors of some varieties, which allows a triggered release of the therapeutics.[9-17]
Thermoresponsive nano/microgels that undergo a volume phase transition in aqueous media upon
subtle temperature changes have attracted interest as DDS within the last past years in order to
control the sustained drug release and uptake performance when collapsing.[1, 2, 18-23] Among
the different classes of thermoresponsive polymers, poly(N-vinylcaprolactam) (PVCL) has proven
to be very attractive to design nano/microgels for biomedical applications thanks to its
biocompatibility and lower critical solution temperature in the range of the physiological
temperature.[24-29]

Polymeric cationic vehicles are of special interest due to their ability to interact with the
negatively charged cell membrane facilitating their cellular uptake.[2] Moreover, they can strongly
interact with negatively charged relevant biological molecules such as DNA and siRNA (whose
charge and size make them non-permeable to cell membranes) facilitating their delivery into
cells.[30-34] Cationic thermoresponsive microgels have also been conjugated with anionic dyes
for bio-imaging applications.[35] The present work aims to investigate the in-vitro bioactivity of
the original core-shell microgels as drug delivery nanocarriers to combine the advantage of the
highly accessible covalently anchored cationic outer shell with the ones of a crosslinked

thermoresponsive core with encapsulation capacity. We have previously reported the synthesis in
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aqueous dispersed media of this type of microgels using a strategy to covalently anchor the cationic
polyelectrolyte exhibiting permanent cationic charges with the PVCL chains forming the
crosslinked microgels.[36] The potential use of this cationic PVCL-based microgels for biomedical
applications is conditioned by their stability in different biological mimicking media and their in-
vitro cytotoxicity towards different cell lines. These properties are studied in the present work for
a series of microgels with various structural features (crosslinking degree, length and ratio of the
cationic polyelectrolyte and microgel swelling ratio) before to investigate the cellular uptake of the
cationic PVCL-based microgels by confocal microscopy and more precisely their internalization
pathway into HeLa cells by means of inhibition uptake experiments (Scheme 1). To complete the
study, a model anticancer drug (doxorubicin, DOXO) is loaded into the PVCL-based microgels in
order to test their potential use as chemotherapeutic drug delivery systems for cancer treatment.
Attention is thus paid to the drug release profiles of selected microgels and to the cytotoxicity of

the DOXO-loaded microgels on HeLa and RAW cell lines.
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Materials and Methods

Materials

Reagents and cell lines

N-Vinylcaprolactam (VCL, Sigma Aldrich, 98%), ethylene glycol dimethacrylate (EGDMA,
Sigma Aldrich, 98%), potassium persulfate (KPS, Sigma Aldrich, 99%), sodium bicarbonate
(NaHCO3, Sigma-Aldrich, 99.7%), 2,2'-Azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride
(ADIBA or VA-044, Wako, 99%), 4,4'-azobis(4-cyano)pentanoic acid (ACPA, Fluka, 98 %),
cetyltrimethylammonium bromide (CTAB, Sigma Aldrich, 99%),
tris(hydroxymethyl)aminomethane hydrochloride (TRIZMA, Sigma Aldrich, 99%) and 1,3,5-
trioxane (Sigma Aldrich, 99%) were used as received. [2-(acryloyloxy)ethyl]trimethylammonium
chloride solution (AETAC, Arkema, 98 wt-% in water) was passed under inhibitors remover
(Sigma Aldrich, 0.1 g in order to purify 50 mL of monomer) before use. Double deionized (DDI)
water was used for the microgel synthesis. Dulbecco’s Modified Eagle’s Medium (DMEM),
Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12 Ham (DMEM/F-12), sodium
pyruvate solution (100 mM) and non-essential amino acid solution were purchased from Life
Sciences. Fetal Bovine Serum (FBS), Cell Counting Kit-8 (CCK-8), chlorpromazine hydrochloride
(98%), phosphate buffered saline (PBS, 10x concentrate, BioPerformance Certified, suitable for
cell culture, NaCl 0.137 M, KCI 0.0027 M, Na2HPO4 0.01 M, KH2PO4 0.0018 M), triton X-100,
doxorubicin hydrochloride (98-102%, Scheme 1) and fluorescent dye rhodamine 6G (R6G, red,
99%, Scheme 1) were obtained from Sigma Aldrich. Trypsin-EDTA (0.25%), phenol red and
penicillin-streptomycin (10,000 U/mL) were supplied by Gibco, ThermoFisher Scientific. D (+)-

Sucrose (99%, RNAse and DNAse free) was obtained from Acros Organics. Paraformaldehyde



was acquired from Fisher Scientific. 4’-6-diamidino-2-phenylindole dihydrochloride, ProLong
Gold antifade (DAPI, blue) was supplied by Invitrogen.
Cervical cancer HeLa cell line was obtained from Cell Biolabs and RAW 264.7 cell line from

ATCC, Manassas, Virginia.

Synthesis of PVCL-based microgels.

PVCL-based microgels were synthesized following the previously reported [36] by batch emulsion
copolymerization of N-vinylcaprolactam (VCL) monomer and ethylene glycol dimethacrylate
(EGDMA) crosslinker stabilized by a reactive poly([2-(acryloyloxy)ethyl]trimethylammonium
chloride) P(AETAC-X) which was synthesized by controlled radical polymerization (see details of
microgel synthesis and characterization in Electronic Supplementary Materials, Table S1 and
Table S2). The codes of the microgels displays the different experimental parameters used for their
synthesis, like for instance SC1-PX7s 4-E4. SC represents the initial solids content, the number
following indicates the wt-% of VCL based on water, PXy is the reactive cationic polymeric
stabilizer with n the degree of polymerization, the number following indicates the wt-% of
stabilizer based on VCL and E corresponds to EGDMA crosslinker, the number following indicates

the wt-% of EGDMA based on VVCL.

Methods

Cell culture. The cervical HelLa cancer cell line was grown in a medium composed of DMEM, 1
vIv% penicillin-streptomycin, 1 v/v% sodium pyruvate, 1 v/v% amino acid and 10 v/v% of FBS.
The same medium was used for the growth of RAW cell line but DMEM/F-12 was used instead of

DMEM. Both cell lines were grown in an 5% CO2-95% air atmosphere at 37°C. After attaining 80-



90% confluence, cells were harvested using trypsin (0.25%)-EDTA. Cell count was conducted
using an automated cell counter (Multisizer 3 Beckman Coulter Cell Counter).

Colloidal stability of bare PVCL-based microgels in biological mimicking media. The colloidal
stability of bare PVCL-based microgels was tested at 37°C under slow stirring for 13 days, by
dilution of the samples (0.05 mg.mL™) in different biological mimicking media: cell culture
medium (DMEM) supplemented with 10% FBS (pH 8.4), PBS (pH 7.4) and PBS supplemented
with 10% FBS (pH 7.4). Stability of the microgels was also assessed in water, following the same
procedure. The evolution of the hydrodynamic diameter (Dn) of the microgels along the incubation
time was monitored by dynamic light scattering (DLS) using a Zetasizer Nano ZS instrument
(Malvern Instruments). Samples were allowed to equilibrate at 37°C for 2 min before analysis.
Doxorubicin loading and release. Microgel dispersions at 2 mg.mL™? in water and a DOXO
solution at 1 mg.mL™ in water were prepared and heated to 37°C using an oil-bath. Then, 500 pL
of the microgel dispersion and 100 pL of the DOXO solution were mixed together at 37°C for 5
min and then the mixture was kept at 4°C for 24 h. Subsequently, microgel particles were separated
from the aqueous solution containing free DOXO through centrifugation for 1 h at 15 000 rpm and
15°C. Supernatants were collected, kept away from light and analyzed by UV-Vis spectroscopy at
488 nm (Cary 50 spectrophotometer, Agilent Technologies, Germany) in order to determine the
amount of encapsulated DOXO. A previously obtained calibration curve for DOXO in water was
used (Abspoxo, 488 nm = 19.691 x [DOXO] + 0.027, with [DOXO]: DOXO concentration in mg.mL"
1. Drug loading (D.L.) and entrapment efficiency (E.E.) were calculated using the following

equations:



DL = weight of the drug in micragel dispersion (mg) « 100
e weight of polymer + weight of the drug in microgel dispersion (mg)

Equation 1

weight of the drug in nanogel dispersion (mg)

E.E.% = x 100 Equation 2

weight of feeding drug (img)

The in-vitro release of DOXO from selected microgels (1 mg.mL™) was assessed by a dialysis
method. Release of free DOXO was also performed as a control in order to take into consideration
the simple diffusion of the free drug through the semipermeable membrane. DOXO-loaded SC1-
PX764-E4, SC1-PX76 8-E8 and SC1-P X9 4-E4 microgel dispersions were dialyzed at 37 °C against
two different serum-containing (10 % (v/v) FBS) buffer solutions: sodium acetate/acetic acid (SA)
buffer solution (pH 5.5) and phosphate buffer saline (PBS) solution (pH 7.4). The DOXO release
concentration in the release medium was determined spectrophotometrically at 488 nm. All

experiments were performed in triplicate.

In vitro cell cytotoxicity assays. Cytotoxicity of bare PVCL-based microgels was evaluated on
cervical HeLa and RAW 264.7 cell lines utilizing the Cell Counting Kit-8 (CCK-8) cytotoxicity
assay.[37, 38] Both cell lines were seeded in 96 well-plates at a density of 5000 cells per well in
100 pL of growth medium (DMEM for HeLa cells and DMEM/F-12 for RAW cells, respectively)
and allowed to grow for 24 h at 37°C. Then, the medium was removed and cells were exposed to
100 pL of various concentrations of cationic poly(N-vinylcaprolactam)-based microgels (Test 1:
[Microgel] = 0.005; 0.05; 0.1; 0.25; 0.5 and 1 mg.mL™ - Test 2: [Microgel] = 0.5; 1; 2; 3.5; 5 and
10 mg.mL1) dispersed in growing media for further incubation at 37°C in a 5% CO, atmosphere
for 24 and 48 h. After incubation, 10% CCK-8 solution per well was added and incubated for 1 h

for RAW cell line and 90 min for HeLa cell line. The absorbance of viable cells was subsequently



measured at 450 nm using an UV-Vis microplate absorbance reader (Microplate Manager 5.0, Bio-
Rad Laboratories, USA). The non-treated cells served as a 100% cell viability control (blank).

Survival percentage or cell viability was calculated as follows:

AbStreated cells— ADS microge H
% Cell viability = —-treated cells” P¥microgel o 100 Equation 3

AbsSyntreated cells

where AbStreated cells IS the absorbance at 450 nm of cells incubated in the presence of microgels, and
ADSuntreated cells 1S the absorbance at 450 nm of control cells in the absence of microgel particles. The
absorbance of microgels at 450 nm was substracted to the absorbance of treated cells for each
microgel concentration.

The same procedure was followed to study the DOXO-loaded microgel cytotoxicity on RAW and
HeLa cell lines after 24 h of incubation. Cells were exposed to various concentrations of DOXO-
loaded microgels: [DOXO-loaded microgel] = 2; 1; 0.5; 0.25 and 0.1 mg.mL™.

For each microgel, the concentration of DOXO (Table S4) was calculated according to equation 4

by using the microgel weight concentrations and the entrapment efficiency (see Table S2).

Microgel] x E.E x 1073

[DOX0](uM) = ([ ) x 10° Equation 4

Mpoxo

where E.E is the entrapment efficiency ( Equation 2) and Mpoxo is the DOXO molar mass (Mpoxo
=579.98 g.mol™?).

Cellular uptake by fluorescence microscopy. Prior to the cellular uptake experiments, the microgels
were labeled with rhodamine 6G (Zexc = 530 nm) according to the following procedure. Microgel
dispersions at 1 mg.mL™ in water and a solution of rhodamine 6G at 10 mg.mL* also in water were

prepared and heated to 37°C in an oil-bath. Then, 1 mL of the microgel dispersion and 400 pL of



the rhodamine solution were mixed together at 37°C and the mixture was kept at 4°C for 24 h.
Subsequently, microgel particles were separated from the aqueous solution containing free R6G
through four successive centrifugations for 1 h at 15 000 rpm and 15°C. After centrifugations, the
resulting pellet was re-dispersed in cell culture medium at the desired concentration. As a
concentrated solution of R6G in water (10 mg.mL™?) was used, several centrifugations were
required to separate the R6G-loaded microgels from free R6G. The cellular uptake of R6G-loaded
microgels was followed by confocal fluorescence microscopy. HeLa cells were seeded on poly-(L-
lysine) coated glass coverslips (12 x 12 mm) placed inside 6 well-plates (15 x 10* cells/well with
3 mL of DMEM), and allowed to grow for 24 h at standard culture conditions. The growth medium
was then removed, and 500 pL of a dispersion of R6G-loaded microgels in DMEM at a
concentration of 0.5 mg.mL™? and 2.5 mL in DMEM were added to each well. Cells were then
incubated for 3 and 24 h, respectively. For energy-dependent uptake experiments at 4°C, cells were
pre-incubated at 4°C with serum-free DMEM for 1 h, followed by incubation with 500 pL of R6G-
loaded microgel dispersions in serum-free DMEM (at a concentration of 0.5 mg.mL™) at the same
temperature for 3 h. To inhibit a specific uptake mechanism of microgels into cells, these were pre-
incubated with the following inhibitors individually for 1 h at 37°C: 400 mM hypertonic sucrose,
30 uM chlorpromazine, 30 UM cytochalasin and 30 uM nystatin, respectively. After the pre-
incubation time, the inhibitor solutions were removed and the freshly prepared R6G-loaded
microgel dispersed (at a concentration of 0.5 mg.mL™) in media containing inhibitor at the same
concentrations were added and further incubated for 3 h at 37°C. In this study, cells incubated for
3 h at 37°C in the presence of R6G-loaded microgel and in the absence of inhibitor were used as
controls. For all the experiments described above, after the desired incubation times cell culture
media were removed and the microgel-containing cells were washed three times with PBS (pH

7.4), fixed for 10 minutes with a solution of paraformaldehyde at 4 w/v% in PBS, washed with
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PBS, treated for 10 minutes with a solution of Triton X-100 (permeabilizer) at 0.25 (w/v)% in PBS
and, finally, washed again with PBS. Coverslips were mounted on glass slides and cell nuclei were
stained with 4’-6-diamidino-2-phenylindole dihydrochloride (DAPI, blue). The samples were
cured at - 20°C for 24 h before being visualized with an 63X oil-immersion objective using an
inverted wide field fluorescence microscope (Leica DMI6000B, Leica Microsystems, Germany)
with the blue channel for DAPI-stained cell nuclei (Jexc =355 nm), the red channel for R6G (Aexc =

590 nm) and the transmitted light channel in differential interference contrast (DIC) mode.

Results and discussion

1. Colloidal stability of bare cationic PVCL microgels.

The stability in biological mimicking media of a series of poly(N-vinylcaprolactam) (PVCL)
microgels surrounded by covalently anchored poly[2-(acryloyloxy)ethyl]trimethylammonium
chloride (P(AETAC-X) cationic polymer shell is investigated for various colloids (Scheme 1). All
these microgels dispersed in water will be named “bare microgels” in the following work. Their
diameters at 37 °C range between 100 — 200 nm (Table S2). Different physico-chemical parameters
of the series of SC-PX-E microgels (Scheme 1) are controlled by their synthesis [36]: 1) the length
of the cationic brushes, 2) the ratio of the cationic P(AETAC) versus PVCL, 3) the crosslinking
density which can be tuned by either the initial crosslinker amount versus VCL or by the initial
solids content of emulsion polymerization that influence the mesh size of the network.[36] For
biomedical applications, the stability of the particles in biological media is of high importance since
their particle size can affect their biodistribution and cell internalization and fate.[4, 39] The
hydrodynamic diameters of the bare microgels were monitored for 13 days of incubation at 37°C

to investigate their colloidal stability (Figure 1 and Figure S1 in Supplementary materials).
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Microgels were dispersed (at 0.05 mg.mL™) either in water (pH 6.5) or in three different biological
mimicking media: i) bare PBS (pH 7.4), ii) PBS supplemented with 10% FBS (pH 7.4), iii) cell
culture medium (DMEM, pH 8.4) supplemented with 10% FBS. PBS and PBS supplemented with
FBS mimicks somehow the physiological serum conditions of increasing complexity whereas
DMEM supplemented with FBS corresponds to the cell culture medium used for the in-vitro studies

(cytotoxicity and cell internalization).
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Figure 1. Temporal evolution of the hydrodynamic diameter of bare selected microgels at 37°C,

in: (M) water, (@) cell culture medium DMEM + 10% FBS, () PBS and (A) PBS + 10% FBS.

In water, all microgels remained stable since their hydrodynamic diameters were almost constant
during the whole incubation (13 days at 37°C). In contrast, an obvious increase of the microgel
hydrodynamic diameter at the beginning of incubation was systematically observed in PBS buffer
revealing a certain lack of microgel stability. Since the ionic strength of PBS buffer is around 150
mM, the increase of the microgel hydrodynamic diameters could be explained by the formation of
aggregates due to the ionic screening of the particle electrical charges. Indeed, the reduction of the
particle surface charges might lead to the microgel destabilization by decreasing the electrostatic
repulsions between particles. The salt effect on microgel stability was also studied for SC5-PX7s
4-E4 microgel in aqueous solution at different concentrations of KBr ranging from 10 mM to 100
mM. An increase of the microgel hydrodynamic diameters was observed above the microgel
VPTT, suggesting the formation of aggregates (Figure S2 in Supplementary materials). Such
colloidal instability and aggregation of positively charged carriers in fluids at high salt
concentration is a well-known process, being one of the main drawbacks for their use, for example,

as gene delivery systems.[32, 40] It should be noted that the aggregation of the cationic PVCL-
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based microgels is observed at their collapsed state (T > 30°C) but a similar value of Dn was
measured at low temperature (swollen state) whatever the salt concentration (Figure S2 in
Supplementary materials). The screened cationic polyelectrolyte does not provide then a sufficient
protective layer against the hydrophobic interaction of the collapsed microgels.

In PBS supplemented with FBS, microgels are more stable than in the presence of pure PBS, at
least at short incubation times (< 6 days, see for example, SC5-PXg 4-E4, SC1-PXg 4-E4; SC1-
PX16 4-E4 and SC1-PX7s 4-E4). In DMEM supplemented with FBS, the hydrodynamic diameters
of SC1-PX7 8-E4, SC1-PXis 12-E4, SC1-PX7s 4-E4, SC5-PX76 4-E4 and SC10-PX76 4-E4
microgels did not suffer any substantial changes for 6 days of incubation; interestingly, SC1-PXg
4-E4, SC5-PXo 4-E4, SC5-PX76 8-E4, SC1-PX7 8-E4 and SC1-PXis 4-E4 microgels do not
undergo significant size change along the whole 13 days incubation period.

The origin of microgel destabilization in FBS supplemented media (either PBS or DMEM) could
be the formation of aggregates of microgel particles as a consequence of the absorption of proteins
onto the particle surfaces and the subsequent exchange kinetics between low affinity-highly
abundant serum proteins and high affinity-less abundant ones. Indeed, in FBS the main constitutive
plasma protein is bovine serum albumin (BSA), which is negatively charged at pH 7.4 (isoelectric
point of BSA =4.7).[41] Since the microgel particles used in this work are positively charged, BSA
could adsorb firstly and quick onto microgel surfaces by electrostatic attraction, increasing their
size.[42] Moreover, the reduction of the microgel surface charge by adsorption of the protein
molecules could lead to the formation of aggregates of microgel particles.[43, 44] In addition to
the adsorption of BSA through electrostatic attractions, hydrophobic interactions should also be
considered in this process provided that it has been previously demonstrated that for poly(N-
isopropylacrylamide)-based microgels protein adsorption was enhanced above the microgel VPTT

as a result of the latter type of interactions between the protein and the hydrophobic collapsed
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microgel.[45, 46] The higher stability of the microgels in FBS supplemented media (either PBS or
DMEM) than in serum free one (PBS) might arise from salt aggregating effects being initially
screened by the formation of a protein corona at the microgel surfaces. This process known as
opsonization enables protein adsorption and recognition of foreign elements by macrophages and
the reticulo-endothelial system (RES), allowing their clearance from the body.[42] Upon
incubation, this protein corona might be destabilized through exchange dynamics with smaller ions
or even other less abundant proteins possessing larger affinities, leading to a reduction of the
microgel surface charge and, thus, to the particle aggregation/clustering.

On the other hand, it should be noted that there are not very clear specific trends between the
colloidal stability of microgels and their structural features, but some qualitative observations can
be made. For example, an increasingly amount of solids content in the microgel formulation seems
to alter the colloidal stability, particularly in media supplemented with FBS at relatively long
incubation times as observed when comparing microgels SC1-PX7s 4-E4, SC5-PX7 4-E4 and
SC10-PX7s 4-E4 (Figure 1). Also, microgels bearing larger ratios of the polycation stabilizer
undergo larger increments in their hydrodynamic sizes at 6-8 days of incubation pointing to a
certain progressive loss of their colloidal stability, especially noted in the presence of FBS-
supplemented media as observed when compared SC1-PX76 4-E4 and SC1-PX76 8-E4 or for SC1-
PX16 4-E4 and SC1-PX16 12-E4 microgels (see Figure 1 and Figure S1). Conversely, no trends
could be elucidated neither in terms of the stabilizer length nor the crosslinking ratio.

In summary, the incubation time should be carefully considered for an implementation of the
cationic PVCL microgels in blood serum conditions. In serum supplemented media, the time along
which these microgels remain stable is much longer than that required for routinely in-vitro studies
(maximum 72h)[44, 47-49] or for potential in-vivo applications. In the present work, for

experiments of microgel in-vitro cell cytotoxicity assays or internalization experiments microgels
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were used after dispersion in DMEM cell culture medium supplemented with FBS for a maximum
of two days. Since in this medium the microgel hydrodynamic diameters remained constant for up

to 6 days, microgel destabilization should not play a significant effect on the obtained results.

2. Invitro cell cytotoxicity assays of bare PVCL-based microgels

The cytotoxicity of bare PVCL-based microgels at different concentrations (from 0.005 to 10
mg.mL™?) was assessed on HeLa and RAW cell lines after 24 h and 48 h of incubation, using the
Cell Counting Kit-8 (CCK-8) cytotoxicity assay. The cell viabilities for the different microgels
(expressed as cell viability percentage) are reported as a function of the microgel concentration for
HeLa and RAW cell lines at the different incubation times (Figure 2 and Figure S3 in

Supplementary materials).
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Figure 2. Cell viability of: (®) HeLa and (A) RAW cell lines after incubation at 37°C with
different concentrations of microgels. Full line: 24 h of incubation; Dotted line: 48 h of incubation.

The series of microgels achieve significant cell viabilities in both types of cells with a dose-
dependent behavior. A similar dose-dependent cytotoxicity was also observed for other PVCL-
based nano/microgels [44] or PVCL-based copolymers.[50, 51] After 24 h of incubation, the
growth inhibition observed in both HeLa and RAW cells lines is almost negligible for microgel
concentrations up to 1 mg.mL™, and even for macrophages some additional proliferation compared
to the control cells is noted. Moreover, cell viabilities for both cell lines were above 70% for
microgel concentrations between 0.005 and 2 mg.mL™ indicating that almost all of the microgels

have a good biocompatibility.[44, 52] After 48 h of incubation, a slight additional reduction of cell
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viability for microgels incubated with HeLa cells occurs, and this decrease is larger in the case of
RAW macrophages. The observed larger cytotoxicity of microgels at concentrations > 2 mg.mL™*
and particularly, at the largest one 10 mg mL™, can be originated from an excess of microgel
particles producing a damage to cells leading to their death.[53] Indeed, this overpopulation might
involve membrane-cell disruption due to the high amount of nanoparticles in the medium
interacting with the cells and/or large amounts of particles being internalized into cells, hence
disrupting the cell cytoplasm (for example, by the formation of a high number of vacuoles), altering
the cell metabolic activity and, thus, activating the programed cell death cascade pathways. In this
regard, it is worth mentioning that cationic particles are usually more toxic to cells than neutral or
negatively charged ones due to the stronger electrostatic interactions with the cell surface, hence,
causing larger cellular membrane disruption effects (alteration of the anionic lipidic and protein
domains). Herein, for microgel concentrations above 2 mg.mL™ the cell viability is also lower for
RAW cells than for HelLa ones, particularly after 48 h of incubation. This result was consistent
with the fact that RAW macrophages uptake and internalize very efficiently any foreign element
in the body. Thus, for nanosystems whithout a specific targeting, assessing the cytotoxicity on such
cell line gives the ability of microgels to be uptaken by the reticulo-endothelial system. It is well-
known that the toxicity of a particle is size-dependent[54, 55] and, for cationic systems, toxicity
also depends on cation content.[56, 57] In this work, whatever the fraction of the cationic stabilizer
in the microgel (4 to 12 wt%) or their initial hydrodynamic diameter at 37°C (see Table S2), all
microgels are biocompatible (cell viabilities above 50%) in the range up to 2 mg.mL™, except for
RAW cells after 48 h of incubation as a consequence of their extensive uptake. The incubation
time-dependent cytotoxicity has already been observed for other PVCL-based microgels[44] and
PVCL-based polymers[58] This might be due to further microgel accumulation around/within cells

promoting their death. In addition, the chain length of the cationic polymer used as stabilizer for
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the PVCL microgel synthesis has no relevant impact on the microgel cytotoxicity as similar
percentages of cell viability were obtained after incubation of cells with SC1-PX7¢ 4-E4 and SC1-
PXg 4-E4 microgels (Figure 2 and Figure S3 in Supplementary materials), and even for
RAW264.7 cells a slight enhancement can be observed at low microgel concentrations (0.005-0.5
mg mL™?) after 24 h of incubation for the microgel with the largest cationic stabilizer. This is in
contrast to previous results showing that the cytotoxicity of the nanosystems increased with the
chain length of the cationic polymer. [59-61] This can be explained by the fact that, whatever the
chain length of the P(AETAC-X) used as stabilizer for the synthesis of PVCL-based microgels, the
final microgels presented similar values of the electrophoretic mobility (SC1-PX7s 4-EA4,
electrophoretic mobility = 0.42 X 10® m?/Vs in cationic buffer at pH 3 and 10 mM ionic strength,
and SC1-PXg 4-E4, electrophoretic mobility = 0.44 X 10 m?/Vs in cationic buffer at pH 3 and 10
mM ionic strength). Finally, just to mention that the extent of microgel crosslinking does not have
influence on microgel cell toxicity except at the highest concentrations (> 5 mg mL™) at which the
most cross-linked microgels (SC1-PX7s 8-E4 and SC1-PX7s 8-E8, Figure S3) induce larger

toxicities maybe related to a lower particle elasticity as reported elsewhere.[62]

3. Monitoring cellular uptake of microgels and uptake pathway.

Prior to their cellular uptake characterization by means of fluorescence microscopy, the microgels
were labeled with the rhodamine 6G cationic dye. Figure 3 shows fluorescence images of the R6G-

loaded microgel cellular uptake in HeLa cells after 3 h of incubation at 37°C.
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Figure 3. Fluorescence microscopy images of R6G-loaded microgels in HelLa cells after 3 h of
incubation at 37°C: (a) SC1-PX7s 4-E4, (b) SC1-PX7¢ 8-E4, (c) SC5-PX76 4-E4, (d) SC1-PX76 8-
E8, (e) SC1-PX16 4-E4, (f) SC1-PX9 4-E4 microgels in HelLa cells stained with DAPI after 3 h of

incubation at 37°C. Differential interference contrast (DIC) images (upper left side), DAPI-stained
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cell nuclei (blue, upper right side), R6G fluorescence in cells (red, lower left side) and the merged

images (lower right side).

For most of the tested microgels, the DAPI-stained cell nuclei (blue) were surrounded by a diffuse
rhodamine fluorescence (red) pattern suggesting a successful cell internalization of the microgels
at short time and the subsequent sustained dye release inside the cell cytoplasm.[63] The cationic
dye was truly located at the cell cytoplasm and/or in some intracellular compartments, especially
endoplasmic reticulum and/or mitochondria, for which R6G is a specific marker. In addition, some
few observed pink colored nuclei would indicate overlapping of the fluorescence signal
corresponding to microgels/dye located over the nuclei, as observed in the 2D projections (the dye
used is not permeable to the nucleus membrane). The presence of microgel clusters was also
visualized via the presence of red dotted spots in the images as a result of microgel aggregation
when in contact to the biological medium as a consequence of their positive charges.

At longer incubation times (24 h, Figure S4 in Supplementary materials), rather similar
fluorescence patterns as at 3 h were observed, that is, the DAPI-stained cell nuclei were surrounded
by rhodamine fluorescence, suggesting the successful internalization and residence of the
microgels/cargo inside cells. The fluorescence intensity of the dye was maintained constant after
24 h of incubation in agreement with a sustainable release of rhodamine 6G from the microgels
along time, although for some microgels a very small decrease in fluorescence intensity, indicating
a certain expulsion of the dye from the cell. However, this point would deserve further studies to
rule out any possible contribution from dye quenching and/or degradation. In addition, from a
qualitative analysis no relevant differences in uptake levels were noted for the different microgels
in terms of their cross-linking ratio, stabilizer chain length and/or initial solids content of their
synthesis. On the other hand, it should be highlighted that for high microgel accumulation levels
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inside cells, some few with damaged membranes could clearly be observed confirming the
aforementioned statement (Figure S5 in Supplementary materials). Such loss of cell membrane
integrity was already observed for cells in contact with other highly cationic nanomaterials.[59] In
the present work, much less cells with damaged membrane were observed at 3 h of incubation
rather than at 24 h. This confirms that the microgel accumulation process into cells is time-
dependent, as already been observed with other PVCL-based microgels.[44, 49, 64]

In order to elucidate how microgels can be internalized into cancerous cells, inhibition experiments
of different cell uptake pathways were performed. Endocytosis (the vesicular uptake of
extracellular macromolecules) has been established as the main mechanism for the internalization
of non-viral vectors into cells.[65] Endocytosis can be classified into two broad categories:
phagocytosis (for specialized mammalian cells) and pinocytosis (all cells). Among pinocytic
pathways four main mechanisms can be distinguished: clathrin-mediated endocytosis, caveolae,
macropinocytosis and clathrin/caveolae-independent endocytosis (Figure S6 in Supplementary
materials). Internalization via endocytosis can be inhibited using different cell treatments. A
general procedure for hindering endocytic pathways consists in lowering the temperature as
endocytosis is an energy-dependent mechanism. The microgel internalization was studied at 4°C
in order to assess if the internalization mechanism is a chemical-mechanical energy dependent- or
a simple diffusion process. The fluorescence images of the R6G-loaded microgel cellular uptake

in HeLa cells after 3 h of incubation at 4°C are depicted in Figure 4.
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Figure 4. Fluorescence microscopy images of R6G-loaded microgels: (a) SC1-PX7¢ 4-E4, (b) SC1-
PX76 8-E8, (c) SC1-PXg 4-E4 microgels in HeLa cells stained with DAPI after 3 h of incubation at
4°C.

For the three selected PVCL microgels, the internalization process took place satisfactorily at 4° C,
disregarding an energy-dependent uptake pathway for the dye-loaded microgels. Indeed, the R6G
release occurred into the cell cytoplasm for all the microgels. Moreover, in some cases, it seems
that some few microgel clusters might be surrounding the cell nuclei, as observed by the
reconstructed fluorescence image of SC1-PX7 4-E4 microgel in HelLa cell line after 3 h of

incubation at 4°C (Figure S7 in Supplementary materials). Nevertheless, further experiments
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would be required to definitively confirm this point. At 4°C, R6G was also released at the cell
surroundings (for SC1-PXg 4-E4 microgel for instance, Figure 4c). For these experiments, it is
worth also mentioning the cell density was observed to be slightly lower than for uptake
experiments performed at 37°C, probably as a consequence of some cellular death and their
subsequent detachment from the well surface during the washing process. In order to understand
which specific protein/mechanism is other involved in the particle incorporation within the cells,
it is possible to inhibit specifically a certain endocytic pathway by adding a specific inhibitor for
such route.[66] Here, the cellular uptake mechanism of several microgels was investigated using
four different inhibitors: two different clathrin-mediated endocytosis specific inhibitors (hypertonic
sucrose and chlorpromazine (CPZ)), an inhibitor of macropinicytosis/phagocytosis (cytochalasin
D), and an inhibitor of caveolae (nystatin). These inhibitors act dissociating the clathrin lattice,
actin and/or caveolae, respectively, impeding the corresponding endocytic pathways. \Figure 5and
Figure 6 show the fluorescence images of the R6G-loaded microgel cellular uptake in HelLa cells
after 3 h of incubation at 37°C in the presence of hypertonic sucrose medium and chlorpromazine,

respectively.
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Figure 5. Fluorescence microscopy images of R6G-loaded microgels: (a) SC1-PX7e 4-E4, (b) SC1-
PX76 8-E4, (c) SC1-PX76 8-E8, (d) SC1-PXg 4-E4 microgels in HeLa cells stained with DAPI after

3 h of incubation at 37°C with hypertonic sucrose medium.
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Figure 6. Fluorescence microscopy images of R6G-loaded microgels: (a) SC1-PX7e¢ 4-E4, (b) SC1-
PX76 8-E4, (c) SC1-PX76 8-E8, (d) SC1-PXg 4-E4 microgels in HeLa cells stained with DAPI after

3 h of incubation at 37°C with chlorpromazine.

Inhibition of clathrins gave rise to a well-observed qualitative reduction in the extent of
internalization of dye-loaded microgels as observed from a lower fluorescence signal observed
inside cell cytoplasms, especially for microgels coded as SC1-PX76 8-E4 and SC1-PX76 8-E8. This
points to clathrin as one of the main mechanisms responsible for microgel internalization but not
the only one, since some diffuse fluorescence patterns are still observed.

Two other additional internalization routes, macropinocytosis/phagocytosis and caveolae, were
additionally analyzed by fluorescence microscopy using the SC1-PX7s 8-E8 microgel. Both
cytochalasin D, a polymerization inhibitor of actin which is a protein largely involved in the
formation of cell skeleton and mobility, and nystatin, a sterol-binding agent which disassembles
caveolae, were used. In these cases, a good level of internalization of the microgels within cells
could be observed suggesting that the inhibition of these both routes do not impede the

incorporation of the microgel into cells (see Figure S8 and Figure S9 in Supplementary materials).
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Finally, a quantification of the extent of internalization inhibition for microgels SC1-PX7s 4-E4,
SC1-PX76 8-E8 and SC1-PXo 4-E4 loaded with the anticancer DOXO at a concentration of 20 uM
using the different inhibiting compounds was performed using HelLa cells by evaluating the cell
viability by the CCK-8 assay (see part 4 for details of DOXO encapsulation and related efficiency).
A maximum cell survival is observed when the clathrin-dependent endocytic pathway is inhibited,
either with sucrose or chlorpromazine (CPZ) (Figure 7), which confirms the previous fluorescence
microscopy analysis. For cytochalasin D, some increase in viability is observed compared to the
control experiment thanks to a certain involvement of cytochalasin D in the clathrin-dependent-
pathway.[67] For nystatin, cell viabilities were similar as the control experiments, i.e. in the
absence of any inhibitor, demonstrating that the macropinicytosis/phagocytosis and caveolae are

not the main internalization routes of the present cationic thermoresponsive PVCL microgels.
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4. In vitro cell cytotoxicity assays of DOXO-loaded microgels

The loading of doxorubicin was performed for some selected microgels, SC1-PX76 4-E4, SC1-PX76
8-E4, SC5-PX76 4-E4, SC1-PX76 8-E8, SC1-P X9 4-E4 and SC1-PX16 4-E4 (Table S1). The chosen
drug loading method (see Materials and Methods section) takes advantages of the sponge like
nature of the microgels, allowing solute molecules to partition into the porous particle network.[68]
DOXO can be incorporated into microgels through electrostatic and/or hydrophobic
interactions.[69] The drug loading (D.L.) and entrapment efficiency (E.E.) were calculated
according to

Equation 1 and Equation 2, respectively, and the values obtained for the different microgels are
presented in Table S3 (Supplementary materials). The values of drug loading and entrapment
efficiency are relatively low compared to the values obtained for other PVCL-based
nano/microgels,[44, 49, 64, 70]. Since the drug loading process was carried out at pH 6.5 for which
DOXO is positively charged (pKa = 8.3),[71] electrostatic repulsions between the drug and the
cationic PVCL-based microgels might limit the drug encapsulation. Moreover, electrostatic
repulsions among DOXO molecules could also reduce the entrapment efficiency. Also, as EGDMA
crosslinker is relatively hydrophobic compared to others, it might hinder the penetration of DOXO
molecules into the microgel network (which is used in its water soluble hydrochloride salt
form).[72] Aguirre et al.[44] studied the loading of DOXO into poly(2-
diethylaminoethyl)methacrylate (PDEAEMA)-based microgels and PDEAEMA-based core and
PVCL-based shell microgels at acidic pH for which both microgels and DOXO were positively
charged. As they used a dextran-based macro-crosslinker, the main driving force to encapsulate
DOXO into the microgels was the interaction by H-bonding between the -OH groups of DOXO
and the -OH groups of the dextran chains. Thus, a high encapsulation efficiency of the drug could

be reached (i.e. ranging from 80 to 90%), even in the presence of electrostatic repulsions between
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the microgels and the drug. In the present work, at the DOXO concentration used (1 mg.mL™), the
levels of entrapment efficiency and drug loading are in a similar range for all the different
microgels. Therefore, the structure of the different particles tested does not seem to influence the
amount of DOXO encapsulated into the network.

The cumulative DOXO release of the microgels was also studied. DOXO-loaded SC1-PX76 4-E4,
SC1-PX76 8-E8 and SC1-PXg 4-E4 microgel dispersions were dialyzed at 37 °C against different
serum-containing (10% (v/v) FBS) buffer solutions. Sodium acetate/acetic acid (SA) buffer
solution (pH 5.5) was chosen in order to simulate the extracellular environment of tumoral cancer
cells, and phosphate buffer saline (PBS) solution (pH 7.4) was selected to mimic blood serum
conditions. Note that at 37°C the microgels are collapsed (T > VPTT, see Table S2). The in-vitro

cumulative DOXO release at 37°C under both pHs is depicted in Figure 8.
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Figure 8. Cumulative DOXO release of (ll) SC1-PX7s 4-E4, (@) SC1-PX76 8-E8 and (A) SC1-
PXo 4-E4 microgels at pH 5.5 (closed symbols) and 7.4 (open symbols) in the presence of 10%
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It is well-known that the drug release rate from microgels is theoretically affected by different
factors such as the drug diffusion through the microgel particles and the extent of swelling of
microgels. In the present case, at pH 7.4 the three selected SC1-PX7¢ 4-E4, SC1-PX76 8-E8 and
SC1-PXoe 4-E4 microgels displayed a clear burst release phase within the first 7 h of incubation
where ca. 29, 24 and 19% of the drug is released, followed by a short pseudo-plateau region
between ca. 7 and 10 h. After this incubation period, the release is slightly accelerated to depict a
very sustained release pattern at longer incubation times (> 15h), with total cargo releases between
30-40% (depending on the microgel) within the time framework of the present experiments (ca. 37
h). In contrast, under acidic conditions rather similar release patterns with stair-like profiles can be
observed and with larger drug releases than at pH 7.4. A burst phase is again observed at short
incubation times followed by a slowing of the release rate for a short period (more than a true
pseudo-plateau region as observed at physiological pH). After ca. 9-10 h of incubation an
additional abrupt increase in the cumulative release is noted up to ca. 18 h at which ca. 75-80% of
the cargo is released; thereafter, a plateau region is reached along in which ca. 90% of the drug is
already expelled from the microgels. The presence of an initial burst phase in the release profiles
of the present microgels might be related to the adsorption of drug molecules located in the outer
layer of the particles, which are released at first; meanwhile, the more sustainable release phase
would be controlled by the rate of DOXO release from the microgel core thanks to the hindered
diffusion from the highly cross-linked inner part of the microgels. The presence of a slight pseudo-
plateau/reduction of the release rate between 7-10 h of incubation in Figure 8 might be related to
the difference of crosslinking density within the microgel, with a more densely crosslinked
core.[36] In addition, important differences in the release extents between acidic and basic

physiological conditions can be observed. At this point, it is important to note that the cationic
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stabilizer used for the synthesis of the microgels is permanently charged and, thus, insensitive to
pH changes. Therefore, the larger cumulative releases observed at pH 5.5 might be attributed to
the fact that, at acidic conditions, amine groups of DOXO molecules are protonated (i.e. positively
charged). As the hydrophilicity of DOXO molecules is enhanced at acidic pH, the affinity of the
drug with the microgel hydrophobic core might be reduced, enhancing the diffusion out of the
particle.[73] Finally, no remarkable differences in DOXO release kinetics were observed between
the three selected microgels. This would hence suggest that neither the extent of polymer stabilizer
nor the amount of crosslinker would have a strong impact on the release profiles, at least in the
range within the tested particles. As the interactions were mainly non-covalent, it was expected
that the delivery would be governed by diffusion, which is affected by the swelling capability of
the microgels and their interactions with the drug (especially electrostatic repulsion at acidic
conditions). Since the used microgels showed very similar swelling-deswelling behavior, an
analogous DOXO release kinetics was observed in all cases.

Cell viability of DOXO-loaded microgels was then studied at different microgel concentrations
(from 0.1 to 2 mg.mL™?), thus at different DOXO concentrations, in both HeLa and RAW cell lines
after 24 h of incubation (Figure 9). For each microgel, the concentration of DOXO was calculated
from the microgel weight concentration and the entrapment efficiency (see Table S3) according to
Equation 4. The results are given in Table S4. For HeLa cells, the ICsq (i.e, the concentration of
drug required to reduce cell growth by 50%) of free DOXO after 24 h of incubation was 5.5 uM
(see Supplementary materials). Therefore, for all microgels at concentrations above 0.1 mg.mL™,
the DOXO concentrations loaded inside are above the minimum DOXO concentration providing
cytotoxicity activities in vitro. The bare microgels were biocompatible and did not inhibit growth
of both types of cell lines in the range of the studied microgel concentrations (0.1 to 2 mg.mL™) as

mentioned previously. In contrast, DOXO-loaded microgels exhibit higher cytotoxicity due to the
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effect of the drug (Figure 9). As expected, DOXO-loaded microgel cytotoxicity is dose-dependent
as cell viability decreases by increasing the concentration of DOXO-loaded microgels and, hence,
by increasing the concentration of DOXO. For the highest DOXO concentration used, the decrease
of cell viability in the presence of DOXO-loaded microgels was more pronounced in the case of
HeLa cells than for RAW ones. This result could be explained by the fact that RAW cells proliferate
quicker than HelLa cells leading to a higher percentage of viable cells at the same percentage of
dead cells. Additionally, HeLa cells are more sensitive to DOXO-loaded microgels as a result of
their higher metabolic activity, which may lead to larger particle uptakes (confirmed by the cellular
uptake experiments presented previously), and, hence, allowing a larger DOXO concentration
inside the cells. Figure S10 reports the cell viability of HeLa cells after incubation for 24 h with
free DOXO and the different DOXO-loaded microgels in the same range of initial loaded DOXO

concentrations (from 3 to 30 uM).
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Figure 9. Cell viability of: (@) HeLa and (A) RAW cell lines as a function of DOXO concentration
after 24 h of incubation at 37°C.

For a given DOXO concentration, the level of cytotoxicity is in the same range for all the series of

microgels, without relevant apparent influence of their structure and/or compositons in agreement

with previous observation, and with an expected increase of cytotoxicity by increasing the DOXO

concentration. It should be noted that the viability of HeLa cells is higher when incubated in the

presence of DOXO-loaded microgels than with free DOXO as a consequence of the much more

sustained release of DOXO from the microgels. Indeed, and as observed for other PVCL-based

microgels, the release of the drug from the microgels to the cells through diffusion is a time-

dependent and sustained process.[44, 49, 70]
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Conclusions

In summary, a series of biocompatible thermo-responsive microgels with covalently anchored
cationic shells were synthesized directly in water by emulsion polymerization. The stability of the
bare PVCL-based microgels was studied after incubation for 13 days at 37°C in different biological
mimicking media revealing that the incubation time before aggregation should be carefully
considered. Cytotoxicity assays of the bare PVCL-based microgels on HeLa and RAW cells
indicated that all the microgel particles were biocompatible for concentration ranging from 0.005
to 2 mg.mL™. The inhibition of cell’s growth was both a time and a dose-dependent process. The
successful cellular uptake of the microgels is time-dependent as well as the release of R6G into the
cell cytoplasm, with an apparently sustained release profile of the dye from the microgels into the
cells. The mechanism of internalization of microgels and the interactions between microgels and
HeLa cells was investigated through blocking different endocytic uptake pathways. It could be
observed that inhibition of clathrins gave rise to a reduction in the extent of internalization of R6G-
loaded microgels demonstrating that this pathway was one of the main mechanisms responsible for
microgel internalization. Finally, doxorubicin anticancer model drug was loaded into some cationic
core-shell thermoresponsive PVCL microgels. The DOXO-loaded microgels exhibited higher
cytotoxicities on HeLa cells than bare PVCL microgels due to the effect of the drug. At similar
initial DOXO concentrations and for incubation at 37°C for 24 h, the viability of HeLa cells was
slightly higher when incubated in the presence of DOXO-loaded microgels than with free DOXO
as a consequence of the sustained release of DOXO from the microgels, confirming the suitability

of the cationic PVCL-based microgels as chemotherapeutic drug delivery nanocarriers.
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