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Here we aimed to correlate different molecular weights of hyaluronic acid (HA), 200, 800 and 1437 kDa, used to
decorate poly(lactic-co-glycolic acid) (PLGA)-based nanoparticles (NPs), to their cell uptakes. NP internalization
kinetics in CD44-overexpressing breast carcinoma cells were quantified, using healthy fibroblast cells as refer-
ence. Actually, NP uptake and selectivity by tumor cells were maximized for NPs HA 800 kDa, while being
minimum for NPs HA1400 kDa. This unexpected result could be explained considering that the interaction
between NPs and tumor cells is dictated by rearrangement and conformation of that segment of HA chain that

actually protrudes from the NPs. Overall, results obtained in this work point at how HA molecular weight, is
pivotal project parameter in NP formulation to promote active targeting in the CD44 overexpressing cancer cells.

1. Introduction

Lately, a considerable research focus has been devoted by the sci-
entific community toward the engineering of the surface properties of
polymeric nanoparticles (NPs) intended for cancer therapy. In this re-
gard, it is crucial that NPs are bestowed with a sturdy biomimicry
demeanour along with the attitude to pointedly target the diseased tis-
sues [1-3]. Indeed, the natural defense mechanisms enclosed in the
human body translate into a huge obstacle to the homing of intrave-
nously administered, non-targeted molecules or nanodevices toward the
desired biological districts [4]. For example, less than 0.01% of
non-targeted drugs do actually reach cancerous lesions after systemic
intravenous administration [5].

In this regard, hyaluronic acid (HA) plays a momentous role. Actu-
ally, HA is an anionic polysaccharide, composed of repeating units of D-
glucuronic acid and N-acetyl-p-glucosamine, belonging to the glycos-
aminoglycan family [6,7]. HA is a main component of the extracellular
matrix (ECM) of mammalia and is involved in manifold mechanical and

cell instructive activities [8-10]. More in detail, HA possesses a strong
tropism toward solid tumors due to its aptitude for a specialized inter-
play with CD44 receptors, which are overexpressed on the cytoplasmatic
membrane of a wide array of tumour cell populations [11]. In addition,
the well-known biocompatibility, biodegradability and
non-immunogenicity of HA makes it an extremely attractive material for
the surface decoration of nanoplatforms designed to be equipped with
active tumour targeting properties [7,12,13].

HA binding to CD44 receptor is affected by multifarious morpho-
logical and physico-chemical properties, such as HA molecular weight
(MW) [14], spatial arrangement (e.g. cables or pericellular coats) [15,
16] or the possibility of receptor cluster induction [17]. Indeed, the
mode of ligand presentation is a major determinant of nanocarrier up-
take: previous studies have suggested that HA-coated NPs can be
internalised following a receptor-mediated pattern [18,19].

In this scenario, the molecular weight of HA can be envisaged as a
paramount design parameter in the engineering of nanoplatforms
intended for active tumour targeting. Thus, here we aimed to correlate

* Correspondence to: Istituto per i Polimeri, Compositi e Biomateriali, Consiglio Nazionale delle Ricerche (IPCB-CNR), Viale J.F. Kennedy 10 54, Napoli, Italy
** Corresponding author at: Dipartimento di Scienze Biomediche Avanzate, scuola di Medicina e Chirurgia, Universita degli studi di Napoli Federico II, Via

Domenico Montesano 49, Napoli, Italy

E-mail addresses: bassunta@unina.it (A. Borzacchiello), laumayol@unina.it (L. Mayol).

1 Equal contribution

https://doi.org/10.1016/j.colsurfb.2021.112240

Received 30 April 2021; Received in revised form 29 October 2021; Accepted 18 November 2021

Available online 24 November 2021
0927-7765/© 2021 Elsevier B.V. All rights reserved.


mailto:bassunta@unina.it
mailto:laumayol@unina.it
www.sciencedirect.com/science/journal/09277765
https://www.elsevier.com/locate/colsurfb
https://doi.org/10.1016/j.colsurfb.2021.112240
https://doi.org/10.1016/j.colsurfb.2021.112240
https://doi.org/10.1016/j.colsurfb.2021.112240
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2021.112240&domain=pdf

F. Della Sala et al.

the MW of HA externally exposed and physically linked to poly(lactic-
co-glycolic acid) (PLGA)-based NPs to their internalization kinetics in
CD44 overexpressing cells. More in detail, three formulations were
produced with HA at 200, 800 and 1435 kDa as representative of low,
medium, and high molecular weights of the polysaccharide, namely
respectively HA2, HA8 and HA14. Prior to NP production, HA concen-
trations in the external aqueous phase were chosen in order to ensure
equal viscosities of the water phase solutions, which was assessed by
preliminary rheological experiments. This was crucial because the vis-
cosity of the dispersing phase directly determines the size of the
precipitated NPs. Indeed, our aim was to produce NPs with equal size so
that differences in cell uptake could be ascribed only to HA MW. The
produced NPs were characterized for their technological and thermal
properties. NP internalization kinetics were quantified in CD44-
overexpressing breast carcinoma cells (HS578T), using healthy mouse
fibroblast (L929) cells as a reference. Experimental results were
compared with the numerical simulations obtained with a kinetic
internalization model based on a cell membrane adsorption-desorption
pseudo-stoichiometric balance [20].

2. Material and methods
2.1. Materials

HA with a weight-average MW of 200, 800 and 1435 kDa, were
kindly provided by Altergon Italia. Equimolar PLGA (Resomer®
RG504H, Mw = 38-54 kDa), Nile red (NR) (9-diethylamino-5-benzo [a]
phenoxazinone), fluorescein isothiocyanate (FITC) — phalloidin, 4/,6-
diamidino-2-phenylindole (DAPI), along with control L929 cells origi-
nating from Mouse C34/An connective tissue from European Collection
of cell cultures, were obtained from Sigma-Aldrich (USA). CD44-
overexpressing human breast carcinoma cell line (HS578T) were
kindly gifted by Dr. Olga Zeni (IREA-CNR). Poloxamer F127 and F68
were from Lutrol (BASF, Ludwigshafen, Germany). Phosphate buffer
saline (PBS) tablets without calcium and magnesium were from MP
Biomedicals Inc. Penicillin, streptomycin (10,000 U/mL) from Invi-
trogen and Life Technologies (Carlsbad, CA) were employed. Trypsin
and Ethylenediaminetetraacetic acid (EDTA) were from HiMedia
(Mumbai, India). Fetal Bovine Serum(FBS) from Lonza (Basel,
Switzerland) and Bovine insulin from Gibco EfficientFeed + Supple-
ments (ThermoFisher Scientific, USA) were used.

2.2. Rheological tests

Cell uptake of NPs is dramatically affected by NP size. Therefore, NP
production conditions were set to ensure equal NP diameters irre-
spective of HA MW. This prerequisite could be met by ensuring that the
aqueous phase used to prepare NPs (see Section 2.3) possess the same
viscosity at a shear rate comparable to the magnetic stirring rate used to
fabricate the NPs (approximately 500-600 rpm). To this aim, pre-
liminary rheological tests were performed using a MARS rheometer™
I, HAAKE™ (TermoFisher Scientific, USA). Specifically, oscillatory
shear tests were carried out at room temperature, in the linear visco-
elasticity region of the samples, in the 5-50 Hz frequency range.

2.3. Nanoparticle preparation

NPs were prepared using nanoprecipitation technique [21,22], fol-
lowed by solvent evaporation. Briefly, 5 mL of an organic phase (O),
composed of a solution of PLGA, F68 and F127 (PLGA:F68:F127 weight
ratio was fixed at 1:0.5:0.5) in acetone, were forced through a syringe
needle (22 G) at a 333.3 pL/min flow rate by a syringe pump. The so-
lution was precipitated in 40 mL of an aqueous phase, containing F127
and F68 as surfactants (1:1 wt ratio; 5 mg/mL overall concentration) and
different amounts of HA. More specifically, HA concentrations were set
at 3.75, 0.75 and 0.5 mg/mL for HA2, HA8 and HA14, respectively. For
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cellular uptake experiments, 10 pL of a fluorescent NR solution were
added in acetone. Theoretical dye concentration was 0.01% w/w with
respect to the mass of polymer powders. Acetone was evaporated by
mechanical agitation for 4 h, and the resulting suspension was washed
three times by centrifugation to eliminate the non-encapsulated NR (10,
000 rpm, 10 min).

2.4. Nanoparticle morphology, mean size, size distribution, yield and ¢
potential

NP morphology was investigated by transmission electron micro-
scopy (TEM, FEI Tecnai G12 Spirit Twin) with emission source LaB6
(120 kV, spotsize 1) using 400 mesh carbon-coated copper grids at room
temperature (RT). The carbon-coated copper grid was immersed in
ultradiluted NP suspensions and, after the drying phase, the grid was
placed on a rod holder for the TEM characterization. Three grids per NP
suspension were prepared and a minimum of four micrographs per grid
were acquired. Intensity-average diameters and ¢ potentials of NPs were
determined via dynamic light scattering (DLS) measurements with a
Zetasizer Nano (Malvern Instruments, Malvern, UK). For particle size
measurements, NPs were suspended in ultrapure water. NP yield de-
scribes the percentage of recovered NPs expressed as weight of recov-
ered NPs after production with respect to the initial mass of employed
materials. It was gravimetrically calculated after lyophilization for 24 h
(HetoPowerDry PL6000 Freeze Dryer, Thermo Electron Corp., USA;
—60 °C, 0.73 hPa), on the overall recovered mass of NPs. Results were
averaged on at least five measurements.

2.5. Nanoparticle stability study

The stability of NP formulations in suspension was assessed by
monitoring the trend of the size and polydispersity index in different
storage (4 °C, 25 °C, 37 °C) conditions in PBS at pH= 7.4 for 10 days. The
NP stability was also evaluated in the conditions of in vitro cellular
uptake experiments by suspending NPs in DMEM (cell culture medium
supplemented with 10% fetal bovine serum and antibiotics, penicillin G
sodium 100 U/mL, streptomycin 100 ug/mL, at 37 °C and 5% CO, 37 °C
for 72 h). NP suspensions were tested by DLS. The results are expressed
as average values obtained from three independent measurements.

2.6. Thermal analyses

Thermoanalytical tests were carried out on PLGA, HA and poloxamer
powders, along with freeze-dried HA2, HA8 and HA14 NPs, to study the
interactions between the different polymers in NP formulations, using a
differential scanning calorimeter (DSC; DSC Q20, TA Instruments, U.S.
A.) calibrated with a pure indium standard. The samples were placed in
aluminum pans and underwent a double scan from —60-80 °C at 5 °C/
min. The first scan was carried out to eliminate the thermal history of the
samples. All measurements were run under an inert nitrogen atmo-
sphere, purged at a flow rate of 50.0 mL/min. The heat evolved during
DSC thermal events (W/g) was calculated from DSC thermograms by
integrating the exothermic/endothermic peaks, while the glass transi-
tion temperature (Tg) was obtained from thermogram inflection point.

2.7. Cell culture

Breast carcinoma HS578T cells were chosen as a model of cells
naturally overexpressing CD44 receptor, while normal L929 cells (pas-
sage 15-23) were used as a control, since they have a low degree of
CD44 expression [21]. Cells were grown in T-75 cell culture flask (Fal-
con, Italy), in DMEM cell culture medium supplemented with 10% fetal
bovine serum and antibiotics (penicillin G sodium 100 U/mL, strepto-
mycin 100 ug/mL) at 37 °C and 5% CO;. The medium used for HS578T
cells was also enriched with 10 pL/mL bovine insulin. When confluent
growth was reached, the cells were detached with 0.25% trypsin - EDTA
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Fig. 1. Flow curves of aqueous solutions of HA at 800 (red), 200 (black) and HA 1435 kDa (white) at different concentrations.

solution and washed twice with PBS. The resulting cell suspensions were
centrifuged (5 min, 1000 rpm; BRK55/10 Centrifuge by Centurion Sci-
entific Ltd, UK), the supernatant separated, and the cells re-suspended in
fresh culture medium. Viable cells were counted using the TC20 auto-
mated Cell Counter (Biorad, USA).

2.8. Confocal microscopy for NP uptake in L929 and HS578T cells

For confocal microscopy acquisitions, 2x 10* cells were seeded in 1
mL of medium on 35 mm-diameter Fluoro dish cell culture dish (World
Precision Instruments, Inc). Cells were incubated for 24 h at 37 °Cin a
5% CO3 atmosphere with a suspension of NPs in the cell culture medium
(1 mg/mL for the three formulations). After 24 h, non-internalized NPs
were removed by washing twice the samples with PBS, fixed with 10%
formalin (Sigma-Aldrich) for 1 h and permeabilized with 0.1% Triton X-
100for 3-5 min. Actin filaments were stained with FITC-phalloidin in
PBS for 30 min at 25 °C. After two washes with PBS to remove unbound
phalloidin conjugate, cell nuclei were stained with DAPI for 10 min at
37 °C. Samples were observed by a confocal microscope (Leica TCS SP8)
using a 63X oil immersion objective. Images acquired with a resolution
of 1024 x 1024 pixel.

2.9. Quantification of NP uptakes in L929 and HS578T cells

To quantify NPs cell internalization, 2 x 10% L929 or HS578T cells
were seeded in 1 mL of cell culture medium in 24 wells. Cells were
incubated in the presence of NP suspensions (1 mg/mL) in cell culture
medium for 1,3,6,24,48 and 72 h. Subsequently, cells were rinsed twice
with PBS and lysed with 0.1 mL of lysis buffer [23]. Cell lysates were
then diluted with 0.4 mL of PBS and analyzed by spectrofluorimetry
(Multilabel Counter, 1420 Victor, Perkin Elmer), at a 525-605 nm
wavelength. Fluorescence intensity of experimental points was inter-
polated with the calibration curve obtained using known concentration
of fluorescent NPs for each formulation (0-0.5 mg/mL). The concen-
tration of internalized NPs was normalized to the number of seeded cells
to obtain the number of internalized NP per cell taking into account the
average NP diameter.

2.10. NP uptake kinetics

Numerical simulations of NP uptake were run by using a single cell
model. NP interactions with cells has been schematized as a process

consisting of two steps in series, namely NP binding on cell membrane,
followed by either NP internalization or desorption. Assuming system
homogeneity, cell uptake was described by a second-order pseudo-
chemical equilibrium equation [20,24], describing the stoichiometric
exchange between NPs and cell membrane, as depicted in the following:

kNP internalization

@

In Eq. (1), kg [h™11, kp [mg » mL™! « h™!] and k; [h™!] are the kinetic
coefficients of NP binding, de-binding and internalization. NP uptake
has been hypothesized to occur on the reactive surface [25-27], i.e. the
fraction of cell surface involved in internalization, that is considered to
be instantly restored after each uptake event. Cell uptake capacity has
been hypothesized to be superiorly limited and, consequently, a
maximum number of NPs that can be internalized (Nyax), characteristic
for each cell population, has been defined.

Letting Np be the number of NPs bound to cell surface at time ¢,
Chediomihe time-dependent NP concentration within the cell culture
medium and N; the number of internalized NPs, the time trend of Ng can
be expressed by the ensuing mass balance:

NP + cell surface «—** NP — cell surface —

dNg

dt

dN;

= kyCs™™ (Nyax — Np) — kpNp — 7

(2

Besides, the rate of NP internalization is reasonably surmised to be
proportional to the number of bound NPs, i.e.:

dN;

i B 3)
Lastly, the total number of NPs is given by:

Nr = Nz +N; @

Given the experimental conditions, Cye™™ is a major driving force of
internalization process, which has been modelled keeping in mind that
the rate of NP consumption within the culture medium equilibrates the
rate of NP adsorption and internalization (i.e., Ny). Letting n..;s denote
the number of cultured cells, Vyedqium the cell culture medium volume and

pnp NP density, it is:
+ an,
dt

The set of ordinary differential Eqgs. (1-4) has been fit to the exper-
imental results, with kg, kp, k; and Nyax as adjustable parameters.

dcx;;dmm ﬂ'd3
= — —Ncells
dt 6

dNg
dt

Vmcdiumpr ( (5)



F. Della Sala et al.

A) - B)

Colloids and Surfaces B: Biointerfaces 210 (2022) 112240

o)

Fig. 2. Selected TEM micrographs of HA2 (A), HA8 (B) and HA14 (C).

Table 1

(A) Main technological features of the produced NPs. (B) Size, Polydispersity Index values of HA2, HA8,HA14 at 4, 25, 37 °C in PBS pH= 7.4. (C) Time evolution of NPs

diameter and Polydispersity Index in cell culture medium.

A) d [nm] PDI ¢-potential [mV] Yield [%]
HA2 141 + 3 0.167 + 0.010 -46.8 £ 1.2 50 £15
HAS8 131 +7 0.054 + 0.004 -44.7 £ 1.3 53 +10
HA14 145 + 15 0.052 + 0.006 -46.3 +1.3 43 + 34
B) HA2 HA8 HA14
T [°C] t [day] d [nm] PDI d [nm] PDI d [nm] PDI
4 0 133 +£3.0 0.087 + 0.03 122 + 0.30 0.16 + 0.08 131 +1.4 0.06 + 0.02
3 127 £ 0.3 0.056 + 0.02 133+ 3.2 0.14 + 0.01 127 £ 0.3 0.056 + 0.02
7 129 + 2.0 0.09 + 0.04 126 + 0.3 0.05 + 0.04 129 + 2.0 0.09 + 0.04
10 129 £ 0.5 0.06 + 0.02 128 + 2.0 0.08 + 0.003 129 + 0.5 0.06 + 0.02
25 0 133 +£3.0 0.087 + 0.03 122 + 0.30 0.16 + 0.08 131 +1.4 0.06 + 0.02
3 123+ 1.0 0.085 £+ 0.01 125+ 2.3 0.09 £ 0.02 135+ 23 0.06 + 0.03
7 125 + 2.0 0.05 + 0.02 133+ 5.4 0.12 + 0.06 136 + 1.3 0.05 + 0.01
10 126 + 0.05 0.09 + 0.02 124+ 0.3 0.08 + 0.01 135 + 2.2 0.07 + 0.01
37 0 133+ 3.0 0.087 + 0.03 122 + 0.30 0.16 £ 0.08 131 +1.4 0.06 + 0.02
3 126 +11 0.060 + 0.08 124 + 0.93 0.05 + 0.02 134 +1.0 0.04 + 0.35
7 129 +£3.3 0.06 + 0,03 122 + 2.0 0.07 + 0.01 131 +1.1 0.10 + 0.04
10 122+ 1.2 0.08 + 0.03 118+ 1.4 0.07 £ 0.01 128 +1.0 0.08 + 0.02
C) Formulation t [day] d [nm] [ & SD] PDI [ + SD]
HA2 0 133 +£3.0 0.087 + 0.03
1 134+ 2.0 0.20 + 0.02
2 129 + 2.0 0.20 + 0.01
3 126 + 3.0 0.20 + 0.03
HA8 0 122 +0.30 0.16 + 0.08
1 124 +£ 2.1 0.20 + 0.01
2 115+ 3.0 0.20 + 0.02
3 117 £ 6.0 0.32 + 0.03
HA14 0 131 +1.4 0.06 + 0.02
1 135+ 1.0 0.20 + 0.03
2 133 +£2.3 0.20 + 0.03
3 145 £ 1.1 0.30 + 0.03

2.11. Statistical analysis

Results are reported as the mean of at least three replicas + standard
deviation (SD). Statistical analyses were performed using a one-way
analysis of variance (ANOVA) and p values < 0.05 were considered
statistically significant.

3. Results and discussion
3.1. Rheological tests

The main objective of this work was to evaluate how the MW of HA
decorating the surface of NPs influences cell internalization selectivity
and kinetics. Since cell internalization kinetics strongly depend upon NP
dimension and superficial properties, preformulation conditions were
tailored to ensure that NPs of comparable size could be obtained
regardless of the formulation variable. More in detail, during

nanoprecipitation, NP size is primarily dependent on the viscosity of the
external aqueous phase. Consequently, preliminary rheological tests
were performed on the external aqueous phase to determine the con-
centration of HA that guarantees the same viscosity for the external
phases containing HA at the three different MWs. Fig. 1 shows the flow
curves, i.e., the dependence of viscosity upon the shear rate of the so-
lutions analysed.

In the analysed frequency range, the viscosity of the solutions was
almost constant, exhibiting the pseudo-Newtonian plateau, which is due
to a progressive alignment of HA macromolecules. Results showed that
similar viscosities were obtained with very different HA concentrations.
More in detail, the concentrations of the aqueous phase were set at 3.75,
0.75 and 0.5 mg/mL for HA 200, 800 and 1435 kDa, respectively, cor-
responding to molar HA concentrations in the external aqueous phase in
the range of 0.7 + 3.010"% mol/L. These conditions allowed the
obtainment of NPs with comparable sizes (see below) and can be
reasonably associated to a HA density on NPs of comparable order of
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Fig. 3. Representative DSC thermograms of raw PLGA (A); raw F68 (B); raw F127 (C); F68/F127 50/50 w/w physical mixture (D); HA2 NPs (E); HA8 NPs (F); HA14

NPs (G). Exotherm is directed upward.

magnitude.

3.2. Nanoparticle characterization and stability

In order to study the morphology of the three NP formulations, TEM
images have been acquired. Selected micrographs of NPs (Fig. 2A, B and
C) revealed discrete, spherical particles for all NP formulations.

Mean size, polydispersity index (PDI), yield and ¢ potential of the
obtained NPs are summarized in Table 1A. Uniform NP sizes and narrow
size distributions were found out; mean diameter values were < 150 nm,
which are appropriate for intravenous NP administration. These out-
comes show that HA concentrations used in the dispersing phase are

suitable for a proper control over NP size. Moreover, zeta potentials
were similar for HA2, HA8 and HA14 NPs, indicating that charge den-
sities are comparable on the three different formulations. This, in turn,
suggests that the number of monomeric units of HA exhibited on the
surface of the different NP formulations are similar.

The results obtained confirm the NP stability in each different stor-
age (4, 25, 37 °C) and medium (PBS and DMEM) conditions. Indeed, as
shown in Table 1B and C, the mean diameter and the polydispersity
index are comparable throughout the duration of study. The same trend
was also observed also in vitro cellular uptake experiments conditions.
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Table 2
Glass transition/melting temperatures and melting heats of polymers and NPs.
Tg [°C] Tonset [°C] Tpeak [°C] AHm [J/g]

PLGA 41.2+0.7 - - -
F68 - 509+ 0.1 549+ 0.5 121 + 14
F127 - 519 +1.1 56.0 £ 0.5 116 £1
F68 + F127 mixture 51.0+1.3 55.2+0.2 121 £5
HA2 42.0+0.7 483+ 1.4 4.13 £ 0.24
HAS8 41.5£0.1 46.1 +£ 0.8 2.71 £0.18
HA14 42.2+0.4 48.3 £ 0.5 4.88 £ 0.25

3.3. Thermal analyses

DSC traces of HA (first and second scan) showed no thermodynamic
event in all cases (data not shown), while the thermograms of polox-
amers (first scan; Fig. 3B, C, D) showed endothermic peaks, associated to
the melting temperature (Tm), at 54.9, 56.0 and 55.2 °C for F68 and
F127 and their 50:50 w/w mixture, respectively. Endothermic peaks
attributable to poloxamers were also identified in all the first scan of NP
formulations, but at lower temperatures (46.1 + 48.3 °C), indicating a
plasticizing effect of PLGA and HA toward poloxamers (Fig. 3E, F, G).
Furthermore, the heat generated during poloxamers melting (AHm) was
drastically lower than AHm of the raw materials. This bespeaks the loss
of most of poloxamers crystalline regions within the rubbery phase of
PLGA, which is completely amorphous. Thus, these data clearly indicate
that PLGA and poloxamers are mixed at the molecular level, with an
only modest phase separation, thereby forming a mainly co-amorphous
system within NPs. Moreover, no thermodynamic events were detected
in the second DSC scans (data not shown), therefore indicating that the
polymeric blend is completely amorphous after the first heating.

Interestingly, HA8 formulation showed the minimal melting heat,
while being comparable in the case of HA2 and HA14 formulations. This
result points at a preferential interaction between 800 kDa HA with the
hydrophilic segments of poloxamers, thereby limiting the formation of
crystalline regions of poloxamer macromolecules in NPs. More

HS578T

L929
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specifically, considering that the interaction between the hydrophilic
poloxamer segments and HA occurs in the external aqueous phase
during NP preparation, it is possible to speculate that, in the case of HA2,
polysaccharide chain is too short to properly interact with the hydro-
philic poloxamer segments. On the contrary, as for HA14 NPs, the
polysaccharide backbone is long enough to form coils in the water phase
rather than intruding within the hydrophilic regions of the poloxamers.
Table 2.

3.4. NP cell uptake

Cell uptake experiments were performed on HS578T breast carci-
noma cells, which were chosen as a model of CD44-overexpressing cells,
as widely reported in literature [28-30], using healthy L929 fibroblasts
as a control. The qualitative uptake of HA2, HA8 and HA14 NPs in
HS578T and L929 cells was firstly assessed by confocal microscopy, after
24 h of incubation. Representative images for HS578T (Fig. 4A-B-C) and
L1929 cells(Fig. 4D-E-F), show a more extensive red fluorescence in-
tensity of NPs in tumor cells compared healthy cells. Specifically, NP
fluorescence intensity in both cells was homogeneously diffused in the
cytoplasm and prevalently in the perinuclear region. Anyhow, the
intracellular fluorescence intensity seemed to be lower in L929 cells
than in HS578T cells, thereby suggesting a more facile internalization of
NPs in this latter case. These outcomes are consistent with the results
obtained in previous works [21,22] and can be attributed to both a
greater deregulation of the cytoskeletal apparatus of the tumor cells [31]
and the well-known upregulation of CD44 receptor.

3.5. Quantification and kinetics of NP uptake in L929 and HS578T cells

NP selectivity towards tumor cells was assessed by quantifying
fluorescent NR-loaded NPs after lysing cells membranes at different
times of NPs exposure of both tumor and control cells. It must be
underlined that NR is solubilized in acetone in the organic phase of the
emulsion used to formulate the NPs and the unencapsulated fraction of

HA14

HA8

Fig. 4. Confocal images of HS578T and L929 cells exposed to HA2 (A-D) HA8 (B-E) and HA14 (C-F) NPs after 24 h incubation. Maximum projection of Z-stack.
Different colours are applied to improve visualization: nuclei (DAPI) are shown in blue; actin filaments (phalloidin) in green; nanoparticles in red. Scale bar: 50 pm.
(For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)
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Fig. 5. NP uptakes histograms of HA2, HA8 and HA14, at different exposure
time (1, 3, 6, 24, 48 and 72 h), expressed as concentration of NPs [mg/mL]
internalized in L929 and HS578T cells.

the dye was eliminated during NP purification and PBS washing.

The results of NP uptake experiments are shown in Fig. 5. In all cases,
NP uptake was found to be increasing with exposure time, and a plateau
was evidenced after 24 h for HA2 and HA8 formulations, while occur-
ring after about 48 h of incubation for HA14 NPs in 1929 cells.

NP uptake results evidenced that the internalization is higher for
HS578T than 1929 cells in all cases, and this can be easily related to the
overexpression of CD44 receptor on HS578T surface and therefore
attributed to the promoted tropism for tumor cells induced by the
external decoration of NPs with HA. Beyond this evidence, the inter-
nalization kinetics are different for the three NP formulations. Indeed,
concerning HS578T cells it has been noted that, after 1 h of exposure,
similar amounts of HA2 and HA14 NPs were internalized, while a lower
uptake was detected for HA8 NPs. After 6 h exposure, the uptake of HA2
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Fig. 6. Uptake kinetics of HA2, HA8 and HA14 NPs by 1929 and HS578T cells
during continuous exposure, as determined by spectrofluorometric experi-
ments. Solid lines represent the results obtained by data fitting.
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Table 3
Model parameters of the kinetics uptake for HA2, HA8 and HA14 NPs against L929 and HS578T cells.
HA2 HAS8 HA14
1929 HS578T 1929 HS578T 1929 HS578T
Nuax+10° 1.77 4.41 1.97 7.17 2.57 2.70
kplmgemL~'eh™] 0.584 0.595 0.163 0.118 0.0758 0.285
kplh™'] 0.267 0.354 0.119 0.0998 0.239 0.934
ki#10° [h71] 6.39 3.45 13.0 1.54 11.2 15.9

and HA8 NPs were similar, whereas HA14 cell internalization rate
decreased. After 24 h, the uptake of HA8 NPs increased considerably,
compared to both HA2 and HA14, and a quasi-steady NP internalization
was reached for HA2 and HA8 NPs, but not for HA14 NPs. Regarding
1929 cells, HA2 and HA14, until 3 h, seem to be internalized in a similar
amount, which is higher than the HAS8. Differently, after 6 h, HA2 and
HAB8 reached a similar cell uptake and the HA14 become higher. After
24 h of exposure, HA2 reached the saturation, while HA8 and HA14
after 48 h.

Fig. 6 show the uptake kinetics of HA decorated NPs by L929 and
HS578T cells, compared with the results of numerical simulations and
Table 3 shows the best-fit parameters used in running the model. The
values of Npjax, which expresses the number of NPs that can be inter-
nalized by cells after a virtually infinite time, show that the uptake of
HA2 and HA8 by HS578T cells is 2.5+3.6-fold higher than Nppax
calculated with 1929 cells. In contrast, in the case of HA14, the calcu-
lated values of Nyjsx were similar in both cell populations. Overall, these
results suggest an intrinsically higher reactive surface in cancer cells
than in healthy cells, with the exception of HA14 NPs, in which the high
MW of HA decreases the effectiveness of tumor targeting.

Similarly, the obtained values of the binding and de-binding con-
stants (kg and kp) were comparable for HA2 and HA8 formulations in
both control and tumor cell lines. On the contrary, in the case of HA14
NPs both constants were approximately 4-fold higher for tumor cells.
Furthermore, the internalization constant k; was found to be higher in
the L929 cells for HA2 and HA8 NPs, while being of the same order of
magnitude for HA14 against L929 and HS578T cells.

Several mechanisms may occur for the regulation of HA-CD44
binding. One type relates to changes in affinity between HA and a sin-
gle receptor, exerted by modifications to CD44 glycosylation [14,32,33].
A second type derives from the repetitive structure (GlcNAc1-4GlcUA)
contained within the multiple CD44 binding sites (up to a few thousand)
of the HA. Individual HA chains can thus interact simultaneously with
many CD44 receptors on the cell surface. Moreover, density and
arrangement of CD44 receptor on cell surface are changeable, including
local enrichment or clustering, and may affect the avidity of a multi-
valent interaction. A third mechanism may take into account the fact
that HA can assume different arrangements on NP surface, due to its
flexibility. Thus, the ability to bind several receptors simultaneously,
forming real "clusters", depends both on HA chain length and on the
number of receptors involved and therefore no longer free to move on
the cell membrane. In fact, the distribution of these receptors on cell
surface is not uniform, and this implies that different interactions with
HA chains derive from the combination between length and flexibility of
the exposed HA segment. [35]. Specifically, it is reasonable to assume
that long and flexible exposed chain segments can interact with a large
number of receptors. This should imply that active targeting efficiency is
increasing with increasing HA MW, which seemingly contradicts our
findings. Nonetheless, it must be taken into account that the NP pro-
duction technique used in this work relies upon a blending procedure
exploiting the different solubility of different polymers, in the absence of
a chemical link. This implies that some random segments of HA chains
are actually engaged in the interaction with the hydrophilic poloxamers
segments and this interaction, in turn, determines the average length of
HA protruding from NPs surface. As a consequence, our results cannot be
compared to the case of chemically tethered HA on NP surface [34].

Thanks to preliminary rheological tests, that allowed us to achieve the
same viscosity of the aqueous phase used in the NP production, we were
able to obtain three different formulations with comparable size, {-po-
tential and stability over time. In the context of physically HA decorating
NPs, DSC results can provide indications about the spontaneous inter-
action among PLGA, poloxamers and HA. Actually, the lowest melting
heat evolved in the case of HA8 NPs is associated to its favored inter-
action with the hydrophilic segment of poloxamers. This is further
correlated to a promoted HA8 NP internalization and active cell tar-
geting. In the case of HA2 and HA14 formulations, the melting heats are
comparable. We speculate that the different active targeting abilities
may be dictated by the configuration of HA segments jutting out of NP
surface. As for HA2 NPs, the HA segment protruding outwards is long
enough to allow a significant, although suboptimal, tumor targeting.
Differently, the weak targeting enhancement evoked in the case of HA14
formulation indicates that the length of the superficially exposed HA
segments is probably excessive and not fully available for CD44 inter-
action. Indeed, HA chains of 1400 kDa most probably arrange as large
coils, which reduces the possibility to interact with overexpressed re-
ceptors on the surface of tumor cells. Overall results indicated that, in
the design of NPs, not only HA per se can be a parameter for active
targeting but also the conformation assumed on the NPs surface
depending on the MW used to decorated NPs.

4. Conclusions

In this work, we have investigated the influence of HA MW (200, 800
and 1437 kDa) used to decorate PLGA-based NPs on their internalization
selectivity and kinetics in CD44 overexpressing cells. Considering that
NPs have been produced by exploiting the physico-chemical interactions
between HA, PLGA and poloxamers, we can infer that HA chain is only
partially exposed on NP surface. Moreover, being HA a flexible polymer,
it can assume different arrangements on particle surface, thereby
influencing CD44 binding.

In this study, we found that 200 kDa HA confers an active targeting
toward tumor cells, and this ability increases with increasing HA MW in
the case of HA8 NPs, which seemingly possess an optimized interaction
with CD44 receptor. Anyhow, most of the targeting ability is lost in the
case of HA14 formulation, and this puzzling finding can be reasonably
ascribed to an excessive chain length, which favors HA macromolecule
self-interactions and, consequently, the formation of random coils on NP
surface, which reduces the possibility to interact with overexpressed
receptors on the surface of tumor cells.
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