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ABSTRACT

Purpose In this work we specifically investigate the molecular
weight (Mw) dependent combinatorial properties of hyaluronic
acid (HA) for exhibiting stealth and targeting properties using
different Mw HA nanoshells to tune nanoparticle retargeting to
CD44-expressing cancer cells.

Methods HA of different Mw was covalently grafted onto model
polystyrene nanoparticles and advanced surface analysis by X-ray
photoelectron spectroscopy performed to quantify and evaluate
the effect of the coating procedure. Specific CD44-mediated
retargeting was investigated by flow cytometry and confocal mi-
croscopy using isogenic D44-deficient and CD44-expressing
MCF-7 breast adenocarcinoma cells.

Results Surface analysis demonstrated effective surface coating
with 33, 260 and 900 kDa HA resulting in increased colloidal
stability and highly negative surface charge due to presentation of
up to 4.7% carboxyl groups that indicates an extended and non-
constricted HA polymer surface. Reduced non-specific particle
interaction in CD44" cells was shown for all HA nanoshells but
CD44-dependent cellular retargeting and internalization in
CD44™ cells was highly dependent on the coating HA Mw
properties.

Electronic supplementary material The online version of this article
(doi: 10.1007/511095-014-1552-7) contains supplementary material, which is
available to authorized users.

Conclusion The combination of advanced surface characteriza-
tion and evaluation of particle interactions in isogenic cells with and
without CD44 receptor demonstrates direct evidence for the
dual capacity of HA for stealth and CD44-mediated retargeting
tunable by the HA molecular weight.

KEY WORDS Hyaluronic acid - stealth - targeting - cd44 -
nanoparticles

ABBREVIATIONS

CDS Coding DNA sequence

EDC N-(3-Dimethylaminopropy!)-N-ethylcarbodiimide
HA Hyaluronic acid

HMw High molecular weight (900 kDa)
LMw Low molecular weight (33 kDa)
MMw Medium molecular weight (260 kDa)
MPS Mononuclear phagocytic system
MWCO  Molecular weight cut-off

NHS N-Hydroxysuccinimide

NTA Nanoparticle tracking analysis

PEG Poly(ethylene glycol)

P-blank Noncoated nanoparticles
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P-HA33 33 kDa HA nanoshell

P-HA260 260 kDa HA nanoshell

P-HA900 900 kDa HA nanoshell

SEM Scanning electron microscopy
TNBS Trinitrobenzenesulfonic acid

XPS X-ray photoelectron spectroscopy
INTRODUCTION

The effectiveness of a drug is dependent on reaching its target
site at therapeutically relevant levels. Nanoparticle-based
nanomedicines have been used for protection and improved
delivery of bioactive agents (1,2). However, evasion of prema-
ture capture by the mononuclear phagocyte system (MPS),
increasing the plasma circulatory half-life to accumulate and
interact with the target site, termed retargeting, still remains a
challenge to systemic particle-based drug delivery (3). Present
strategies are based on two-component systems composed of a
hydrophilic “stealth” material and targeting ligands (4) that
constitute the surface or “nanoshells” when referring to the
outermost nanoscale region. Poly(ethylene glycol) (PEG) (5)
has been a promising strategy for controlling properties such
as surface charge and hydrophilicity leading to low protein
adsorption and reduced blood clearance (3). Its continued use
and broad applicability, however, has been challenged by its
non-biodegradable ether bonds, immunogenicity (6,7), and
complement activation (8) particularly for high molecular
weight (Mw) PEG (9). Importantly hydrophilic surface coat-
ings, or nanoshells, do not by themselves confer active affinity
towards tumor sites without construction of a hybrid particle
containing targeting moieties. The inclusion of targeting moi-
eties such as peptides or proteins, however, can induce im-
mune responses that potentiate MPS capture if decorated
onto the nanoparticle surface, whilst steric hindrance installed
by the hydrophilic component can mask the recognition and
consequent receptor engagement of the ligand. Attempts of
ligand-based retargeting to receptor-bearing cells generally
suffer from a poor balance between stealth and targeting
due to these mutually compromising properties (10).

The outermost layer of a nanoparticle determines the
biological interaction with plasma proteins, the MPS, and
cellular membranes of the target cell. This “nanobio” inter-
face can be modified by surface coatings or “nanoshells” that
can be precisely investigated by advanced characterization
tools, which is, however, rarely performed. A dual capacity
for stealth properties and retargeting to specific cell types in a
single well-characterized coating material would offer a novel
approach in nanoparticle-based drug delivery.

Hyaluronic acid (HA) is a linear polysaccharide of the
glycosaminoglycan type. Its size varies from 5 kDa to 10
MDa n vivo, and it consists of disaccharide repeating units of

glucuronic acid and N-acetyl glucosamine linked by alternate
B1-3 and B1-4 linkages (11). HA is ubiquitously present in the
body and, in contrast to PEG, is both biodegradable and
biocompatible (12). The polysaccharide exists in solution as
a slightly stiffened, but highly flexible random coil attributed
to its linear chain conformation and ability for hydrogen
bonding to water (13). This and its negative charge provided
by carboxyl groups contributes to both steric and electrostatic
hindrance of cell interactions as a liposome coating that has
been investigated by Peer et al. (14).

CD44 is a cellular surface receptor involved in cell prolif-
eration, differentiation and migration as well as in signaling
for cell survival (15). These properties are also associated with
the pathological activities of cancer cells and CD44 has been
shown both to control and to be upregulated in a range of
human cancers such as melanomas (16), multiple myeloma,
breast carcinoma and squamous cell carcinomas (17,18). The
CD44 receptor has been suggested to engage with HA with a
Mw dependency (19,20) and has been used as a target for HA
functionalized nanomedicines such as liposomes (21,22) or
polyplexes (23). Previous studies, however, use different cell
types exhibiting different CD44 receptor levels for evaluating
CD44-dependent cellular uptake (22). By the use of isogenic
cell lines we intend to provide a clearer picture of the HA-
CD44 interaction without possible interference from cell type
or genetic/molecular differences enabling a precise investiga-
tion of the combined capability of HA coatings to confer both
stealth properties and CD44-mediated nanoparticle
retargeting.

In this work advanced surface analysis is performed to
characterize the outmost 10 nm surface of model latex
200 nm nanoparticles coated with different Mw HA enabling
precise interpretation of the effect of a particular coat on the
biological performance. Furthermore, the capability of HA
“nanoshells” to install a dual stealth and CD44-mediated
retargeting capacity to fluorescent nanoparticles (Fig. 1),
tuned by HA Mw, 1s investigated using flow cytometry and
confocal microscopic analysis in 1sogenic MCF-7 breast ade-
nocarcinoma cell lines engineered either for absence (CD44")
or high (CD44 ") CD44 expression to limit any influence due
to intrinsic differences between different cell types or expres-
sion of HA receptors other than CD44.

MATERIALS AND METHODS

Materials

Hyaluronic acid of 33, 260 and 900 kDa (referred in the text
as low LMw, medium MMw and high HMw, respectively)
were supplied by Novozymes Biopharma DK A/S

(Denmark). The experimental samples of 33 and 260 kDa
were prepared by well-controlled hydrolysis of HA material
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Fig. I Schematic representation of
the dual capacity of hyaluronic acid
(HA) for both stealth and CD44-
targeting. HA confers steric
hindrance to unspecific cellular
adhesion in CD44 negative MCF-7
cells (right) but retargeting to CD44
positive MCF-7 cells (left).

with Mw of 900 kDa (24). The weight average Mw (M,,) and
the Mw distribution (M,,/M,) was determined by size-
exclusion chromatography with online multiangle laser light
scattering and refractive index detection. M,/ M, ranged from
1.3 to 1.7 for the LMw and MMw samples whereas the HMw
sample had a M, /M, of 1.4. A CD44-negative MCF-7 cell
line was derived from the original MCF-7 cell line (obtained
from ATCC) via subcloning after stable insertion of a se-
quence suitable for subsequent Flp-recombinase-mediated
insertion of expression plasmids. The cell line was used to
insert the coding sequence (CDS) of the standard variant of
CD44, known as CD44S or CD44 isoform 4
(NM_001001391.1; Consensus CDS CCDS31457.1) under
the control of a constitutive cytomegalovirus promoter, which
yielded the CD44" cells. In parallel, the empty expression
plasmid was inserted via Flp-mediated site-specific recombi-
nation into the same parental cell line to obtain isogenic
CD44” MCF-7 cells. The CD44™ and CD44" status of the
isogenic cell line pair was confirmed by quantitative reverse
transcription PCR, using TaqMan"™ assays specific for
CD44 and allowing for detection of all CD44 variants, by
flow cytometry and by Western blotting using CD44-specific
antibodies. Fluorescent (505/515, ex/em) FluoSpheres
amine-modified 200 nm particles, DMEM glutamax,
hygromycin B, Alexa 647 modified goat anti-mouse antibody,
penicillin and streptomycin were purchased from Life
Technologies Europe. Protease inhibitor cocktail was pur-
chased from Roche. Mouse anti-human CD44 antibody was
purchased from Thermo Scientific. BSA, Dako fluorescent
mounting medium, Dulbeccos PBS, ethylene diamine, foetal
bovine serum (FBS), insulin, propidium iodide, 2-(N-
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Morpholino)ethanesulfonic acid hydrate (MES), NaNs, N-
Hydroxysuccinimide (NHS), N-(3-Dimethylaminopropyl)-N
"-ethylcarbodiimide (EDC), Sodium tetraborate decahydrate,
Trinitrobenzenesulfonic acid (TNBS) solution 5% w/v in

H50 and Hoechst nucleus stain were purchased from Sigma
Aldrich (USA). Ultrapure water (Siemens Ultra Clear Basic
plus) was used in all experiments.

HA Coating of Nanoparticles

HA nanoshells were produced by grafting HA (33, 260 and
900 kDa) onto aminated polystyrene nanoparticle surfaces
referred to as P-HA33, P-HA260 and P-HA900 respectively,
by EDC/NHS activated covalent coupling. Prior to coupling
the particles were washed with water by the use of sonication
and vivaspin 2 concentrators (molecular weight cut-off,
MWCO 0.2 um) to remove surfactants from the stock solu-
tion. The surface amine concentration on the particles was
measured using a trinitrobenzenesulfonic acid (TNBS) assay.
Briefly, nanoparticles (50 uL, 2.0 wt%) or water (control) were
diluted 1:4 into borate buffer (50 mM, pH 9.0) containing
double the concentration of TNBS as the expected amine
concentration. After stirring for 2 h at 37°C and centrifuga-
tion at 20,000¢ for 10 min, the supernatant was collected and
the non-reacted TNBS reacted with ethylene diamine in
excess. TNBS absorbance (421 nm) was used for calculating
the amine surface concentration by subtracting the residual
TNBS amount in the supernatant from the non-reacted
TNBS control, resulting in an amine concentration of 1.4-
107> M for the nanoparticle dispersion corresponding to a
nanoparticle surface amine density of 1 group per 69 nm”. HA
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(33, 260 and 900 kDa) was dissolved in MES buffer (50 mM,
pH 6) and mixed with EDC/NHS (20 eq. to HA COOH).
Nanoparticles were sonicated for 2 min and the HA/EDC/
NHS solution was added to a magnetically stirred dispersion
of nanoparticles (0.48 mg) (excess HA COOH groups with ~1
HA polymer molecule per particle surface amine) in MES
buffer, in a flat bottomed plastic tube in a total volume of
0.6 ml. After reacting 20 h at 25°C, the nanoparticles were
collected, washed thoroughly with water using vivaspin 2
concentrators (MWCO 0.2 pm) and the dispersion kept at
4°C.

X-ray Photoelectron Spectroscopy for Determination
of Surface Coated HA

Samples for X-ray photoelectron spectroscopy (XPS) were
prepared by drying particles (~1 mg) on a clean aluminum
XPS sample holder. XPS was performed on a K-Alpha spec-
trometer (Thermo Fisher Scientific, UK) using a 400-um wide
monochromatized Al Ka X-ray spot and collection of the
emitted photoelectrons at a take-off angle of 0° to the surface
normal. Charge compensation was used on all samples. High
resolution scans were obtained with a pass energy of 50 eV
and analyzed using CasaXPS version 2.3.15 for determina-
tion of Cls functional group (aromatic C-H at 284.8 ¢V, C-
C/C-H at 285.0 ¢V, C-O-C/C-OH, C-N and O-C-C(O) at
286.3 eV, N-C=0 and O-C-O at 287.6 ¢V and C(O)O at
289.0 eV, see Fig. 2) composition on the nanoparticle surface.
The constraints used for fitting were +/- 0.1 ¢V for compo-
nent binding energy positions and in general a maximum full
width at half maximum (FWHM) of 1.5 eV for Cls compo-
nents covering more than one carbon species and of 1.3 ¢V for
those covering one species. Shirley background subtraction
was used for all spectra.

Evaluation of Nanoparticle Surface Charge, Size
and Morphology

Zeta potential was measured in triplicates with a Zetasizer
Nano ZS (Malvern, Worcestershire, UK) by diluting the par-
ticles 1:50 in PO, buffer (20 mM, pH 7.5) and measuring at
25°C (Table I). Nanoparticle scattering spectras of 60 s were
captured on a NanoSight LM10-HS (NanoSight Limited,

HO
O
HO OH 071\

Fig. 2 Hyaluronic acid disaccharide repeating unit (n=[3; ~26,000]) of
glucuronic acid and N-acetyl glucosamine linked by afternate 31-3 and 31-4
linkages.

Amesbury, U.K.) equipped with a sample chamber with a
405-nm laser and analyzed with Nanoparticle Tracking
Analysis (NTA) software, version 2.3 to measure the particle
hydrodynamic size distribution. Samples were diluted to ob-
tain a suitable concentration of ~6.0 % 10% nanoparticles ml™'
in a phosphate bufler (pH 7.5) at 23°C.. The NTA graphs are
averages of three measurements. For the Scanning Electron
Microscopy (SEM) imaging, particles were air-dried onto
aluminum stubs (Electron Microscopy Sciences) and subse-
quently sputter coated with gold (1.25 kV, 1.5 min). SEM
analysis was performed using a NOVASEM in high vacuum
mode.

Flow Cytometric Analysis of Cellular Nanoparticle
Uptake and Cell Viability

Fluorescent nanoparticle dispersions had approximate con-
centrations of 6.0% 10" particles ml™" as measured by NTA.
The particle concentration in individual dispersions were
more accurately determined based on the absorbance of the
dye (yellow-green dye, ex/em 505/515 nm) isolated from the
nanoparticles by drying 50 uL. aliquots of nanoparticle disper-
sion and redissolving in chloroform to measure the dye-related
absorbance at 515 nm. Absorbance levels were the basis for
ensuring the addition of a uniform level of fluorescent particles
to cells for the different particle types (supporting online
information, Fig. S1).

Cellular uptake studies were performed in MCF-7 human
breast adenocarcinoma cell lines that were engineered to
differ in the presence/absence of CD44 but otherwise were
genetically identical, z.e. isogenic cell lines (see details in the
Materials section). The isogenic cell lines allowed analyzing
nanoparticle properties solely depending on the presence/
absence of the cognate receptor CD44, eliminating effects of
other cell surface molecules and effects that might be contrib-
uted by differential uptake efficacies that may depend on cell
type or genetic/molecular differences. Cells were maintained
at 37°C with 5% COg in MCF-7 media composed of DMEM
Glutamax medium supplemented with foetal bovine serum
(10%), Streptomycin (100 pg ml™"), Penicillin (100 units
ml™"), Insulin (10 pg ml™"), and from the fourth day post
resuscitation the MCF-7 media was additionally supplement-
ed with hygromycin (120 pg ml™"). Cells were passaged min-
imum three times before use and when 70 — 80% confluent
with a subcultivation ratio at 1:3 — 1:10. Cells were seeded at
concentrations of 2.5 % 10” cells/well in 1 ml medium in a 24-
well plate. 24 h later the medium was replaced with medium
(250 uL) containing nanoparticles adjusted to a uniform con-
centration of approximately 50 particles/cell seeded. After
24 h the medium was removed followed by 2 x PBS wash
and the cells harvested by trypsin treatment and centrifuged at
300 g for 5 min. Following an additional PBS wash, cells were
resuspended in sterile-filtrated PBS flowbuffer (0.5 ml)
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Table 1 Nanoparticle Surface Characterization; X-ray Photoelectron Spectroscopy (XPS) Analysis and Zeta Potential (in 20 mM pH7.5 PO, Buffer) of Relevant

Constituents and Different Coated Nanoparticles

XPS Cl's spectra composition [%[

Zeta potential [mV]

289.0 287.6 2863 285.0 284.8 PO, 20 mM, pH 7.5
A) Constituents
HA (calc.) 7.1 214 57.1 14.3 0.0 N/A
P-blank I.4(=0.1) 9.2 (x=1.0) 32.1(x0.7) 4.2 (=0.4) 43,1 (x1.4) —-8.7(x1.3)
B) HA coated particles
P-HA33 1.7 (£0.0) 8.8(+0.7) 326 (=1.7) 14.2 (=0.6) 42.8(x1.7) —36.4(£2.6)
P-HA260 2.3(x0.2) 10.6 (+0.5) 29.9 (+0.9) 14.2 (=0.5) 43.0(=1.0) —42.5(%3.3)
P-HA900 4.7 (x0.2) 12.2 (=0.8) 40.5 (=1.4) 4.4 (=0.3) 282 (=1.8) —48.3 (x2.1)

The average of three measurements is displayed and standard deviation given in brackets

containing BSA (1%) and NaNj (0.1%). Propidium iodide
(1 ug ml™") was included to stain for cells with low viability
and heat treated (60°C for 2 min) cells provided a low viability
control.

Cellular uptake studies using pre-incubation with an increas-
ing concentration of free HA was performed to quantitatively
assess the specificity of the CD44 HA mteraction. Maintenance
and seeding of the MCF-7 (CD44 ™ only) cell line was performed
as described above for the regular uptake study. The cells were
pre-incubated with HA of either 33 kDa or 900 kDa in a
concentration range of 0.00, 0.01, 0.10 and 5.00 mg/mL in
medium (250 uL) for 1 h and the HA containing media removed
prior to a 3 h incubation with particles (~50 particles/cell) in
serum free media (250 pL). Hereafter the cells where harvested
as in the regular uptake study. PS-blank was not included m this
part of the analysis due to interactions between the negatively
charged free HA and the uncoated and partly cationic (-NHg")
particle surface.

For both types of uptake studies, flow cytometry was per-
formed using a Gallios (Beckman Coulter) flow cytometer using a
488 nm laser and the 525/40 nm filter (FL1) for nanoparticle
associated fluorescence and the 620/30 nm filter (FL3) for
propidium iodide fluorescence detection of dead cells. A mini-
mum of 10,000 events were collected for each sample and flow
cytometric data analyzed using the Kaluza 1.2 software. The
compensation matrix was adjusted to account for fluorescence
spectral overlap of FLLI and FL3. Cell population selection was
based on forward and side scattering, and was gated to distin-
guish dead cells and cell doublets. For the regular uptake study,
the average value of three replicates of the geometric mean value
of the FL.I channel histogram was used for quantfication of
nanoparticle uptake. Averages were normalized to CD44" cells
treated with non-coated nanoparticles (P-blank). For quantifying
the competitive binding effects from free HA, the FL1 channel
histogram was first gated to determine the percentage of cells
showing particle uptake compared to the total cell population
(fluorescent and non-fluorescent cells, supporting online informa-
tion, Fig. S2). The average percent-value of three replicates was
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then normalized to the value for 0.00 mg/mL free HA pre-
incubation and uptake changes due to free HA pre-incubation
depicted as deviations from 0% (no change in uptake). Statistical
changes in both uptake studies were calculated using Students #
test. A “p” value less than 0.05 was considered statistically
significant.

Western Blot Detection of Cellular CD44

The expression levels of CD44 were verified by Western
blotting. 1x10° MCF-7 cells were lysed in RIPA buffer (1x
PBS, 1% NP-40, 5 mg/ml SDC, 0.1% SDS, 1x Protease
inhibitor cocktail) and total protein extract (30 ug) was loaded
and separated by 10% SDS-PAGE in X-Cell SureLock™
Mini-Cell chamber (Invitrogen) for 1.5 h at 110 V. Page
Ruler'™ Prestained Protein Ladder (Fermentas) was used as
a size marker. Electrotransfer to Immobilon-P PVDF
(Millipore, 0.45 pm) membrane was performed using X-Cell
II™ Blot Module (Invitrogen) in 1x Transfer Buffer (0.3%
Trizma base, 1.44% Glycine, 20% EtOH (96%)), 25 V for 2 h
in 4°C. The membrane was activated in 96 ethanol for 30 s,
followed by a 3 min water wash. Proteins were then visualized
using Ponceau Red (0.5%) in acidic acid (5%) to confirm
transfer and equal loading. The membrane was blocked with
blocking buffer (5% milk in PBS-Tween 0.05%) for 1 hat RT,
followed by mouse anti-human CD44 primary antibody (1ug
ml™") incubation in blocking buffer at 4°C: overnight. After
washing in PBS-Tween (0.005%), the membrane was incu-
bated with HRP conjugated goat anti-mouse secondary anti-
body (lug ml™") in blocking buffer for 1 h at RT. Blots were
developed using an ECL Plus kit (GE Healthcare), exposed in
the dark on X-ray film.

CD44-mediated Cellular Uptake Using Confocal
Microscopy

Presentation of the CD44 receptor and receptor specific up-
take was investigated using fluorescent antibody labeling and
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confocal laser scanning microscopy. MCF-7 cells (either
CD44" and CD44") were seeded in 8 well tissue culture
chamber slides (Sarstedt, Germany) at a density of 2.5x 10"
cells/well in MCD-7 media (0.5 ml) for 24 h. Cells were then
incubated with either P-HA260, P-HA900 or P-blank control
nanoparticles for 24 h with subsequently removal of particles
and wash. Cells were fixed for 10 min with 10% of formalin,
washed and permeabilized using Triton X-100 (0.1%) for
30 min and washed and blocked with BSA (3%) in PBS for
30 min. The cells were then incubated at 4°C overnight with a
mouse anti-human CD44 primary antibody (diluted to
4.7 ug ml™" in 3% BSA in PBS), washed thoroughly and
subsequently incubated with an Alexa 647 goat anti-mouse
secondary antibody (diluted to 4 pg ml™" in 3% BSA in PBS)
for 1 h at room temperature in the dark. The nucleus was
counter-stained with Hoechst. After 3 additional washes the
cells were mounted with fluorescence mounting medium un-
der a coverglass and sealed with nail polish and imaged using
confocal laser scanning microscopy (LSM 710, Carl-Zeiss
Inc., Thornwood, NY).

RESULTS

Physicochemical Characterization of HA Coated
Nanoparticles

XPS analysis revealed the detailed chemical state information
in the Cls spectra, revealing the changing particle surface
chemistries. Analysis was performed by curve-fitting the Cls
spectra into five peaks containing each a number of functional
groups: Aromatic C-H (styrene) at 284.8 ¢V, C-C/C-H at
285.0 eV, C-O-C/C-OH, C-N and O-C-C(O) at 286.3 eV,
N-C=0 and O-C-O at 287.6 ¢V and C(O)O at 289.0 eV)
(Fig. 3 and Table I). The C1s chemical species composition of
the constituents (Table Ia), shows the spectra composition
profile change from an unmodified particle surface (P-blank)
to pure HA polymer (calculated from the HA disaccharide
unit structure, Fig. 2). An increase in the Mw of HA (Table Ib),
resulted in a composition profile change towards that for pure
HA. As unmodified particle surfaces contained low amounts
of CG(O)O components such as carboxylic acid, a direct quan-
tification of the surface-grafted HA amount could be based on
the Cls level of the C(O)O component. This component
increased from 1.4% (P-blank) to 1.7 2.3% and 4.7% for the
HA nanoshells (P-HA33,—260 and—900 samples, respective-
ly) reflecting the change in the dry state HA surface amount
and the hydrated thickness due to the higher Mw of the P-
HA900 nanoshell.

Zeta () potential is the electric potential originating from
charged species (-NH3 ", -COO, -SOj” efc.) measured a few
nanometers distance away from the particle surface. As a

CPS

292 290 288 22|36 284 282
Binding Energy (eV)

Fig. 3 Decomposed X-ray photoelectron spectroscopy (XPS) Cls spec-
trum of (a) uncoated particles or (b) particles with HA nanoshells of 900 kDa.
The five Cls components are aromatic C-H at 284.8 eV, C-C/C-H at
285.0 eV, C-O-C/C-OH, C-N and O-C-C(O) at 286.3 eV, N-C=0 and
O-C-O at 287.6 eVand C(O)O at 289.0 eV.

standard method to evaluate the surface functionalization of
HA coated particles, {-potentials were measured in a 20 mM
pH 7.5 PO,” buffer (Table Ia-b). Uncoated surfaces (P-blank)
displayed a net {-potential of—8.7 mV at this pH-value indi-
cating the presence of mixed charged species, while negative (-
potentials (—36.4,—42.5 and—48.3 for P-HA33,-260 and
—900 samples, respectively) indicated a major presence of
COO" groups from HA surface conjugation. Control experi-
ments utilized {-potential measurements for confirmation of
covalent surface conjugation of HA by comparing coatings
performed with and without the addition of EDC/NHS re-
agents. Particles mixed with HA (33 kDa) without EDC/NHS
and purified had a slightly lower {-potential (—14.2 mV, data
not shown in Table I) compared to P-blank (—=8.7 mV). A
substantially lower surface charge (—36.4 mV) for particles
coated with HA using EDC/NHS, strongly indicated covalent
attachment of HA.

Nanoparticle Tracking Analysis (NTA) (Fig. 4) was used to
measure the particle hydrodynamic size distribution in an
aqueous environment and SEM (Fig. 5) to evaluate the dry
state morphology of the particles. NTA showed that samples
of HA coated particles (P-HA33,—260 and—900) had a nar-
row size distribution profile around 200 nm, with P-HA33
being closest to 200 nm. Inherent hydrophobic nanoparticles
without nanoshells (P-blank) had an apparent broader size
distribution with discrete peaks of 200 nm distance that indi-
cates small aggregates consisting of 2—5 uncoated particles.

SEM analysis (Fig. 5) showed highly uniform, discrete and
spherical particles of 200 nm in diameter, which correlated
with the hydrodynamic particle size of HA coated particles
determined by NTA. Coating with HA nanoshells of different
Mw (Fig. 5b-d) did not visibly affect the dry state size of the
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Fig.4 Nanoparticle Tracking Analysis (NTA), showing the hydrodynamic size
distribution of hyaluronic acid (HA) coated particles resuspended in 50 mM
phosphate buffer pH 7.5. Distributions are averages of three measurements.
Standard deviations are omitted for clarity.

individual particles, but had an influence on the dispersion
drying process, especially for the 900 kDa HA nanoshells
(Fig. 5d); first to induce a degree of interparticle ordering into
a hexagonal arrangement as sketched in Fig. 5S¢, and secondly
to reduce the number of overlapping particles.

CD44-mediated Cellular Retargeting

Cellular uptake studies were performed in MCF—7 cells that
were genetically identical (isogenic) except for the CD44 status
and derived as described in the Materials section via a mod-
ified site-specific Flp-mediated recombination system. The
CD44” and CD44 " status was confirmed via Western blotting
(Fig. 6 insert and supporting online information, Fig. S3). The
use of isogenic cell lines allowed eliminating all differences that
might be caused by cell type or genetic/molecular changes, so
that both the stealth properties and the specific CD44-
targeting could be addressed without interference from other
factors. The uncoated and inherently hydrophobic polymer
nanoparticles displayed substantial unspecific uptake in both
CD44™ and CD44" cells (Figs. 6 and 7), which was used as
reference point (Fig. 6). Coating with any of the three HA
types reduced unspecific uptake (66%, 73% and 73% reduc-
tion, p<0.01) close to the background value of the cells auto-
fluorescence, as indicated by the data obtained for the CD44"
cells, however, with slightly improved properties for P-HA260
and P-HA900 compared to P-HA33 (7% lower uptake, p
<0.01). The data indicated that all three HA types highly
efficiently prevented the nanoparticles from unspecific uptake,
supporting a shielding function. Remarkably, P-HA260 and
P-HA900 dramatically promoted specific, z.e. CD44-mediat-
ed, retargeting (Fig. 6) as demonstrated by the fluorescence
levels of the isogenic CD44 " cells being much higher than cells
without the CD44 receptor (CD44") (64% increase, p<0.01
for P-HA260 and 67% increase, p<0.01 for P-HA900, when
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comparing CD44" to CD44" cells). P-HA33 nanoshells exhib-
ited only minor uptake enhancement (6%, p<0.01, comparing
CD44" to CD44" cells) indicating a lower CD44-HA affinity.
Measurement of propidium iodide fluorescence indicated a
low level of membrane damage and further confirmed that all
four kinds of nanoparticles were not toxic to the cells
(supporting online information, Fig. S4).

To further confirm CD44 specificity and for a more quanti-
tative analysis of the CD44-HA interaction a competitive binding
analysis was performed by pre-incubating CD44 positive MCF-7
cells with free HA of 33 and 900 in a concentration range from
0.0 to 5 mg/mL before the addition of particles to the cells. For
P-HA33 nanoshells the pre-incubation with 33 kDa free HA up
to 5 mg/mL did not significantly change the cellular particle
uptake (3.4%, p=0.37) (Fig. 8a) whereas a significant but small
change was seen for 900 kDa free HA (20% reduction, p<0.01)
(Fig. 8b). Cellular uptake of PS-HA260 and PS-HA900 was
clearly affected by the pre-incubation with free HA with a 42%
(PS-HA260) and 46% (PS-HA900) (p<<0.01) decrease in cellular
uptake for 33 kDa free HA and an almost complete inhibition of
uptake (PS-HA260 and PS-HA900 both reduced by 85%, p
<0.01) by 900 kDa free HA at 5 mg/mL. Generally, more
cellular uptake reduction was observed for free HA with a Mw
of 900 kDa (Fig. 8b) compared to 33 kDa (Fig. 8a) (17% to 43%
larger at 5 mg/ml, p<0.02). For all concentrations of free HA,
no signs of toxicity was shown in this part of the study.

Immunostaining of the MCF-7 (CD44" and CD44") cells
with anti-human CD44 antibodies and confocal microscopic
analysis demonstrated a clear presence of the CD44 receptor
on the cell surfaces for the CD44 " cells and absence of CD44
on the CD44" cells (Fig. 7), which confirmed the Western blot
studies (Fig. 6, insert). P-HA260 and P-HA900, that showed
both effective shielding and CD44-dependent interaction ac-
cording to the flow cytometry results, were analyzed in further
detail with confocal microscopy for visualization of the CD44
involvement and the intra/extracellular localization of HA
coated nanoparticles. Unmodified particles (P-blank), showed
non-specific cellular interaction with both CD44 " and CD44”
cells, as revealed by green dots surrounding the cellular mem-
branes (Fig. 7, P-blank, CD44 "), supporting the flow cytom-
etry results. Nanoparticles P-HA260 and P-HA900 were only
observed within the CD44 " cells, especially in areas of high
CD44 expression, suggesting effective shielding against non-
specific cellular interactions (CD44") and successful retargeting
and internalization through CD44-HA interaction with these
coatings in agreement with the flow cytometry data (Fig. 6).

DISCUSSION

In this work we investigate the ability of hyaluronic acid
coatings of different Mws to introduce a hydrophilic HA
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Fig. 5 A-D: Scanning Electron
Microscopy (SEM) images of
uncoated particles (a) and particles
with 33, 260 and 900 kDa HA
nanoshells (b-d). Particles were all
spherical and uniform of 200 nm.
HA nanoshells of especially 900 kDa
HA induced a degree of hexagonal
ordering, indicating highly uniform
coatings. Particles were
resuspended in water, deposited
onto aluminum SEM stubs and
dried before SEM analysis. Bar on
image corresponds to 4 um.
(e)-(f): Schematic showing
aggregation without rearrangement
of particles without HA coating (e)
and with rearrangement for

900 kDa HA coated particles (f).

F

Aggregation with
rearrangement*

nanoshell for cellular CD44-specific retargeting of model
polystyrene nanoparticles. We utilize advanced surface char-
acterization including XPS to provide detailed information on
the composition of the outermost 10 nm surface of the HA
nanoshells needed to attribute biological effects to the HA
coat. Utilization of isogenic CD44-deficient (CD44") and
CD44-expressing (CD44 ") MCF-7 breast cancer cells enabled
us to clearly distinguish between unspecific and CD44-
mediated uptake and, thereby, simultaneously and robustly
determine stealth properties and redirection of the targeting
specificity to CD44, the receptor of interest for delivery. We
found that coatings created with 33, 260 and 900 kDa HA
polymers were effective for decreasing unspecific

N

interaction with CD44" cells, whereas only 260 and
900 kDa HA nanoshells displayed specific particle
retargeting to CD44" cells, that identifies these poly-
mers for retargeting capability.

Polystyrene particles are inherently hydrophobic and will,
therefore, aggregate in water unless sufficiently sterically or
clectrostatically stabilized (Fig. 4) (25). HA is a hydrophilic
polymer made up of disaccharide units containing negatively
charged D-glucuronic acid residues at physiologic pH (11),
and as a surface coating it, therefore, should constitute both
steric and charge stabilization against particle aggregation.
Polystyrene particles with a defined core size and uniform
number of surface groups for HA attachment allowed any

@ Springer
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Fig. 6 Particle uptake inthe CD44 ™ MCF-7 cell lines based on cellular associated fluorescence. Fluorescent particles were added to cells and incubated for 24 h,
the cells where then washed twice and removed. Flow cytometry was performed to evaluate the level of particle uptake based on the geometric mean
fluorescence intensity of three replicates. Averages were normalized to cells treated with non-coated particles (P-blank). Insert shows human CD44 antibody
stained Western blot of CD44 " MCF-7 cells — see supporting online information, Figure S3. Statistical significance was evaluated by Students t-test.

observed differences to be attributed to the HA material and
coating properties.

XPS analysis, in combination with zeta potential measure-
ments was utilized in this study for detailed surface character-
ization to identify and quantify the HA polymer coating
needed to investigate effects of different HA Mw. This is
absent in most reported studies that commonly use zeta po-
tential as the only characterization method (21,26,27). XPS
analysis confirmed the presence and identity of HA on the
particle surfaces as the composition profile change from P-
blank (Fig. 3a and Table Ia) to P-HA900 (Fig. 3b and
Table Ib) was shifted towards that of the pure HA polymer
(Table Ia). The cross sectional area of HA in aqueous solution
can be estimated from the radius of gyration, Rg =1.3 nm x

Cells only P-blank

CD44*

CD44"

Mw(kDa)"® (12,28) to 90, 1,050 and 4,660 nm” for the 33,
260 and 900 kDa HA, respectively. Covering more than the
area of one surface amine (69 nm?) and comprising several
carboxylic acid groups along the chain, one HA polymer
could possibly multivalent bind and occupy several surface
amines to adopt a flattened surface architecture (Fig. 9a).
Increase of HA coating Mw would, in such an arrangement,
result in a constant or only slightly increasing overall HA
surface mass that would be reflected in the carboxylic acid
XPS C1s component. To attach each HA molecule to fewest
possible amine groups on average and consequently obtain
flexible and non-constricted HA polymers on the particle
surface (Fig. 9b), HA was added with excess carboxyl groups
(RCOOH: RNHj, ratio was minimum 88:1) and HA polymer

P-HA260 P-HA900

Fig. 7 Confocal laser scanning microscopy images of MCF-7 (CD44 ™) cellular uptake of particles without coating or with HA nanoshells of 260 and 900 kDa.
Particles are labeled green (yellow-green), cell nuclei were stained blue (Hoechst) and CD44 receptors red (Alexa 647). Scalebar is 2 um.
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Fig. 8 Competitive CD44 binding analysis after free HA pre-incubation.
MCF-7 (CD44") cells were pre-incubated for | h with free HA of 33 kDa
(@) and 900 kDa (b) (0.0 to 5 mg/mL range) before a 3 h incubation with
particles grafted with HA nanoshells. The effect of the free HA was analyzed
with flow cytometry. The average %-value of cells showing particle uptake
was normalized to the %-value for 0.0 mg/mL free HA. Any uptake changes
due to free HA were depicted as deviations from 0% (0% change in uptake).

to amine ratio of ~1:1. In this study, the carboxylic acid
content for HA nanoshells increased rapidly towards the value
of pure HA (7.1%) with increasing HA Mw (1.7%, P-HA33 to
4.7%, P-HA900, Table I) suggesting a low level of multivalent
HA grafting with flexible HMw HA chains extending out
from the particle surface. In contrast to zeta potential, XPS
directly measured the amount of material on the surface, and
thus reliably supports the dependency of HA nanoshell dry
state thickness on HA Mw. This supports a nanoshell archi-
tecture with HMw hydrated HA structures extending away
from the surface and available for either steric protection or
CD44 interaction (Fig. 9b).

Zeta potential data confirmed the presence of anionic HA
polymers on the surface with the surface charge decreasing
from—8.7 mV for P-blank down to—36.4,—42.5 and
—48.3 mV for P-HA33,-260 and—900, respectively
(Table I). Interestingly, for a 0.3% increase of the carboxylic

acid XPS Cls component (P-blank to P-HA33), the magni-
tude increase in surface charge was substantial (from—8.7 to
—36.4 mV) demonstrating the effectiveness of even the 33 kDa
HA nanoshells to control the colloidal properties and stability
of the nanoparticles.

NTA data (Fig. 4) indicated increased colloidal stability of
HA coated particles with reduced hydrodynamic size (200 nm
— 350 nm) due to reduced inter-particle aggregation com-
pared to uncoated, inherently hydrophobic, polymer particles
(P-blank) that showed a broad size distribution around
600 nm. The conformational size of HA on a surface will be
comparable to the radius of gyration, Rg, of a HA random coil
and adding this to the model particle diameter of 200 nm, the
approximation of the hydrodynamic diameters of HA coated
particles are 221, 273 and 354 nm for P-HA33,-260 and
—900, respectively, which is in agreement with the NTA data
(Fig. 4) and the proposed surface architecture (Fig. 9b).
Consistently, the presence of HA of increasing Mw on the
nanoparticle surface lead to charge stabilization with increas-
ingly negative zeta potentials of—36 to—48 mV compared to
—9 mV for non-coated particles (Table I). Particle dispersions
are typically stable outside the zeta potential interval +30 mV
and—30 mV (29), and HA nanoshells, thus, demonstrated a
good ability for conferring not only steric but also electrostatic
stability to particles.

SEM analysis revealed uniform particles of 200 nm size
(Fig. 5). In the dry state HA nanoshells were not directly
visible, however, the coating influenced inter-particle organi-
zation such as described by Lin e al. (30). Steric and electro-
static repulsion between 900 kDa HA coated particles during
the drying phase (Fig. 5d) allowed for enhanced particle
rearrangement and packing comparable to colloid crystals
(31) as sketched in Fig. 5f. This effect was less evident for P-
blank, P-HA33 and P-HA260 (Fig. 5a, b and c, respectively),
with aggregation seemingly more diffusion-limited and less
ordered (Fig. 5¢). Formation of colloidal crystals is a good
indicator of coating uniformity and particle dispersability (32),
which suggests that especially HMw HA is well suited for
particle coatings and could have a novel utilization in colloidal
crystal applications (33).

Due to the flexibility and hydrogen bonding capacity of
HA, it can coordinate up to a 1,000 times its weight in water
(34) and consequently occupy a large volume. In conjunction
with negative charge provided from the carboxyl moieties, the
material can provide both a steric and an electrostatic barrier
for unspecific interactions with the nanoparticle surface.
Particle uptake by CD44” MCF-7 cells (Fig. 6) was significant-
ly reduced (66% —73%, p<0.01) with HA nanoshells and
showed no major differences for different coating types, sug-
gesting coatings with 33 kDa HA to be virtually as efficient as
those with 260 kDa and 900 kDa HA for reducing unspecific
cellular interaction. HA shielding for MPS evasion has been
previously demonstrated for naturally occurring HMw HA
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Fig. 9 Schematic presentation
showing the possible arrangements
of HA grafted to particle surface
amines. Multivalent HA grafting (a)
leads to a restricted and flattened
HA architecture whereas primarily
monovalent grafting (b) leads to
HMw HA structures extending
away from the surface available for
steric protection and CD44
interaction.

33 kDa

ot BEBSS

900 kDa @Q @%
A B

(~1MDa) (26) but to our knowledge not for 33 and 260 kDa
HA used in our work. Most existing studies have focused on
HA coated liposomes (21,22,35), rather than relatively hydro-
phobic particles as presented in this work that may reflect
inherent differences in cellular interactions between the
systems.

HA of various sizes exert its function through binding to
one or several cellular surface hyaladherin receptors such as
CD44, LYVE-1 or CD168 (RHAMM) (19,20,36). The most
studied hyaladherin, CD44, 1s a type I transmembrane glyco-
protein encompassing the highly conserved lectin-like fold,
termed the Link module, in the N-terminal HA binding
domain (28). By precise arrangement of HA in the CD44
binding site, its features are recognized through hydrogen
bonds and van der Waals interactions and binding occurs
(37). CD44 is upregulated in a range of human cancers
(17,18) and, therefore, constitutes a therapeutic target for
HA functionalized nanomedicines. The influence of the
CD44 receptor on cellular interaction with HA nanoshells
was investigated for the first time in this study using isogenic
CD44” or CD44" MCF-7 breast cancer cell lines rather than
different cell types as previously reported (21,35) that may be
influenced by inherent cell-specific differences or by differen-
tial expression of HA receptors other than CD44. A study by
Mizrahy et al. (12) compared the effect of HA Mw (6.4 kDa —
1.5 MDa) on the interaction between HA-modified liposomes
and CD44 receptors immobilized on a planar surface. The 2-
dimensional planar system, however, does not exactly mimic
the 3-dimensional processes involved in cellular recognition
and internalization of particles and the influence of membrane
fluidity, serum- and cellular membrane proteins utilized in our
approach.

The use of isogenic cell lines with and without the CD44
receptor demonstrated CD44-mediated cellular interaction
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and internalization of P-HA260 and P-HA900 with ~3 times
higher fluorescence intensity in CD44" compared to CD44"
MCF-7 cells (Figs. 6 and 7). CD44 receptor interaction has
been reported to occur for HA polymers from 1 — 2 kDa,
dependent on the CD44 presenting cell type (12,38), with the
interaction strength increasing rapidly with the Mw of HA
and HA receptor interactions. However, according to SPR
analysis on the CD44-HA interaction, stable and irreversible
binding will only occur for free chains in solution at or above a
HA size threshold of 30 kDa, independent on CD44 receptor
density (28). In our study, 33 kDa HA grafted to particles
showed only slightly (6%, p<0.01) enhanced particle uptake
(Fig. 6). One possible explanation is that attachment of HA to
any particle surface results in the immobilized 33 kDa HA
being less accessible or flexible compared to free polymer, and
thus, less capable of irreversible CD44 binding, but still able to
shield the surface from unspecific cellular interaction. In con-
trast, surface bound HA polymers of 260 or 900 kDa first
provides a higher amount of surface HA and, secondly, are
sufficiently large and flexible (Fig. 9b) for a high number of
CD44 interactions to occur and, therefore, available for
strong cellular interaction. As the nanoshells consist of several
HA molecules, the number of possible HA-CD44 interactions
will increase with higher graft density of the HA molecules,
which was one of the reasons for investigating the Mw depen-
dence using a model particle system with a fixed number of
surface reactive (amine) groups.

The effect on uptake after pre-incubation with 33 and
900 kDa free HA was investigated to further elucidate the
contribution of the CD44-HA binding to the cellular uptake
of the HA grafted particles (Fig. 8). The particle uptake of PS-
HAZ33 nanoshells was only slightly reduced by 900 kDa free
HA (-20%, p <0.01) (Fig. 8b) and not by 33 kDa free HA
(Fig. 8a) that confirms that 33 kDa HA only plays a minor role
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in CD44 engagement for the polystyrene particle coated
system. In contrast, the cellular uptake of PS-HA260 and
PS-HA900 was significantly reduced by free 33 kDa HA (up
to 42% and 46%, p <0.01) (Fig. 8a) similar to the study of
Upadhyay et al. using HA-modified polymersomes (39). An
almost complete reduction of uptake was observed for
900 kDa free HA (up to 85%, p<0.01) (Fig. 8b). Together,
these findings confirm the major and specific contribution of
CD44-HA binding to cell uptake of the 260 kDa and 900 kDa
surface grafted HA.

P-HA260 and P-HA900 nanoshells promoted internaliza-
tion of coated particles in CD44™ cells as shown in Fig. 7. It
has previously been shown that internalization and degrada-
tion is more rapid with HMw (~2 MDa) HA and with a high
number of CD44 receptors (40), that is consistent with HA
Mw dependent binding strength and the observed internali-
zation in Fig. 7.

Collectively, this work demonstrates the ability of HA
nanoshells to confer both shielding of particles from unspecific
cellular interactions and specific retargeting by engagement
with CD44-presenting cells to mediate binding and uptake
through the CD44 receptor. Furthermore, by choosing an
appropriate HA Mw, the dual property of HA nanoshells
can be tuned according to the desired focus of the application.

CONCLUSION

Hydrophilic “stealth” coatings can improve biocompatibility
of drug delivery nanoparticles and reduce unspecific uptake,
but can also compromise retargeting due to ligand
enshrouding, consequently a better balance between stealth
and targeting is needed. HA is an attractive material for
installing dual capacity HA nanoshells to facilitate either
stealth properties alone or stealth and targeting due to its
physical and molecular properties. In this work we have
directly demonstrated the dual property of HA nanoshells to
coat, stabilize and protect particles from unspecific cellular
interaction and to retarget the coated particles selectively to
CD44-expressing cells by modulating the HA molecular
weight that can be used in the design of nanoparticle-based
nanomedicines.
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