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often, while we may have some mecha-
nistic knowledge of how a delivery vehicle 
initially binds to such a group, we hardly 
know what happens during later phases. 
These phases, however, are equally crit-
ical for the efficacy of the treatment: for 
example, whether a nucleic acid-loaded 
particle remains on a cell surface or is 
transported intracellularly can make the 
difference between therapeutic success 
and failure. In short, the rational devel-
opment of a targeted delivery approach 
should require the understanding of both 
surface binding and internalization pro-
cesses, and the interplay between them.

Here, we have focused on these points, 
using nanoparticles where hyaluronic 
acid (HA) acts as a targeting element 
and siRNA is the payload (i.e., the drug). 
Rather than for cell targeting, HA is better 
known as a major component of extracel-
lular matrices,[1] and for its use as a matrix 
component in regenerative medicine,[2] as 
a dermal filler,[3] or a viscosupplementa-

tion agent.[4] However, besides its physical properties, HA is also 
capable of interacting with a number of biomolecules.[5] Most, 
but not all HA-binding proteins (also referred to as hyalad-
herins) share a homologous, HA-binding Link domain, whose 
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1. Introduction

Identifying an appropriate group (e.g., a cell-surface receptor) 
is the key step of any targeted delivery-based therapy. Most 
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size is critical to determine their affinity toward HA. As recently 
demonstrated by the group of Richter,[6] the force necessary to 
mechanically detach HA increases from type A hyaladherins 
(short Link domain) such as TSG-6 or Hyaluronic Acid Receptor  
for Endocytosis (HARE) to type B (medium-length Link) such 
as CD44, reaching a maximum for type C (long Link) such as 
aggrecan. Some HA receptors are therapeutically interesting, 
chiefly CD44 since it is known to be significantly upregu-
lated in cancer-initiating[7] or metastasizing cells,[8] with much 
involvement in the epithelial–mesenchymal transition,[9] in 
cancer(-initiating) cell survival,[10] and drug resistance.[11] 
Together with the structurally unrelated Receptor for Hyaluronic 
Acid Mediated Motility (RHAMM, also known as CD168), CD44 
has also important roles in angiogenesis and cell motility.[12]

Due to such clear association to cancer initiation and poor 
prognosis, much effort has been devoted to targeting CD44. 
However, a rational approach to CD44 targeting with HA 
is complicated by a number of factors, which, as we recently 
reviewed,[13] include the following:

A)	CD44 identity. CD44 is present in several isoforms, with a num-
ber of post-translational modifications (e.g., deglycosylation,[14] 
dimerization,[15] but also selective cleavage liberating soluble or 
matrix-bound CD44[16]) that can affect the affinity for HA. It has 
been shown indeed that in different cells CD44 can have inac-
tive, inducible, and constitutionally active HA-binding.[14]

B)	 The avidity of the interaction. For example, HA can discrimi-
nate between different CD44 densities (“superselective” in-
teraction[17]), whereas the details of HA exposure on a carrier 
surface are likely to cause change in the number of CD44 
clustered around each carrier,[18] and through that also the 
interactions with potential co-receptors.[19]

C)	The unclear relation between CD44 expression, HA bind-
ing and its internalization. Since its discovery, CD44 has been 
proposed as an endocytic receptor,[20] and in a recent paper we 
have shown that there may be a correlation between CD44s 
(CD44 standard isoform) expression and the internalization rate  
of soluble HA.[21] Yet, whether CD44 covers both roles of “bind-
er” and “internalizer,” or mainly only one of them is not known 
(Scheme 1). Using RGD-functionalized (thus integrin-binding) 
HA, we gathered indication of a more significant role of CD44 
in internalization than in initial binding,[22] and it has been re-
ported that cytoplasmic tail acylation inactivates CD44-mediated 
HA endocytosis, but not its binding to cells.[23] However, there 
are evidences pointing to a link to binding: in differently activat-
ed THP-1 macrophages higher CD44 expression (M1>M2,M0) 
increased HA binding, and slowed down its internalization.[24]

D)	The possible off-target effects. Although typically overex-
pressed by malignant cells,[25] HA in principle can also 
accumulate at other sites. Accumulation where HA catabo-
lism takes place (i.e., in skin and liver,[26] either in a CD44[27] 
or HARE[28]-mediated fashion) has a clearly negative effect on 
therapeutic efficacy, but uptake in nontumoral cells within a 
tumor microenvironment (TME) may be equally dangerous. 
This issue is sometimes addressed with an a priori receptor 
saturation with HA[29] or chondroitin sulfate, the latter being 
specifically interesting due to an apparently higher affinity 
for HARE than for CD44;[30] another potential strategy is the 
incorporation of additional and potentially CD44-synergic 
ligands that can increase cell selectivity.[19,22,31]

Here, we have used HA-decorated nanoparticles: They com-
prise chitosan as a cationic component and siRNA when a 
payload is employed, but HA is the major component and dic-
tates the surface properties and the interactions presiding to 
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Scheme 1.  Sketch of the possible roles of CD44 in the uptake of HA; 
please note that this is an oversimplification of a likely much more com-
plex situation, above all in the endocytic process. A) CD44 captures HA 
from the extracellular space (binding) and then orchestrates its internali-
zation in endocytic vesicles. Importantly, the stoichiometry of the inter-
action (number of HA vs number of CD44) is likely variable, and the 
degree of CD44 clustering may have profound effects on both intracel-
lular signaling and the mechanism and kinetics of endocytosis. B) One or 
more different receptors may be responsible for the initial binding, with 
unknown specificity and selectivity, then transferring HA to CD44 for a 
more selective interaction and eventually its internalization. C) Alterna-
tively, the additional receptor(s) may preside over the internalization of 
HA, after the latter has initially bound CD44.
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cell uptake.[18b,32] As cellular models, we have selected a panel 
of human cell lines that represent the variety of cellular types 
possibly present in a solid tumor: “real” cancerous cells (two 
models each for pancreatic and colorectal cancer) and noncan-
cerous cells (variously polarized macrophages, fibroblasts, and 
endothelial cells), the latter being potentially responsible for 
off-target effects in cancer therapy. All these cells are also likely 
characterized by different levels of CD44 expression. In this 
paper, we then aim to highlight whether a relationship exists 
between CD44 expression and extent of binding, internalization 
rate and silencing activity (i.e., the points B to D of the above 
list). We here also want to acknowledge the main limit of this 
study: we have assumed (a) all CD44 variants to be equally good 
in their interactions with HA, and (b) the differential effects of 
post-translational modifications to be negligible, in comparison 
to those of the differences in CD44 expression. This means that 
point A in the above list is not tackled.

2. Experimental Section

We report in Supporting Information, Sections S1 and S2, the 
following information: general cell culture methods and iden-
tity of the immortalized human cell lines used in this study 
(Section S1.1, Supporting Information), preparation of concen-
trated cell culture media (Section S1.2, Supporting Informa-
tion), protocols used for macrophage polarization (Section S1.3, 
Supporting Information), and the methods used for the anal-
ysis of CD44 expression (Section S2, Supporting Information).

Preparative Operations—Labeling of HA with Rhodamine 
B (HA-Rho): HA (Mw   = 180  kDa) was kindly provided by 
Kyowa (Milan, Italy) and covalently conjugated to Lissamine 
rhodamine B ethylenediamine (Thermo Scientific, UK) via 
4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chlo-
ride (DMTMM, Sigma-Aldrich, UK) mediated acylation. Briefly, 
100 mg of HA (0.25 mmol of carboxylate units) were dissolved 
in 10 mL of HEPES buffer 100 × 10−3 m pH = 7.4 under mild 
stirring overnight. Then, 2 mg of lissamine rhodamine B ethyl-
enediamine dye (0.00325  mmol, targeted degree of carboxylate 
substitution = 1%, 1.3 eq.) dissolved in 2.5 mL of HEPES buffer 
were added followed by addition of 2.5 mL of a 65 × 10−3 m solu-
tion of DMTMM (0.1625 mmol, 0.65 eq.) in HEPES buffer. The 
reaction mixture was stirred (300  rpm) for 24 h at 25 °C, then 
quenched and precipitated by addition of a 20-fold volume excess 
of cold ethanol 96% (v/v). The resulting dispersion was left over-
night at 4  °C to allow complete precipitation of the polymer. 
The precipitate was isolated by centrifugation (10 min at 4500g), 
dissolved in 10 mL of deionized water, and purified by dialysis 
(MWCO = 20 kDa) against deionized water. Finally, the solution 
containing HA-Rho conjugate was freeze-dried (mass recovery: 
70%). The degree of functionalization was calculated by meas-
uring the fluorescence intensity of the fluorescently labeled 
HA (Ex: 540/25, Em: 620/40 nm; Synergy2 Biotek plate reader 
equipped with Gen5 software) using Lissamine Rhodamine 
B Ethylenediamine dye to calculate the emission to the molar 
concentrations of the fluorophore (please note that this is later 
transformed in a molar ratio between the dye-functionalized 
and nonfunctionalized monomer units in the polymer). Typical 
degree of derivatization: 0.7–1.0% mol of carboxylate units.

Preparative Operations—Preparation and Characterization of 
Chitosan/HA Nanoparticles: All the materials used for the han-
dling of siRNA were either nuclease-free or sequentially washed 
with RNaseZap solution (Thermo Scientific, UK), 70% (v/v) 
ethanol in water, and nuclease-free water (Thermo Scientific, 
UK) prior to use. Chitosan with average viscosimetric mole-
cular weight (Mv ) = 656 kDa and degree of deacetylation 85% 
(middle-viscosity chitosan) was purchased from Sigma-Aldrich, 
UK. Chitosan with Mv   = 36  kDa was obtained by oxidative 
degradation of a 1%  wt. middle-viscosity chitosan solution in  
0.1 m HCl/3  × 10−3 m sodium nitrite. Chitosan samples were 
purified in-house prior to use as previously described.[19] Nano-
particles were prepared by direct polyelectrolyte complexation of 
chitosan with siRNA and HA in aqueous medium. This prepar-
ative method encompasses first the preparation of a 0.069% wt. 
chitosan solution. Both low (Mv   = 36  kDa) and high (Mv   = 
656 kDa) molecular weight (MW) chitosan were dissolved over-
night in 4.6 × 10−3 m HCl (aq), then the pH value was adjusted 
to 5 by adding 0.1 m NaOH (aq). HA was dissolved overnight 
in nuclease-free water at a concentration of 1.5  mg mL−1, 
and the pH value was adjusted to 5 by adding 0.1 m HCl (aq). 
The siRNA solutions were prepared at the desired concentra-
tion by diluting the 100 × 10−6 m stock (stored at −20 °C) with 
nuclease-free water. The chitosan and HA solutions were fil-
tered through 0.45 and 0.22  µm pore size filters (Merck Mil-
lipore, UK), respectively. For non-siRNA containing nanopar-
ticles, the chitosan solution was further diluted 1:2 (v/v) with 
sterile nuclease-free water. For the preparation of siRNA-loaded 
nanoparticles, the siRNA solution (prepared in nuclease-free 
water, nucleic acid concentration depending on the targeted 
%wt. loading) was gently pipetted in a same volume of chi-
tosan solution and the initial complexation step was carried in 
2.0 mL round-bottom Eppendorf tube under magnetic agitation 
(1000  rpm) for 10  min at 25  °C. HA-decorated nanoparticles 
(chitosan/HA) were finally obtained by addition of the chitosan 
solution or chitosan/siRNA suspension into an equal volume 
of 1.5 mg mL−1 HA solution under the same stirring conditions 
allowing the complexation for 30 min at 25 °C.

Dynamic light scattering (DLS) analysis of the hydrodynamic 
size, ζ-potential, and polydispersity index (PDI) of chitosan/HA 
nanoparticles was performed on three independent samples 
(as prepared) at 25  °C using a Zetasizer Nano ZS instrument 
(Model ZEN3600, Malvern Instruments Ltd., UK) equipped 
with a solid-state HeNe laser (λ = 633 nm, scattering angle of 
173°). The size and polydispersity data were calculated by using 
the General-purpose algorithm. The electrophoretic mobility of 
the samples was converted into ζ-potential by using the Smolu-
chowski equation.

The encapsulation efficiency (EE) of siRNA in nanoparticles 
was determined by measuring the amount of noncomplexed 
nucleic acid remaining in solution. Briefly, chitosan/HA nano
particles were sedimented via centrifugation (13  000 rpm for 
60 min at 4 °C), and the amount of siRNA in solution was quan-
tified via fluorimetry (Synergy2 Biotek plate reader equipped 
with Gen5 software) using the Quant-iT RiboGreen RNA Assay 
Kit (Thermo Scientific, UK) as specified by the manufacturer. 
EE values (%) were calculated as follows: EE  =  (A − B)/A × 100, 
where A is the amount of siRNA in the nanoparticle feed, and 
B is the amount of free siRNA in the supernatant.
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Study of Chitosan/HA Nanoparticle–Cell Interactions: Nano-
particle dispersions for cell experiments were prepared in 
complete cell growth medium at a final working concentration 
of 125  µg mL−1 by addition of an equal volume of twofold 
concentrated complete medium (prepared as described in 
Section S1.2, Supporting Information) to a twofold concen-
trated nanoparticle aqueous dispersion (i.e., 250  µg mL−1). 
Please note that nanoparticle binding and internalization 
studies were performed using, respectively, HA-Rho or 
DY547-labeled siRNA (siGLO Cyclophilin B Control, sequence: 
5′-GGA AAG ACU GUU CCA AAAA-3′; No. D-001610-01-05, 
Dharmacon, UK) as fluorescent reporters. For the avoidance 
of doubt, these experiments were performed using nano
particles labeled either at HA or at siRNA, but not with both 
in order to avoid fluorophore cross-talk issues from interfering 
with relevant readouts.

Study of Chitosan/HA Nanoparticle–Cell Interactions—Quan-
tification of Nanoparticle Uptake Using Cell Lysates: Cells were 
plated in Costar polystyrene 12-well plates with flat bottom 
(No. 3513, Corning, UK) and left adhere overnight (a sum-
mary of cell density used is reported in Table S1, Supporting 
Information). Cells were incubated with 125 µg mL−1 chitosan/
Rho-HA nanoparticles (pH = 6.4) for specific time points (2, 4, 
8, 16, and 24 h) in a humidified 5% (v/v) CO2 air atmosphere at 
37 °C. Untreated cells were used as a control. After each incu-
bation time, nanoparticle-containing medium was removed, 
cells were washed three times with phosphate buffered saline 
(PBS), and finally lysed in 100 µL RIPA buffer. The total uptake 
of HA, comprising both membrane-bound and internalized 
materials, was estimated from the fluorescence intensity of cell 
lysates by using a calibration of chitosan/HA-Rho nanoparti-
cles in cell lysates at a concentration range of 0.12–125 µg mL−1  
using a Synergy2 Biotek plate reader (Ex: 540/25, Em: 
620/40  nm) equipped with Gen5 software (sensitivity of the 
instrument adjusted to wells with the highest nanoparticle con-
centration of the calibration curve, i.e., 125  µg mL−1; optical 
position: top 50%; light source: Xenon flash). The number of 
cells for each well was estimated by using a standard curve 
that correlates the number of cells versus protein content for 
each individual cell line. Finally, the nanoparticle concentration 
values were normalized against the number of cells per well.

Study of Chitosan/HA Nanoparticle–Cell Interactions—Quan-
tification of Nanoparticle Internalization (Flow Cytometry): Cells 
were plated in Costar polystyrene 12-well plates with flat bottom 
(No. 3513, Corning, UK) and left adhere overnight (cell den-
sity reported in Table S1, Supporting Information). Cells were 
incubated with 125 µg mL−1 chitosan/HA nanoparticles loaded 
with DY547-labeled siRNA (1.45% wt. with respect to chitosan; 
pH = 6.4) for specific time points (2, 4, 8, 16, and 24 h) in a 
humidified 5% (v/v) CO2 air atmosphere at 37  °C. Untreated 
cells were used as a control. At the end of incubation period, 
the nanoparticle-containing medium was removed, cells were 
washed three times with PBS, and detached using Trypsin-
EDTA solution (No. 59417C, Sigma-Aldrich, UK) for 10  min 
at room temperature. Cells were pelleted (1000  rpm, 5  min, 
25  °C) and resuspended in 400  µL PBS. The internalization 
of DY547-labeled siRNA was determined by flow cytometry on 
10 000 live, individual cells with a BD LSR Fortessa cytometer 
(BD Bioscience, San Jose, CA) equipped with the FACSDiva 

software (v8.0.1). Data were analyzed with FlowJo (vX.0.7, Tree 
Star, Ashland, OR) after gating single and live events in the 
FSC-A/FSC-H and FSC/SSC windows, respectively. Untreated 
cells were used as autofluorescence control in order to calculate 
the median fluorescence intensity (MFI) fold change over time, 
as well as the percentage of positive events for each cell line/
time point tested.

Silencing Experiments: For functional silencing experiments, 
nanoparticles loaded with siGENOME Cyclophilin B Control 
siRNA (12.45%  wt. with respect to chitosan or A/P (amino/
phosphate) ratio = 14) (Sequence: 5′-GGA AAG ACU GUU 
CCA AAAA-3′, No. D-001136-01-20; Dharmacon, UK) were 
diluted to a final working concentration of 125 µg mL−1 in com-
plete cell growth medium based on HEPES buffer (pH = 6.4)  
by the addition of an equal volume of twofold medium to a 
twofold concentrated nanoparticle aqueous dispersion (i.e., 
250  µg mL−1). Note that these conditions are equivalent to a 
siRNA concentration of 200 × 10−9 m per well (or equivalent to 
0.67 µg of siRNA/well).

Silencing Experiments—Knockdown at the mRNA Level (Real-
Time Quantitative Polymerase Chain Reactions (RT-qPCR)): 
Cells were plated in Costar polystyrene 12-well plates with flat 
bottom (No. 3513, Corning, UK) and incubated in media based 
on HEPES buffer at pH = 6.4 containing siRNA-loaded chi-
tosan/HA nanoparticles for 24 h in a humidified 5% (v/v) CO2 
air atmosphere at 37  °C. Nanoparticle-containing media were 
aspirated and cells were lysed with trypsin-EDTA solution after 
thorough rinsing with PBS. The total RNA was extracted using 
PureLink RNA mini kits (Applied Biosystems, UK), purified via 
sequential elution with RNAse-free water, and stored at −80 °C 
for long-term use. The total RNA concentration and purity were 
measured via spectrophotometry (NanoDrop ND-1000; Thermo 
Fisher Scientific, UK). Samples with a 260/280 nm absorbance 
ratio in the range 1.80–2.0 were used for reverse transcrip-
tion using the High Capacity cDNA Reverse Transcription Kits 
(Applied Biosystems, UK). Reverse transcription was performed 
using the Peltier Thermal Cycler PTC-200 (MJ Research, 
Waltham, MA) to yield cDNA for downstream TaqMan gene 
expression analysis. The TaqMan Gene Expression Master 
Mix (Life Technologies, UK) was used alongside human cyclo-
philin B (PPIB) (Hs00168719_m1) and human glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) (Hs02758991_g1), 
the latter utilized as an endogenous control. The real-time  
polymerase chain reactions were carried out in MicroAmp Fast 
Optical 96-Well Reaction Plates (Applied Biosciences, UK) on a 
StepOnePlus (Life Technologies, UK) equipped with StepOne 
software. All reactions were carried out for a total of 40 thermal 
cycles. Results were run against the house-keeping gene 
(GAPDH) in a ΔΔCT quantitative evaluation method and all 
results were expressed as fold change in gene expression rela-
tive to negative control samples (i.e., cells not exposed to siRNA 
against Cyclophilin B). All qPCR experiments were run on n = 
3 different wells (technical replicates) and each experiment was 
repeated three times (biological replicates).

Statistical Analysis: Statistical analyses were performed with 
GraphPad Prism 8.2 (GraphPad Software, Inc., San Diego, 
CA). Differences between groups (one-way ANOVA analysis 
in Figure 2B and t-test analysis in Figure 5A) were considered 
significant at a P-value of <0.05. No preprocessing of raw data 
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(e.g., transformation, removal of outliers) was performed before 
statistical analysis, except in the case of silencing efficiency (%) 
shown in Figure  5 which are a result of the normalization of 
protein expression levels of each formulation against the pro-
tein expression levels of untreated control samples. Data of 
experimental replicates are presented as mean ± SD.

In Figure  5D, the correlation analysis was based on aver-
ages and standard deviations (n = 9 for silencing, n = 3 for all 
other measurements), which were used, under the assump-
tion of Gaussian distribution, to calculate the linear correlation 
coefficients, and the corresponding SD, relating the observed 
properties, namely, amount of CD44 expression, extent of 
binding, internalization rate, and silencing efficiency, over a set 
of 1000 randomly generated samples.

3. Results and Discussion

3.1. CD44 Expression in Cellular Models

We have characterized CD44 expression in a panel of human 
cell lines composed of pancreatic (AsPC-1 and PANC-1) and 
colorectal (HCT-116 and HT-29) cancer cells, and of “off-target” 

TME controls, that is, fibroblasts (HDF), endothelial cells 
(HUVEC), and differently polarized macrophages (THP-1). It 
is noteworthy that AsPC-1[33] and HCT-116[34] are specifically 
accepted as metastatic models.

We have analyzed the total expression of CD44 (CD44pan: 
standard and all variants) and that of its most common variant 
isoforms (CD44v3, CD44v4, and CD44v6) using flow cytometry 
(Figure  1A) and Western blotting. The latter technique, how-
ever, showed strong limitations in the quantification of CD44 
expression, despite employing the same primary antibodies. 
This could be possibly due to differential binding in the likely 
partially denaturing conditions used in Western blotting: For 
example, a strictly quantitative comparison of CD44pan expres-
sion through the panel was not possible, and the results showed 
a very significant discrepancy with flow cytometry (in par-
ticular for HCT-166 and HT-29; see Section S2.4 and Figure S1,  
Supporting Information). Another factor may be a poor 
CD44pan detection in cells with high variant expression. Addi-
tionally, Western blotting against variant exons v3 and v4 did 
not reveal any bands for any of the cell lines (data not shown), 
while flow cytometry allowed for a full analysis of these two var-
iants. Therefore, we have used flow cytometry for quantitation 
and Western blotting for a merely qualitative confirmation.

Adv. Healthcare Mater. 2019, 1901182

Figure 1.  CD44 expression in cancer (colorectal and pancreatic cell lines) and normal (fibroblasts, macrophages, and endothelial cells) cell lines. 
A) Expression of total CD44 (CD44pan) and CD44 variants (CD44v3, CD44v4, and CD44v6) measured by flow cytometry after indirect staining with 
AlexaFluor647-labeled antibody. Histogram of n-fold change in median fluorescence intensity (MFI) relative to the intensity of the isotype control (left), 
and percentage of positive cells for the various cell populations (right) are expressed as average ± SD (n = 3). B) Example of Western blot analysis 
of CD44v6 detected using anti-CD44v6 (2F10) under reducing conditions; when cells were positive to v6, in different cells this variant associated to 
different molecular weights (≈100 kDa for PANC-1, ≈140 kDa for HT-29, ≈140–245 kDa for HCT-116) that likely reflect rather different CD44 isoforms. 
Since the antibody may bind differently to them, this comparison should be taken as purely qualitative also due to the faint character of the bands for 
most cells), and only to corroborate flow cytometry data. β-actin was used as loading control; nd = nondetected (columns present the averages for 
n = 2). C) Volume rendering of PANC-1 confocal microscopy, showing nuclei (blue) and the distribution of CD44pan (red) (experimental protocol: see 
the Experimental Section).
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The highest CD44pan expression was detected in colorectal 
cancer cell lines (Figure 1A, left), well known to express CD44 
in large amounts.[35] Also pancreatic tumoral cell lines,[36] fibro-
blasts,[37] and endothelial cells[38] are known to produce high 
levels of CD44, and here they showed comparable CD44pan 
levels, although lower than the colorectal HCT-116 and HT-29. 
Macrophages, on the contrary, produced low level of the protein; 
confirming our previous results,[39] higher levels are expressed 
by the M1 subtype, and indistinguishable (lower) amounts by 
the M0 and M2 subtypes.

CD44 isoforms containing variant exons v3 (CD44v3) 
and v6 (CD44v6) were detected in all cancer models, albeit 
in lower amounts in AsPC-1 and PANC-1,[36b] while were 
absent in most off-target cells, with the exception of M2 mac-
rophages (these potentially tumor-associated subtype express 
low, but significant levels of CD44v6[39]) and HUVEC, which 
are positive for CD44v3.[40] Isoforms containing exon v4 
(CD44v4) were absent in virtually all cell types, with a mar-
ginal expression of a small population (less than 20%) of 
PANC-1 cells.[41]

Qualitatively, Western blotting confirmed these findings (see 
Sections S2.3 and S2.5, and Figure S1, Supporting Information): 
predominant expression of the CD44 standard isoform (CD44s; 
CD44pan bands at 85–90  kDa) in HDF,[42] HUVEC,[43] and 
THP-1,[36a,39] and that of high MW isoforms (CD44pan bands at 
140–200 kDa) for HT-29 and HCT-116, with essentially the same 
order in CD44v6 expression (HCT-116 ≫ HT-29>PANC-1; com-
pare Figure 1B with Figure 1A left). Of note, the prevalent expres-
sion of CD44s in AsPC-1 and PANC-1, with small amounts 
of variants, is also confirmed by higher molecular weight/
low intensity bands at longer exposure times (see Figure S1,  
Supporting Information). Last, as typically seen, CD44 has 
always a cell surface localization (Figure 1C).

3.2. Preparation and Physicochemical Properties  
of HA-Decorated Nanoparticles

As a model of HA-displaying nanocarriers, we have used chi-
tosan/HA nanoparticles (Figure  2A); they were prepared by a 
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Figure 2.  A) Schematic representation of siRNA-loaded chitosan/HA nanoparticles (blue: negative charges; orange: positive charges). Due to the 
two-step preparative procedure, the bulk is supposed to be predominantly composed of the anionic nucleic acid cargo complexed with the positively 
charged chitosan (their combination providing a purple color in the sketch), with some degree of penetration of the anionic HA, which however is pro-
gressively enriched by approaching the surface; the latter can be assumed to be solely composed of HA. B) Hydrodynamic size (left) and zeta potential 
(right) of chitosan/HA nanoparticles as a function of siRNA loading. All data are represented as the average ± SD (n = 3). Statistical analysis returned 
no significant differences (P-values > 0.05) for either size or surface charge between particles prepared from the same chitosan MW but loaded with 
different amounts of siRNA (one-way ANOVA).
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two-stage polyelectrolyte complexation, where chitosan was 
precomplexed with siRNA and then HA. We have employed chi-
tosan with two very different MW to produce nanoparticles with 
a different binding strength between the polycationic (chitosan) 
component and HA, which typically influences the silencing 
efficiency;[32b] please refer to our previous paper for a detailed 
study of the stability of the particles and of the complexation 
strength (avidity) of chitosan toward RNAs.[32b] Of note, similar 
nanoparticles prepared through a triphosphate (TPP)/chitosan 
intermediate complexation presented HA to murine cells in a 
fashion that depended on chitosan MW;[18b,19,32a] the different 
preparative method employed here ensures that the nanoparti-
cles have the same HA presentation (subject of a forthcoming 
publication) and therefore differ primarily in their internal 
cohesion. Both low and high MW chitosan/HA nanoparticles 
had an average hydrodynamic size of ≈250  nm up to high 
siRNA loading (EE always >99%); since HA is used in excess, 
it composes the nanoparticle surface, as demonstrated in the 
negative zeta potential (Figure 2B, right). The main descriptors 
of the particles were not affected by the amount of siRNA up to 
25% wt. in relation to chitosan, hence we conclude that within 
this limit the level of siRNA loading has no significant influ-
ence on at least the initial nanoparticle interactions with cells, 
that is, in the process of their uptake.

It is worth mentioning here that previous studies of ours 
demonstrate that the uptake of these nanoparticles is dependent 
on CD44/HA, since it can be strongly reduced either with HA 
pretreatment or with CD44-blocking antibodies in HCT-116[32b] 
or THP-1 macrophages.[24]

3.3. Nanoparticle Cell Surface Binding and Internalization Kinetics

We used nanoparticles featuring HA-Rho and a DY547-labeled 
siRNA cargo, and measured the fluorescence of the former 
to monitor nanoparticle uptake in cell lysates, and that of the 
second to follow their internalization via flow cytometry on 
trypsinized cells. As recently demonstrated,[39] since trypsin 
degrades CD44 and thus detaches any CD44-bound material 
from cell surfaces,[44] this method allows to selectively follow 
the nanoparticle internalization kinetics, whereas cell lysates 
encompass both internalized and surface bound materials.

From cell lysates, it is apparent that nanoparticle uptake 
reached a plateau already by 2 h incubation for all cellular models 
(Figure  3A), which indicates a rapid binding and saturation of 
HA receptor(s). On the other hand, internalization proceeds at 
a much slower pace (Figure  3B), reaching plateau values after 
16–24 h of incubation, with virtually complete transfection of all 
cell populations (see Figure S2, Supporting Information, left).

Two numerical parameters can be extracted, which allow to 
quantitate the two phases of nanoparticle uptake:

A)	The binding, that is, the amount of nanoparticles bound “per 
cell.” This was obtained by converting the cell lysate fluores-
cence at 4 h into the actual concentration of nanoparticles, 
and then normalizing the latter against the protein content; 
notably, flow cytometry measurements at 4 h show not only 
low amounts of internalized particles but also very low num-
bers of positive cells (see Figure S2, Supporting Information, 

right), indicating that at this point cell lysate fluorescence is 
almost solely reflective of binding.

B)	 The internalization rate. This is obtained directly as the flow 
cytometry signal read at 24 h. Please note that this parameter 
may slightly underestimate the rate for HCT-116, since they 
appear to be already at plateau after 16 h.

Rather surprisingly, binding showed very little, if any, depend-
ency on the total CD44 expression (Figure 4A); all cells showed 
similar binding for the two kinds of particles, which indicates 
an HA presentation independent of chitosan MW; note that we 
previously demonstrated such a depedency, but only on murine 
cells.[18b,19,32a] As visually depicted in Figure 4A through the use 
of dashed lines, the only apparent relationship is the separation 
of macrophages—as low binders with low CD44 content—from 
all other cells that can generically be seen as high binders. Within 
the macrophage subtypes, we confirm our previous results that 
M1 produce more CD44 and are better binders than M0 and M2.

On the other hand, the nanoparticle internalization rate 
scaled reasonably with CD44pan (Figure  4B); it is possible 
to see a reasonable alignment in a log-log plot (green line in 
Figure 4B), with the exception of HT-29 (CD44high, but slow in 
internalization) and M1 macrophages. Two explanations of this 
behavior that we are inclined to discount are that: (A) HT-29 
express highly an isoform (CD44v6) known to associate into pro-
tein complexes, e.g., with c-Met and HGF,[45] which can possibly 
reduce its endocytic performance (in favor of a signaling role): 
this should have been observed also for HCT-116. (B) Slower 
nanoparticle internalization in M1 than M0 and M2 may be due 
to their more aggressive endocytic conditions, leading to fluoro-
phore degradation: this should have been seen also in cell lysate 
analysis. However, when comparing relatively similar cells, that 
is, M1 versus M0 and M2 (all macrophages) and HT-29 versus 
HCT-116 (colon carcinomas with epithelial origin), it is notice-
able that a higher CD44 level corresponds to a poorer internali-
zation; this may suggest that—within the constraints of similar 
cells—the density of CD44 may have optimal values for inter-
nalization above which the process is slowed down.

An important conclusion of this phase of the study is that 
HA-decorated nanoparticles are more rapidly internalized in 
tumoral rather than in “healthy” (although possibly tumor-asso-
ciated) cell types, which is encouraging from the perspective of 
the minimization of off-target effects.

3.4. Therapeutic Performance (Silencing)

In this part of the study, we have used the cyclophilin B (PPIB) 
gene as a silencing target: Not only PPIB has an abundant and 
comparable expression across most cell lines (healthy and can-
cerous) but also more importantly it is a nonessential gene and 
its knockdown does not compromise cell viability.[46] The siRNA 
concentration used in transfection experiments (200 × 10−9 m, 
obtained with a 12.45%  wt. loading in 125  µg mL−1 nanopar-
ticles) was optimized in preliminary experiments performed 
on HCT-116 using Lipofectamine LTX as a transfection agent 
(see  Section  S4 and Figure S3, Supporting Information). We 
recently demonstrated that silencing capabilities of such nan-
oparticles were comparable to Lipofectamine LTX, and that 

Adv. Healthcare Mater. 2019, 1901182
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nanoparticles maintained such capability even after storage or 
exposure to nucleases.[47]

Markedly different silencing values were obtained in the dif-
ferent cell models (Figure 5A), ranging from hardly any effect 
on M1 macrophages, to low (and variable) silencing in M0/M2 
macrophages, HUVEC, and HDF, and also HT-29 (≈30–40% 
PPIB mRNA reduction), to increasingly higher outcomes in 
AsPC-1 and PANC-1 (≈50–60% reduction) and in HCT-116 cells 
(≈70–80% reduction). A first conclusion is, therefore, to con-
firm that HA nanoparticles are promising for the minimization 
of potential off-target effects. Of note, no significant differences 
could be ascribed to the chitosan MW.

When pooling together all silencing data (all cell types, two types 
of nanoparticles; Figure 5B; see also Section S5 and Figure S4,  
Supporting Information), it is apparent that no clear correla-
tion exists with the nanoparticle binding on the cell surface 
(cell lysates at 4 h). On the contrary, PPIB silencing appears 
to have much a clearer relation with internalization rate and 
also with CD44 expression (Figure 5C). We have then utilized 
the linear correlation coefficient, ranging from −1 (perfect 

anticorrelation), to 0 (no correlation), to 1 (perfect positive cor-
relation), to quantify the interrelations between the four varia-
bles investigated in this study, that is, CD44 expression, binding 
extent, internalization rate, and silencing efficiency (Figure 5D). 
The final result is, as expected from the data presented in  
Figures  4B and  5C, that a statistically significant correlation 
exists between silencing efficiency and internalization, and to a 
lesser extent also between silencing and CD44 availability.

The first correlation is easy to explain: An efficient 
gene silencing requires an efficient internalization of the 
siRNA carriers. The comparatively homogeneous nanoparticle 
behavior, however, may also suggest that they all had a similar 
mechanism of endosomal escape. The second correlation is 
somehow surprising, because at the same time neither cor-
relates with the extent of cell binding but also possibly more 
revealing: This behavior is consistent with HA being rapidly 
bound by low specificity (e.g., scavenging) receptors, and only 
later trafficked to CD44 as a more selective binder and inter-
nalizer. It goes without saying that this is only one of the pos-
sible interpretations of the experimental results. However, the 
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Figure 3.  A) Nanoparticle uptake, that is, binding and internalization, of low (left) and high (right) MW chitosan/HA nanoparticles (125 µg mL−1) 
obtained by measuring HA-Rho fluorescence in cell lysates as a function of time and normalizing it against the cell number (please note that each cell 
type has its own calibration curve protein content vs cell number). B) Internalization kinetics of the same nanoparticles measured by monitoring the 
fluorescence of the nanoparticle siRNA cargo (1.45% wt. in relation to chitosan—loading optimized for fluorescence detection) by flow cytometry on 
live cells. The MFI-fold (relative to untreated control) is directly proportional to the nanoparticle internalization of intact particles and does not include 
material bound to the cell membrane due to trypsin treatment. All data are represented as the average ± SD (n = 3).
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Figure 4.  Correlation (log–log plots) between the expression of total membrane-bound CD44 (CD44pan; measured through indirect staining 
flow cytometry) and A) nanoparticle uptake/binding (HA-Rho, cell lysate at 4 h), B) siRNA median fluorescence intensity (MFI) fold change/
internalization (DY547-labeled siRNA, flow cytometry at 24 h) of low and high MW chitosan/HA nanoparticles (left and right column graphs, 
respectively). Data are represented as the average ± SD (n = 3). Please note that the dotted red/black and the solid green lines are just guides 
for the eyes.

Figure 5.  A) Knockdown of PPIB transcription (measured by RT-qPCR) upon 24 h treatment with low and high MW chitosan/HA nanoparticles loaded 
with anti-PPIB siRNA (12.45% wt. with respect to chitosan, corresponding to an A/P (amine/phosphate) ratio of 14 and to a siRNA concentration of 
200 × 10−3 m). Please note that all experiments were performed at pH 6.4 to mimic the tumor’s interstitial pH, and also to rule out any effect of nano-
particle stability seen at higher pH. The silencing was evaluated after the 24 h incubation, immediately after nanoparticle removal. Experimental data 
are expressed as average ± SD (n = 9, three biological replicates, with three technical replicates each). Statistical analysis returned no significant differ-
ences (P-values > 0.05) in PPIB mRNA silencing efficiency between the two chitosan MW for each cell line (t-test, two-tailed). B) Correlation between 
PPIB silencing efficiency (as described in (A)) and cell binding as calculated from the lysate fluorescence at 4 h normalized against the protein content. 
C) Correlation between silencing efficiency and internalization rate (left; amount of internalized siRNA at 24 h, MFI-fold over untreated control) and 
CD44 pan expression (right; MFI-fold expression over isotype). The purple curves are just guides for the eyes. The relatively low silencing in HT-29 may 
have the same cause of their relatively slow nanoparticle internalization. D) Cross-correlation between the main parameters describing the therapeutic 
efficiency of CD44-mediated cell targeting. Due to the properties of the correlation matrix, that is, symmetry and self-correlation equal to 1, only the 
nontrivial entries are shown. The bottom right half of the graph provides the numerical values of the correlation coefficient. The upper left half of the 
graph expresses these data with more visually through symbols with a size proportional to the value of the correlation coefficient and a color coding 
of their precision (red for the highest standard deviation, white for the lowest).
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hypothesized mechanism, if confirmed, would have profound 
implications for the very definition of targeting: In fact, the HA-
mediated targeting of CD44 should not be interpreted as a cell 
surface event of selective binding, but rather as a more complex 
phenomenon of endocytic recognition.

4. Conclusion

This study can provide two interesting conclusions. The first, 
more directly relevant to drug delivery, is that—within the 
limits of a relatively small panel of cell lines—tumoral cells 
appear to be more easily and efficiently targeted and treated by 
HA-decorated nanoparticles. This finding is specifically relevant 
when considering that a very significant portion of virtually any 
tumoral mass is composed by nontumoral cells, and generally 
there is no direct therapeutic advantage in their treatment. The 
caveat inherent to this picture is that, on the basis of expres-
sion profile of CD44pan or of its more tumor-associated vari-
ants, colorectal cell lines would seem a priori the most suitable 
models to evaluate CD44-targeting cancer therapies. However, 
HT-29 cells—both CD44high and CD44vhigh—contradict this 
simplistic prediction; the take-home message is therefore that 
CD44 expression cannot be employed as the only predictive ele-
ment for an HA-based therapy.

The second concept is very relevant to the concept of “tar-
geted delivery.” HA/CD44 interactions appear capable of con-
ferring selectivity to internalization processes; however, dif-
ferent cell surface binding events probably occur before them, 
and may not be selective. Therefore, while the therapeutic 
outcome (PPIB silencing) has a significant statistical correla-
tion with CD44 expression and thus it may be possible to call 
it a targeted action, its efficacy may be reduced by nonselec-
tive binding (which does not imply treatment) on nontarget 
cells. Admittedly, our experimental basis has a relatively small 
size, but hopefully we have shed some light onto the prob-
ably general concept that a targeted intracellular delivery may 
actually happen in the absence of a highly specific binding 
event.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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