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Hyaluronan (HA), a naturally occurring glycosaminoglycan, exerts different biological functions depending on
its molecular weight ranging from 4000–10M Da. While high Mw HA (HMw-HA) is considered as anti-
inflammatory, low Mw HA (LMw-HA) has been reported to activate an innate immune response. In addition,
opposing effects on cell proliferation mediated by the HA receptor CD44, have also been reported for high and
low Mw HA. We have previously demonstrated that HMw-HA can be covalently attached to the surface of
lipid nanoparticles (NPs), endowing the carriers with long circulation and active targeting towards HA-
receptors (CD44 and CD168) highly expressed on tumors. Here we present a small library of HA-coated NPs
distinguished only by the Mw of their surface anchored HA ranging from 6.4 kDa to 1500 kDa. All types of NPs
exerted no effect on macrophages, T cells and ovarian cancer cells proliferation. In addition, no induction of
cytokines or complement activation was observed. The affinity towards the CD44 receptor was found to be
solely controlled by theMw of the NPs surface-bound HA, from extremely low binding for LMw-HA to binding
with high affinity for HMw-HA. These findings have major implications for the use of HA in nanomedicine as
LMw-HA surface modified-NPs could be a viable option for the replacement of polyethylene glycol (PEG)
when passive delivery is required, lacking adverse effects such as complement activation and cytokine
induction, while HMw-HA-coated NPs could be used for active targeting to CD44 overexpressing tumors and
aberrantly activated leukocytes in inflammation.
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1. Introduction

Hyaluronan (HA) is a linear high Mw glycosaminoglycan (GAG)
composed of alternating disaccharide units of D-glucuronic acid and
N-acetyl-D-glucosamine with β-[1,4] interglycosidic linkage [1]. HA
possesses outstanding hydrodynamic properties especially regarding
to its viscosity and ability to retain water [2]. HA is an important joint
lubricant and an organ structural stability material [2]. In addition, HA
is essential for proper cell growth, embryonic development, healing
processes, inflammation, and tumor development [2,3].

HighMw(HMw)HApossesses several advantages,whichmake it an
attractive targetingmoiety decorating drug delivery vehicles: it iswater
soluble, biodegradable, and suggested to be biocompatible, non-toxic,
non-immunogenic and can be chemicallymodified [4,5].We and others
have demonstrated that LMw-HA [6,7] (with higher HA density that
can improve binding avidity) or HMw-HA [8–11], can be covalently
attached to the surface of lipid nanoparticles (NPs) [3,6,7,9–12] or
polymersomes [13,14] and efficiently target epithelial cancer cells and
leukocytes expressingHAreceptors. TheHAcoating endows the carriers
with active targeting towards HA receptors (CD44 and CD168) highly
expressed on various tumors such as squamous cell carcinoma, ovarian,
colon, stomach, glioma, and many types of leukemia, lymphoma and
myeloma [3,12,15–18].

HA exerts different biological functions depending on itsmolecular
weight ranging from 4000–10 MDa. HMw HA is considered as anti-
angiogenic and non-immunogenic, whereas low Mw (LMw) HA is
regarded as inflammatory, immuno-stimulatory and angiogenic [19].
Nevertheless, not all literature reports are consistent, revealing amore
complex behavior. For example, administration of LMw HA to tumor
xenografts of various types inhibits rather than stimulates tumor
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growth and overexpression of hyaluronidase suppresses colon and
breast carcinoma growth in xenografts [2].

Here we report on the preparation and characterization of a small
library of lipid-based nanoparticles distinguished by the length of
their surface-anchored HA ranging from 6.4 kDa to 1500 kDa. The
effect of HA Mw on HA-CD44 interactions, cell proliferation, cytokine
induction and complement activation in human serum was tested.

2. Materials and methods

2.1. Materials

Pure Soybean phosphatidylcholine (Phospholipon 90 G) was a
kind gift from Phospholipid GMBH (Germany). 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine (DPPE) and Cholesterol (Chol) were
purchased from Avanti Polar Lipids Inc. (Alabaster, AL, USA). Sodium
hyaluronate with average Mw of 6.4 kDa, 31 kDa, 132 kDa, 700 kDa
and 1500 kDa were purchased from Lifecore Biomedical, LLC (MN,
USA). Ethyl-dimethyl-aminopropyl-carbodiimide (EDC) and trypan
blue were purchased from Sigma-Aldrich Co. (St. Louis, MO,
USA). Biacore CM5 sensor chip and amine coupling kit containing
N-hydroxysuccinimide (NHS) and EDC were purchased from GE
Healthcare (Uppsala, Sweden). Alexa Fluor 488 Rat anti- human
CD44 and IgG2b isotype control were purchased from BioLegend
(San Diego, USA).CD44-Fc, TNF-α and IL-10 ELISA kits were purchased
from R&D systems (Minneapolis, MN, USA). C5a and SC5b-9 ELISA kits
were purchased from Quidel Cop. (San Diego, CA, USA). Materials
for cell cultures, Cell Proliferation Kit (XTT) and EZ-PCR Mycoplasma
Test Kit were purchased from Biological Industries Co. (Beit Haemek,
Israel). All other reagents were of analytical grade.

2.2. Methods

2.2.1. Preparation of NPs
Multilamellar vesicles (MLV) composed of PC:Chol:DPPE at mole

ratios of 15:4:1, were prepared by the traditional lipid-film method
[10,11,20,21]. Briefly, the lipids were dissolved in ethanol, evaporated
to dryness under reduced pressure in a rotary evaporator (Buchi
Rotary Evaporator Vacuum System Flawil, Switzerland) and hydrated
by the swelling solution that consisted of buffer alone (PBS) at pH 7.4.
This was followed by extensive agitation using a vortex device and a
2 h incubation in a shaker bath at 37 °C. The MLV were extruded
through a Lipex extrusion device (Northen lipids, Vancouver, Canada),
operated at 65 °C and under nitrogen pressures of 200–500 psi. The
extrusion was carried out in stages using progressively smaller pore-
size polycarbonate membranes (Whatman Inc, UK), with several
cycles per pore-size, to achieve unilamellar vesicles in a final size
range of ~100 nm in diameter. Lipid mass was quantified as
previously reported [11].

2.2.2. Surface modification of NPs
The surface modification was carried out on the NPs, according to

our previously reported procedures [10,11,21]. A small library
consisting of five different types of targeted and stabilized NPs
(tsNPs) was prepared by surface modification of pre-formed NPs with
different molecular weights of HA .The average Mws of the surface
anchored HA were 6.4 kDa, 31 kDa, 132 kDa, 700 kDa and 1500 kDa.
Briefly, HA was dissolved in 0.1 M sodium acetate buffer pH 4.5 to a
final concentration of 2 mg/ml and preactivated by incubation with
EDC, for 2 h at 37 °C. At the end of this step, the activated HA was
added to a suspension of the drug-free NPs, buffering by 0.1 M borate
buffer pH 9 and incubated overnight at 37 °C. At the end of the
incubation, the resulting tsNPs were separated from excess reagents
and by-products by centrifugation (1.3×105 g, 4 °C, 40 min) and
repeated washings with PBS, adjusting the pH back to physiological
one. A batch of NPs underwent the same processes, except that
sodium acetate buffer at pH 4.5 was added instead of the activated HA.
HA was quantified as previously reported [11].

2.2.3. Particle size distribution and zeta potential measurements
Particle size distribution and zeta potential measurements were

determined by light scattering using Malvern nano ZS Zetasizer
(Malvern Instruments Ltd. Worcestershire, UK). Size measurements
were performed in PBS pH 7.4 and zeta potential measurements were
performed in 0.05XPBS pH 7.4. Each experimental result was an
average of at least six independent measurements. NPs had a mean
diameter of 113±18 nm, whereas the addition of HA of various sizes
increased the mean diameter to about 140±15 nm for tsNPs 6.4 kDa,
31 kDa, 132 kDa, 700 kDa and 1500 kDa, respectively. NPs had a zeta
potential of −9.5±3.9 mV, whereas the addition of the HA coating
decrease the zeta potential to about −32±5 mV for tsNPs 6.4, 31,
132, 700, 1500 kDa, respectively.

2.2.4. Surface plasmon resonance study of Interaction of free HA and
tsNPs with CD44

Recombinant human CD44-Fc chimera was immobilized on
a 100 nm-thick carboxymethylated dextran sensor chip (CM5)
using a common amine coupling chemistry in Biacore 3000 [22].
Briefly, the sensor chip surface was activated with 1:4 mixture of
N-hydroxysuccinimide (NHS) and ethyl-3(3-dimethylamino)propyl
carbodiimide (EDC) for 7 min. CD44-Fc was dissolved in 10 mM
actetate buffer pH 4 to a concentration of 17 μg/mL and flown over
the activated surface for 5 min. The remaining reactive groups were
blocked with 1 M ethanolamine pH 8.5. For reference, additional
blank flow channel (FC) was prepared by EDC/NHS activation but
without introducing the receptor to the surface. Throughout all the
SPR measurements 10 mM sodium phosphate pH 7 supplemented
with 150 mM NaCl was used as the running buffer.

2.2.4.1. Kinetic analysis of HA-CD44 interaction. For collection of kinetic
data, a series of HA concentrations (from 0.032 nM to 10 μM) were
injected at 50 μL/min over the CD44-Fc coated FC and blank FC at
20 °C. For each size of HA an individual optimal concentration range
was selected according to obtained sensorgrams. For double referen-
cing, buffer blank injections were periodically performed in each run.
After each measurement cycle the sensor chip surface was regener-
atedwith 10 mMNaOH for 30 s. The association and dissociationwere
monitored for 360 and 640 s respectively. Obtained sensorgramswere
double referenced to blank FC and buffer injections in order to correct
for bulk refractive index changes and experimental artifacts respec-
tively [23]. Further on, the sensorgramswere zeroed, aligned, cropped
(to exclude the regeneration), corrected for spikes and uploaded to
ClampXP Biosensor Analysis Software (version 3.50) which combines
numerical integration and nonlinear global curve fitting routines [24].
The kinetic analysis of HA-CD44 interaction was obtained by fitting
the collected data to “heterogeneity model” with 2–4 independent
binding sites.

2.2.4.2. Interaction of tsNPs with CD44. tsNPs coated with different
sizes of HA (6.4, 31, 132, 700 and 1500 kDa) were diluted with 50 mM
sodium phosphate buffer pH 7.0 with 150 mM sodium chloride to a
concentration of 1 mg/ml, which was found to be a good compromise
between sufficient binding response and bulk refractive index shift.
The tsNPs were injected over the sensor chip surface coated with
CD44-Fc (600 RU immobilization level) at 3 μl/min for 1200 s. The
dissociation in the running buffer took place for another 1200 s.
Between the measurement cycles the sensor chip surface was
regenerated with 10 mM NaOH at a flow rate of 200 μL/min. The
responses on the blank FC were subtracted from the CD44-Fc coated
FC. Additionally, the responses obtained with NPs not coated with HA
were subtracted from the responses obtained with the HA-coated NPs
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to compensate for the bulk shift. No binding was observed between
the non-coated NP and CD44-Fc.

2.2.5. Cell culture growth and maintenance
Monolayers of NCI/ADR-RES (human ovarian adenocarcinoma

Adriamycin resistant) and RAW 264.7 (mouse Macrophages) cells
were grown in 100×20 mmdishes. TK-1 (mouse T cell lymphoma) cells
were grown in suspension. RAW264.7 cells were cultured in Dulbecco's
modified Eagle's medium (DMEM). TK-1 and NCI/ADR-RES cells were
cultured in RPMI-1640 medium as previously reported [11,25]. All
growth media contained 10% fetal bovine serum, Penicillin (100 U/ml),
Streptomycin (0.1 mg/ml), Nystatin (12.5 U/ml) and l-glutamine
(2 mM). Cells were free of Mycoplasma contamination as determined
by a Mycoplasma PCR test carried out every 3 months. Viability of
cultures used in theexperimentswasN90%, asdeterminedby the trypan
blue method.

2.2.6. Flow cytometry analysis of surface CD44
Flow cytometry of cell surface CD44 antigens was performed as

previously described [11,12]. The following mAbs were used: Alexa
Fluor 488 Rat anti-human CD44 and IgG2b isotype control. Data were
acquired on FACScan with CellQuest software (Becton Dickinson,
Franklin Lakes, NJ). Data analysis was performed using FlowJo
software (Tree Star, Inc. Oregon, USA).

2.2.7. Cell proliferation assay
Twenty-four hours prior to an experiment, cells of the desired line

were seeded onto 96-well multiwell culture plates at densities in the
range of 4–9×103 cells/mL. The experiments were initiated on sub-
confluent monolayers. TK-1 cells were treated in suspension. The cells
were incubated (see growth conditions in Section 2.2.6) with the
selected treatment media containing NPs or tsNPs for 4 h and 24 h, at
the end of which themediawas removed and the cells washed and fed
with serum-supplemented growth media. The experiment was
terminated 72 h later and proliferation was determined for each
well by the XTT cell proliferation kit.

2.2.8. Cytokine induction assay
RAW264.7 cells were seeded 48 h prior to the experiment in 96-

well multiwell culture plates at a density of 1×105 cells per well, in
culture medium supplemented with 5% FBS. The cells were incubated
with the selected treatment media containing NPs or tsNPs
(250 μg/ml) for 6 h. Cell stimulation with LPS (10–100 ng/ml) was
used as positive control. The levels of TNF-α and IL-10 secreted to the
medium were measured by ELISA.

2.2.9. Serum characterization and assays of in vitro human complement
activation

Procedures for preparation of fresh human serum and validation
assessment of serum functional activity of classical, lectin and the
alternative pathways of complement were done as previously
reported [26]. Only sera with all three functional complement
pathways were used for subsequent studies. To measure complement
activation in vitro, we determined NPs-induced rise of human serum
complement activation products C5a and SC5b-9 using respective
ELISA kits as described in detail previously [27,28]. For measurement
of complement activation, the reaction was started by adding NPs
(5 mg total lipid/mL serum final concentration) to undiluted fresh
human serum (typical NPs/serum volume, 1:4) in Eppendorf tubes (in
triplicate) in a shaking water bath at 37 °C for 30 min. Reactions were
terminated by the addition of PBS supplemented with 25 mM EDTA.
Control serum incubations contained saline (the same volume as the
NPs) for assessing background levels of complement activation
products. Zymosan was suspended in sterile saline and used as an
established positive control for monitoring complement activation at
a final concentration of 1 mg/mL serum. In all experiments pH was
maintained between 6.8 and 7.1. The efficacy of NPs treatment was
established by comparison with baseline levels using paired t-test.

2.2.10. Statistical analysis
All statistical analyses were done using GraphPad Prism® 5

software (San Diego, CA, USA). Results are expressed as mean±SD.
Differences between two means were tested using an unpaired, two-
sided Student's t-test. Differences between treatment groups were
evaluated by one-way ANOVA with significance determined by
Bonferroni adjusted t-tests.

3. Results and discussion

3.1. The effect of HA Mw on the interaction of HA with the CD44 receptor
using SPR analysis

The effect of HA Mw on HA-CD44 interaction was determined
using Surface Plasmon resonance (SPR). Human recombinant CD44-Fc
(~170 kDa) was immobilized on 100 nm thick carboxymethylated
dextran (CM-dextran) sensor chip using common amine coupling
chemistry (EDC/NHS). The three dimensional CM-dextran matrix
offers several advantages such as a hydrophilic setting for molecular
interaction and the preservation of the mobility of the immobilized
CD44, enabling improve kinetic characterization [29]. When perform-
ing kinetic experiments, low sensor surface capacity is desired [23],
however to compare between different sizes of HA the responses with
the lowest Mw should be still detectable. We initially tested different
immobilization levels of CD44-Fc with HA with an average Mw of
132 kDa and 6.4 kDa and found that a minimal surface immobilization
level of approximately 900 RU is needed to obtain robust responses
(data not shown). Five Mw ranges of free HA were studied in order to
investigate how the Mw of HA affects binding to CD44. The average
Mw of the HA tested were: 6.4, 31, 132, 700 and 1500 kDa. Each HA in
concentration rage from 0.032 nM to 10 μM was injected over the FC
with the immobilized CD44-Fc (850 RU immobilization level). For
each HA size an optimal concentration range was chosen according to
the obtained sensorgrams (Fig. 1). In order to estimate the availability
of the binding partners of CD44 and of HA, the stoichiometry of the
binding interaction was calculated for each HA size as follows. Given
the expected molecular weight of CD44-Fc (170 kDa) in a dimer form
and 1 RU=1 pg/mm2 protein relationship [30] we estimated surface
density of ~3 receptors per 1000 nm2. In aqueous solutions flexible
HA forms a random coil [2]. Based on the Mw, the gyration radius of
the folded HA can be determined through the following equation:
Rg=1.3 nm×(Mw (kDa))6 [31].

Assuming homogenous receptor distribution on the senor chip
surface, the number of CD44 molecules that can interact with a single
HA molecule was calculated (Table 1).

The calculation results showed that for Mw of 132 kDa and higher
each HA molecule interacted with multiple receptors on the sensor
surface. Given each CD44-Fc dimer has 4 binding sites and that each
high Mw HA can be bound by multiple receptors the kinetic data of
such interaction is too complex to be fitted with the commonly
applied 1:1 interaction model as was previously attempted [32]. The
kinetic model, which gave the best fit to the data obtained in this
study, was the “heterogeneity model” with two independent binding
sites for 6.4 kDa HA and with 4 independent binding sites for the rest
of the HAs.With the exception of the HA6.4 kDa the data fitting was in
good agreement with the expected 4 binding sites on each CD44-Fc
dimer. HA6.4 kDa interaction data slightly deviated from the model at
high concentrations. Adding or removing binding partners to the
model did not improve the fitting. For HA700 kDa and HA1500 kDa
the dissociation constant could not be resolved also with prolonged
monitoring time (data not shown), most likely due to multiple
binding sites on each HA and re-binding events during disso-
ciation. Taking into account the complexity of the interaction and
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Fig. 1. SPR-based kinetic analysis of CD44 interaction with different HA sizes. Five size
ranges of HA with average Mw of: 6.4 kDa (A), 31 kDa (B), 132 kDa (C), 700 kDa (D)
1500 kDa (E), were injected over the CD44-Fc coated sensor chip at 6 different
concentrations: HA6.4 (0.1 μM–10 μM), HA31 (0.3nM–0.5 μM), HA132 (0.2 nM–0.1 μM),
HA700 (0.03 nM–0.1 μM) and HA1500 (0.2 nM–0.1 μM). Following 360 s of interaction,
the HA was replaced by the buffer and dissociation was monitored for 640 s.
Representative sensorgrams of duplicate HA injections (black lines) were globally fitted
to heterogenic interaction model with 4 binding sites (red lines) yielding association and
dissociation constants (ka and kd) (F).
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experimental artifacts such as steric hindrance, crowding and
aggregation we address the kinetic analysis results as trend indicators
and not as absolute values. The results of the interaction data (black
curves) and the kinetic model fit (red curves) are shown in Fig. 1 A–E.
The kinetic constants derived from these data are summarized in
Fig. 1F. As shown in Fig. 1, there is a clear increase in global affinity
(KD) as a function of HAMw starting from 2.7 μM−1 for HA6.4 kDa and
ending up with 7.9 pM−1 for HA132kDa. There are two main changes
in HA Mw in which a clear increase in the affinity is noticed: from HA
6.4 kDa to HA31kDa and from HA31 kDa to HA132 kDa. Above
HA132 kDa the increase in binding affinity is not significant however
as mentioned, there is a difference in dissociation. In addition, the
reversibility of HA binding is also strongly dependent on the Mw of
HA. While a high dissociation rate is noticed for HA 6.4 kDa,
essentially no dissociation is noticed above HA 700 kDa (Fig. 1A and
E). The differences in KD between HA with an average Mw of 6.4 kDa
to 31 kDa have been previously reported [33] and are characterized by
a significant decrease in dissociation. This can be attributed to the
increase in the avidity as a result of multivalent interactions.
Table 1
Estimated CD44-Fc coverage by free HA at different MWs.

HA Mw
(kDa)

Radius of gyration
(nm)

Area
(nm2)

CD44 coverage
(CD44 molecules available per HA)

6.4 4 49 1 (0.16)
31 10 327 1
132 24 1709 5–6
700 66 13,678 44
1500 105 34,365 110
The KD values received in this study differ from the ones obtained
from binding fluorescently labeled HA to CD44 expressing cell, which
are in the μM range [33] but with good agreement with KD values
obtained from measurements performed with radio-labeled HA [34].
When comparing SPR analysis to experiments performed on CD44
expressing cells one should keep in mind that there are several
differences. At first, the Fc fusion protein differs from the dimers
formed on cell surface. In addition, the surface density reported here is
up to 12 fold higher than the average surface density reported for cell
surfaces [31,35,36]. Although it should be noted that the receptor
distribution on cell surfaces is not homogenous and that specific areas
of high receptor concentration exist [31]. Therefore, a more accurate
calculation of KD performed on cells would be obtained not by relating
to the average receptor density but rather to the local and temporal
receptor density. When comparing the KD obtained in this study to
values derived from previously reported SPR analyses, several fold
differences are observed. This is probably due to the fact that the
previous SPR studies extracted the values from equilibrium analysis,
often using sensorgrams, which failed to reach equilibrium [37].
Moreover, previously reported SPR data were obtained from highly
loaded sensor surfaces [32,37,38], complicating the analysis further
and misrepresenting the interaction between HA and CD44.

3.2. The effect of HA Mw on the interaction of tsNPs with the CD44
receptor using SPR analysis

A small library of NPs and tsNPs distinguished by the Mw of their
surface-anchored HA was prepared. Neutral in charge phospholipids
have been used to prepare nano-scale liposomes (~100 nm). In the
case of the tsNPs, HA was attached to the outer surface of the
liposomes, through covalent linkage to dipalmitoylphosphatidyletha-
nolamine (DPPE) as detailed in the experimental section.

The estimation of the effect of NPs surface bound HA Mw on the
interaction with CD44 was also performed using SPR analysis. The
experimental conditions were different from those used for kinetic
analysis in order to be able monitor the receptor interaction with the
NPs. tsNPs coated with HA6.4 kDa, HA31 kDa, HA132 kDa, HA700 kDa
and HA1500 kDa were diluted with 50 mM sodium phosphate buffer
pH 7.0 with 150 mM sodium chloride to a concentration of 1 mg/ml,
which was found to be a good compromise between low bulk
responses and sufficient robust signal. The tsNPs were injected over
the sensor chip surface coated with CD44-Fc at 3 μL/min for 1200 s.
The dissociation of tsNPs from CD44 was monitored for additional
1200 s. No binding was observed between the uncoated NPs and
CD44-Fc. The results show same trend as was observed in the
experiments with free HA, clearly indicating stronger binding of HMw
HA to the receptor (Figs. 1 and 2). However some differences were
observed for tsNPs 132 kDa and tsNPs 31 kDa. tsNPs 132 kDa showed
lower binding than tsNPs 700 kDa and 1500 kDa whereas free HA
binding for 132 kDa was very similar to HA700 kDa and 1500 kDa.
tsNPs 31 kDa showed lower binding in comparison to the free HA
(Fig. 1B). Low response of the 6.4 kDa -tsNPs was as expected and
with a good agreement to the low binding affinity observed with the
free 6.4 kDa HA. Lower binding responses of 31 kDa – and 132 kDa –

tsNPs could be explained by the decrease in the degree of freedom of
the HA molecule when bound to the particles' surface. Some potential
reactive sites might bind to the particles' surface and become
unavailable for CD44 receptor binding. In addition, the dissociation
of HA 700 kDa and 1500 kDa appeared very similar to that of
HA132 kDa and this can account for the rebinding of tsNPs 132 kDa
to the receptor during the dissociation. Since the SPR responses are
based on the refractive index change, the binding of differently sized
free HA cannot be compared directly due to different molecular
weights. Therefore, the interaction of different Mws of free HA with
CD44 is better described based on the affinity constants and not based
on the direct comparison of the obtained signal at the same



Fig. 2. tsNPs–CD44 interaction studied by SPR. Representative sensorgrams of tsNPs–
CD44 interaction monitored by SPR are presented. tsNPs coated with HA of an average
Mw of 6.4 kDa, 31 kDa, 132 kDa, 700 kDa and 1500 kDa and non-coated NPs at a
concentration of 1 mg/ml were injected in duplictaes over CD44-Fc coated sensor
surface. The interaction was monitored for 1200 s, followed by dissociation in buffer for
another 1200 s. The sensorgrams were double referenced and normalized to the bulk
shift caused by the non-coated NPs.
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concentration. Nevertheless, the signals obtained with HA-coated NPs
can be directly compared, because the main bulk shift is produced by
the NPs themselves.
A

1200

1400
3.3. The effect of NPs and tsNPs on cell proliferation

High Mw HA (HMw-HA) and low Mw HA (LMw-HA) where
reported to have opposing effects on cell proliferation through CD44
[39–41], which appear to be strictly regulated by signaling pathways
[41]. While binding of HMw-HA to CD44 suppresses cell cycle
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Fig. 3. The effect of NPs and tsNPs on cell viability of CD44-expressing cells. A.
Representative histograms of CD44 expression in NAR, TK-1 and RAW 264.7 cells
determined by flow cytometry. Orange line – isotype control; blue line – anti-pan CD44
antibody. B. The effect of NPs and tsNPs on the viability of NAR,TK-1 and Raw 264.7
cells. Data are expressed as the mean±SD obtained from XTT assay normalized against
untreated cells.
progression, binding of LMw-HA stimulates it [40]. This is a result of
a differential regulation of signaling pathways to cyclin D1, which is
the common signaling target for both HMw and LMw HA. These
opposing effects on cell proliferation have been shown for smooth
muscle cells, fibroblasts and endothelial cells [39–42]. In melanoma
cells, the opposing effects on cell proliferation were also shown
however in this case, HMw-HA and not LMw-HA promoted cell
proliferation [43].

We therefore investigated whether tsNPs with different surface
anchored HA Mws would have an effect on cell cycle progression in
vitro. Three cell lines were chosen for this purpose: NCI/ADR-RES
(NAR), TK-1 and RAW 264.7. All cell lines tested were characterized
with high CD44 expression (Fig. 3A). The cells were incubated in the
presence of NPs and tsNPs as described under materials and methods,
and cell proliferation was tested using the XTT assay (Fig. 3B). The NPs
and tsNPs tested had no impact on cell proliferation. The tested tsNPs
are therefore a viable option for drug delivery purposes. The possible
contradiction with literature reports can be explained in several lines
of evidence. The effects of HAMw on cell proliferation seem to be cell-
specific, and depending on the HAmedium concentration. In addition,
the ability of the HA molecule to internalize into specific cells is
another important factor that determines signaling cascade (such as
outside-in signaling) [39–42]. The lack of effect reported here can be
attributed to differences in HA medium concentration, which are
significantly lower for the tsNPs [10,11,39–41].
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3.4. The effect of NPs and tsNPs on Macrophages activation

HMw-HA is known to play a homeostatic role [44]. However, upon
tissue injury HMw-HA is broken down to LMw-HA, which has been
reported to activate an innate immune response via Toll-Like Receptor
(TLR) 2 and TLR4 [44,45]. Several studies demonstrated that LMw-HA
possesses the ability to stimulate Macrophages recruited to sites of
inflammation to produce important mediators of tissue injury and
repair [46]. LMw-HA has been shown to induce cytokines (IL-8, IL-12,
and TNF-α), chemokines, reactive nitrogen species, and growth factors
[44,46]. Nevertheless, literature reports regarding the effects of HAMw
onmacrophage activation arenot consistent:Wanget al. [47]has shown
that relatively HMw HA (500-800 kDa) significantly stimulated the
murine macrophage cell line RAW 264.7 to produce TNF-α. However, a
recent study by Krejcova D. et al. [48] who tested the effect of a large
range of HA Mws (11, 52, 87, 250 and 970 kDa) on macrophage
activation reported that no molecular weight induced production of
TNF-α in two murine macrophage cell lines: RAW 264.7 and MHS.
Therefore, we tested whether tsNPs with different surface anchored HA
Mws can induce macrophage activation. We first tested free HA. LMw
HA tested (6.4 and 31 kDa) only gave a marginal increase (up to 50% in
TNF-α release above the basal level), whereas in the larger fragments
(N31 kDa) TNF-α releasewas as low as thebasal level (data not shown).
LPS, a potent macrophage activator that mediates acute inflammation
[49,50],was used aspositive control since aswith short fragments ofHA,
the initiated inflammatory responses is facilitated by Toll-like receptor
(TLR)4 [45]. To this end, wemonitored the levels of secreted TNF-α and
IL-10 from Macrophages following incubation with NPs or tsNPs as
described in the methods section. We chose to monitor the levels of
TNF-α since it is the first cytokine to be released after activation of
essentially all TLRs and is regarded as the key pro-inflammatory
cytokine [20,51]. In addition, TNF-α also enhances the production of the
key anti-inflammatory cytokine IL-10 [52], which in turn suppresses
TNF-α to complete the negative regulatory feedback cycle. As shown in
Fig. 4 no cytokine induction was observed regardless of the HA Mw
anchored to the NPs' surface. These results are not in good agreement
with previous studies in which free LMW-HA but not HMW-HA was
shown to induce inflammatory gene expression in peritoneal and
alveolar Macrophages [44,49]. However, this discrepancy is not
unexpected as the amounts of HA used for Macrophage activation
were significantly higher in comparison to the amount of HA
immobilized on tsNPs' surface and cultured with the cells
[10,11,44,49]. In addition, the HA on the tsNPs surface is covalently
attached by a stable amide bond, which hurdles processing by cells and
may account for the lack of Macrophage activation.

3.5. The effect of NPs and tsNPs on human complement activation

Activation of the complement system, as reported for (polyethyl-
ene glycol), PEG-grafted liposomes, may initiate adverse reactions
among sensitive individuals and represents a potential barrier to the
clinical use, since complement-mediated hypersensitivity reactions
may contribute towards cardiac anaphylaxis [27,53]. Several studies
suggested a key role for the anionic phosphate oxygen moiety of
phospholipid-mPEG in activation of both classical and alternative
pathways of the complement and anaphylatoxin production [27], and
indeed methylation of the phosphate oxygen of phospholipid-mPEG
conjugate, and hence the removal of the negative charge, prevented
complement activation [27]. Since HA is a polyanion under physio-
logical conditions, we examined whether tsNPs can trigger comple-
ment activation andwhether specific HAMws anchored to the surface
of the NPs are more likely to induce complement activation. These
experiments could further shed light on establishing the role of
anionic charge and/or identification of structural architectures that
incite complement activation. Accordingly, we added NPs and tsNPs to
undiluted human serum and determined the levels of the terminal
complement pathway activation markers C5a and SC5b-9 by ELISA as
described under materials and methods. Under normal conditions,
activation of all three established pathways of complement results in
the formation of a C5 convertase multi-molecular enzyme capable of
cleaving C5 to C5a and C5b. The 9 kDa C5a fragment is themost potent
of all complement anaphylatoxins, where elevated levels of fluid
phase and adsorbed C5a are usually associated with haemo-
incompatibility of some biomaterials and particulate drug carriers
[28]. C5b is a key constituent of the terminal complement complex
leading to the assembly of membrane-attack complex C5b-9. In the
fluid phase C5b-9 forms a complex with vitronectin or the S protein
and the non-lytic SC5b-9 is an established marker of the terminal
complement pathway and a measure of the activation of the whole
complement cascade [27].

The results clearly demonstrate that tsNPs do not trigger
complement activation in human serum, since both C5a and SC5b-9
levels remain comparable with their respective baseline values
(Fig. 5). Complement activation, however, proceeded with zymosan
(Fig. 5) as well as with PEG-grafted liposomes [27] of similar size
ranges to tsNPs (DPPC:DPPG, mole ratio 9:10 and DPPC:mPEG2000-
DPPE, mole ratio 9.5:0.5). For instance, with PEGylated liposomes,
generated SC5b-9 levels were 36±2.8 μg/mL serum. It should be
emphasized that although the levels of complement activation are
significantly higher for PEG-grafted liposomes in comparison to the
tsNPs, the particle surface charge of tsNPs are much more negative
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than PEGylated liposomes [54]. Therefore, the anionic charge per se is
probably not the major reason for complement activation, but rather
complement activation depends on the type of functional groups and
overall architectural structure [55,56].

4. Conclusions

We have presented a small library of lipid NPs distinguished only
by the Mw of their surface anchored HA. All NPs, regardless of their
surface-anchored HA Mw revealed no apparent effect cellular
proliferation. In addition, no Macrophage activation or complement
activation were detected. The affinity towards the HA receptor CD44
however, was shown to be controlled solely by adjusting the Mw of
the NP surface HA, from weak binding for LMw-HA to binding with
high affinity for HMw-HA. Therefore, our observations may have
important implications for the development of future drug delivery
systems (DDS) as LMw-HA bearing NPs may safely replace polyeth-
ylene glycol (PEG) when passive delivery is required, since comple-
ment activation can be by-passed. Finally, HMw-HANPs could be used
for active targeting of CD44 overexpressing tumors and aberrantly
activated leukocytes in inflammation.
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