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We report on the development of layer-by-layer (LblL) constructs whose viscoelastic properties and
bioactivity can be finely tuned by using polyanions of different size and/or crosslinking. As a polyanion
we used hyaluronic acid (HA) — a multi-signaling biomolecule whose bioactivity depends on its
molecular weight. We investigated the interplay between the mechanical properties of the LbL systems
built using HA of different sizes and the specific HA-mediated biochemical interactions. We
characterized the assembled materials and their interactions with CD44, the main HA receptor, by
Quartz Crystal Microbalance with Dissipation (QCM-D), Surface Plasmon Resonance (SPR) and Atomic
Force Microscopy (AFM). We observed that the presence of CD44 resulted in the disruption of the non-
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Introduction

Layer by layer (LbL) assembly is the hierarchical and controlled
association of oppositely charged polyelectrolytes (PEs). It is
usually applied to generate coatings or self-standing membranes
relevant for different technological fields."” In the biomedical
area, biodegradable and biocompatible PEs have been used to
generate LbL-based drug delivery systems;” substrates that induce
stem cell differentiation;® surfaces promoting cell adhesion and
proliferation;>* and mimics of the extracellular matrix (ECM)® and
the cancer microenvironment.>”

One of the most studied LbL systems is built by the sequential
deposition of hyaluronic acid (HA) and poly-i-lysine (PLL)
(Fig. 12).™° PLL is a common polycation used in LbL assembly
because of its biocompatibility and the fact that it is usually used
as a coating that promotes cell attachment.'"'*> On the other hand,
HA is a negatively-charged, non-sulphated glycosaminoglycan that
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Fig. 1 (a) Chemical structure of the used polyelectrolytes and (b) schematic
presentation of their interactions in the two experimental setups. (c—e) QCM-D
data (7th overtone) showing changes in (cl-el) frequency (Af) and (c2—e2)
dissipation (AD) for the electrostatic (red) and covalently (black) crosslinked
(PLL-HA)s systems. LbL assembly was executed with PLL (M,, = 30—70 kDa) and
HA of (c) 6.4, (d) 752 and (e) 1500 kDa. Raw data are presented in Fig. S1 (ESIt).

is one of the main components of mammalian connective
tissue."*'* HA is also an important multi-signalling molecule that
interacts with specific cell surface receptors/proteins (e.g. CD44)
and regulates different cellular functions.'*"® As an example, HA is
a key player in cancer cell biology and the acquisition of malignant
phenotypes.'” In fact, the tumour microenvironment is char-
acterized by excessive deposition of HA.'® Its molecular weight
(M) is also altered mostly due to the overexpression of hyaluroni-
dases. These changes affect the mechanical properties (usually
leading to a higher stiffness) and the biofunctionality of the matrix
of the cancerous tissues."

This journal is © The Royal Society of Chemistry 2020
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Based on the importance of the HA size to its biological
signalling,>**" HA is usually used for the assembly of LbL systems
in the biomedical field.>* However, whereas HAs of high M,
(e.g. >100 kDa) are the most studied,>*** data about short HAs
(e.g. HA oligosaccharides <10 kDa) are scarce. Moreover, the
developed LbL systems are well characterized in terms of
physico-chemical properties but the correlation between these
properties and the bioactivity of the generated LbL constructs is
not thoroughly studied. In this work, we use HA of different
sizes, not only to modulate the viscoelastic properties of the LbL
constructs, but also to impart different bioactivities to these
constructs. We provide systematic data about the thickness,
stiffness and hydration of the LbL assemblies, as well as on their
ability to recognize and interact with CD44 (one of the main HA
cell surface receptors), whose overexpression is one of the main
cancer markers.>

Materials and methods

Materials

We studied two PEs: poly-L-lysine hydrobromide (PLL; M,s
30-70 kDa) from Sigma-Aldrich, and hyaluronic acid (HA; M,s of
6.4, 752 and 1500 kDa) obtained from Lifecore. For the cross-
linking of the multilayers we used N-(3-dimethylaminopropyl)-
N'-ethylcarbodiimide hydrochloride (EDC, >98.0%) and N-hydroxy-
succinimide (NHS) purchased from Sigma-Aldrich. Both PEs
and the chemicals were used as received without any further
purification.

Methods

Quartz crystal microbalance with dissipation (QCM-D).
Gold-coated AT-cut quartz crystals (QSX301) were placed in a
QCM-D flow chamber (E4 instrument, Q-Sense, Sweden). The
temperature was set to 25 °C and a stable baseline was acquired
using NaCl 150 mM aqueous solution. A PLL solution (0.5 mg mL ™"
in 150 mM NaCl) was injected into the chamber for 15 min. The
sensor was rinsed with the NaCl 150 mM aqueous solution to
remove loosely bound material. A HA solution (1 mg mL ™" in
150 mM NaCl aqueous solution) was injected into the flow
chamber for 15 min. For the crosslinked assemblies, the HA
solutions were supplemented with the crosslinking agents
(EDC, 400 mM, and NHS, 100 mM). A new washing step was
performed, followed by the injection of PLL solution into the
QCM-D chamber. The deposition of PLL and HA was repeated
until ten layers were obtained, ie. (PLL-HA)s. The adsorption and
washing steps were performed with a flow rate of 50 L min~*. The
adsorption of CD44 his-tag protein (orb84335), 10 pg mL ' in PBS
solution with 1% BSA, was performed after establishing a baseline
with PBS using the same flow rate. All measurements were per-
formed at several harmonics (2 =1, 3, 5, 7, 9 and 11, corresponding
to 5, 15, 25, 35, 45, 55, and 65 MHz, respectively). Af,/n and AD were
fitted using the Voigt model for the 5th, 7th and 9th overtones using
the Q-Sense DFind software.

Surface plasmon resonance (SPR). SPR full angle scans
were performed simultaneously at 670 and 785 nm with a
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multi-parametric instrument (MP-SPR), SPR Navi 200 (BioNavis,
Finland). As in the case of the QCM-D experiments, the assembly
of 5 bilayers was performed and monitored in situ. Each layer was
allowed to adsorb for 5 min, with a washing step, using an
aqueous NaCl 150 mM solution, between the injection of each
PE. The CD44 his-tag protein was adsorbed under the same
conditions. SPR data for the LbL construction were analyzed
using the LayerSolver software (version 1.3.8, Max Planck Insti-
tute for Polymer Research, Mainz, Germany), applying the Fresnel
equation, using the dual-wavelength method (670 and 785 nm).
Briefly, the dual-wavelength method correlates linearly the dis-
persion coefficient and the wavelength changes, which is used to
determine the refractive index (i) according to the equation:

dn  (n785 — nen)
di~ 785—670 (1)

In this method, the LayerSolver software automatically fits
the obtained data and returns the values for the thickness (Th
or d) and 5. To be able to obtain the Th value from eqn (1), the
parameters (d, 1) were used as dependent variables at 670 and
785 nm, the coefficient d»/d/ being a fixed value, and used as
linearly dependent.”® Based on the De Feijter equation
(eqn (2)), the adsorbed mass (I') is calculated, considering the
SPR measured optical thickness, Th¢, and refractive index, 7y, of
the films:

_ Thy x (n — ny)
I= (dn/dc) 2)

where 1, is the refractive index of the buffer (RI of water 1.332)
and (dn/dc) is the incremental change in 7 of the solution of the
polymers, which was assumed to be 0.15 cm?® g~ '.2">°

Atomic force microscopy. The generated LbL surfaces were
analyzed using a JPK NanoWizard 3 (JPK, Germany). The Young’s
modulus of the films was measured under QI Advanced Imaging
Mode using qp-BioAC-CB3 probes (calibrated using the non-
contact method in the JPK software; a resonance frequency of
~23-37 kHz and a calibrated spring constant of ~0.065 N m™,
NanoSensors, Germany) and the values were obtained by fitting
the approach curves with the Hertz/Sneddon model, using a cone
tip shape (applying a very short indentation range, 0.5-1 nm, to
avoid the influence of the substrate). All the experiments were
performed in air, while the surfaces were humidified using a
drop of PBS.

{-Potential measurements. The {-potential of the assembled
films was analysed using an electrokinetic analyzer (SurPASS,
Anton Paar, Graz, Austria). The (PLL-HA); samples were
mounted in an adjustable gap cell (1 x 2 cm?). The gap between
the samples was adjusted to apx. 110 um and an electrolyte
(1 mM KCl, a pressure of 400 mbar) was flowed through the
cell. The streaming current (Iy,) was determined at different pH
values within the range of 5.5 to 10, automatically adjusted by
the addition of NaOH (0.05 M) to the solution. The respective
{-potential was calculated and averaged over three measure-
ments using Attract 2.0 software, which uses the Smoluchowski
equation for calculation of the {-potential from Ig;,.
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Theoretical models and equations

Hyaluronic acid conformation. Depending on the M,, of HA,
the radius of gyration (R,) and hydrodynamic radius (Ry,) vary.*°
Accordingly, R, and Ry, were calculated using eqn (3) and (4),
respectively:

Ry = 2.35(HA M,, in kDa)™*’ (3)
Ry, = 0.87(HA M,, in kDa)*® (4)

Storage and elastic modulus. The viscoelastic properties of
the films were obtained using the Voigt model, from which the
shear modulus (G’) and the viscous modulus (loss modulus - G”)
of each LbL film were determined, as detailed in eqn (5) and (6):

p=G (5)
=< )

where p is the shear modulus (in Pa), representing the elastic
component of a viscoelastic material, #’ is the dynamic viscosity
(in Pa s) and w is the angular frequency (w = 2xf;).>"

Hydration of the films. The hydration (Hyd) of the assembled
LbL films was calculated using the following equation:

(mQCM-D - mSPR) % 100 (7)
mqQcm-D

% of hydration =

where mqem-p and mgpy are the acoustic and optical thickness of
the films, respectively.*>
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Fig. 2 (a) Hydrodynamic film thickness obtained by fitting the QCM-D

data (5th, 7th and 9th overtones) according to the Voigt model and (b)
viscoelastic properties shown by the ratio G”/G’ of the (PLL-HA)s assemblies
prepared with HA of different M,,s.
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Results and discussion

Real time characterization of LbL films generated by the
combination of PLL and HA of different M,,

QCM-D and SPR were used to follow in real-time the construction of
the 10-layer films, ie. (PLL-HA)s. QCM-D gives information about
the mass adsorption, viscoelastic properties and hydration of the
materials.**** Upon mass adsorption, the frequency of the quartz
sensor decreases. Together with changes in frequency (Af), the
QCM-D instrument allows simultaneous collection of data related to
the energy dissipation (AD), which is intimately related to the
presence of water in the adsorbed layer.*

We used two sets of experiments: (i) electrostatically deposited
(PLL-HA); and (ii) covalently crosslinked (PLL-HA)s (Fig. 1b). In
both sets of LbL films we used HA of different M,,. The QCM-D
results showed that the Af and AD values depend on the size of
HA and on the type of crosslinking (Fig. 1c-e).

The (PLL-HA); film growth (increased Af and AD values) is
directly proportional to the increment of the HA M,, (Fig. 1c1-e1):
Af(PLL-HA6.4); « Af(PLL-HA752)5; ~ Af(PLL-HA1500)s. Previous
reports describe exponential growth for LbL films of the PLL/HA
combination.’*® This behavior is typical for weak PEs, such as
HA, and is related to the diffusion of the PLL chains into the
interior of the film.* In accordance with these studies, we also
observed exponential growth of the electrostatic LbL films
(Fig. 1c-e, red) regardless of the size of the used HA. The
crosslinked LbL films behaved differently - they followed linear
growth (Fig. 1c-e, black). On one hand, this difference can be
explained by the reduced PLL mobility as a result of the
crosslinking.” On the other hand, the deposited mass for the
crosslinked LbL films is systematically lower and the films are
thinner and less dissipative when compared to the constructs
built by electrostatic interactions (Fig. 1c2-e2 and 2a, red vs.
black, Table 1). These differences are more pronounced for the
HA of higher Mys (i.e. HA;5, and HA,500) and can be explained
either by less deposited material or/and closer packing of the PEs,
i.e. formation of less hydrated and denser LbL films as a result of
the formation of covalent bonds between PLL and HA.*®

The storage modulus (G’, elastic component) and loss
modulus (G”, viscous component) were calculated from the
QCM-D data (Fig. S2, ESIt). The ratio G”/G’ gives an indication
about the changes in the viscous and elastic component of the

Tablel QCM-D and SPR parameters obtained for the LbL systems prepared using HA of different M,,s (in the presence and absence of crosslinking) and

PLL (M,, of 30—70 kDa). The acoustic film thickness, Thqocm, and mass, macm,

were determined using the Voigt model; the optical film thickness, Thspg,

and mass, mspr, Were determined using the multiparameter SPR, based on the equations described in the Experimental section (egn (1) and (2),

respectively); and the film hydration (Hyd) was determined from the mqcm
difference between mspg and msak P44

refractive indexes are presented in parenthesis

and mspr data using egn (7). The mass of CD44 was obtained from the

. Standard deviations of the mqcm values are presented in parenthesis, while in the case of Thspg values, the

Electrostatic LbL Crosslinked LbL

ua  (PLLHA) (PLL-HA); (PLL-HA);-CD44

M, Macem, MspR, Hyd, mqcm, MgpR, Hyd, Thgpg, Macem, MgpR, . Hyd,
kDa ngecm? ngem > % ng cm™? ngem™® % nm ng cm > ngem™®  m$Rt %
6.4 5571.8 (1861.5) 421.4 92.4 4340.9 (502.0) 669.6 84.6 10.0 (1.450)  5050.6 (1039.9) 786.7 117.8 84.4
752 10665.2 (3440.3) 13124 87.7 8593.3 (1404.4) 1337.9 84.4 43.9 (1.381)  8233.2 (1220.0)  1427.5 89.6 82.7
1500 12494.8 (4057.2) 2321.2  81.4  7882.0 (951.2)  1343.2  82.9 48.8 (1.376) 8237.3 (484.9) 14315  106.1  82.6
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assembled films (Fig. 2b and Fig. S3, ESIT). The electrostatically
assembled films present a higher G”/G’ ratio than the crosslinked
ones, showing a higher contribution of the viscous component
(water content) to the properties of the films (Fig. 2b). In the case
of the crosslinked films, a sharp decrease in G”/G' is observed for
the shortest HA (6.4 kDa). This behavior is consistent with the
conversion from a gel-like assembly to compact film formation.*’
The assemblies generated with the HA of higher Mys presented
the same trend but the difference is not significant.

We then used SPR to complement the QCM-D data, and
provide information about the whole LbL construct, including
water. The optical-based SPR differs from the acoustic QCM-D as
it provides information only about the “dry mass” (Fig. S3, ESIY).

The SPR data showed that the angle shift (6) increases with
the HA size, following the same trend as the one observed by
QCM-D (Fig. 2a), i.e. formation of thicker LbL films by the HA of
the highest M,, (1500 kDa) and thinner constructs when
assembled using the shortest HA (6.4 kDa) for the electrostatic
films (Fig. 3c, red symbols). All crosslinked LbL films are
thinner when compared to the respective constructs formed
by electrostatic interactions (Fig. 3c, red vs. black symbols).
Of note, this thickness difference is less pronounced for HA of
6.4 kDa and increases with the HA size. Another important
result is ug which shows a similar material density for all
constructs except for the crosslinked LbL film generated using
HA of 6.4 kDa. The combination of high # and low thickness
demonstrates densification of these films.*"*> Comparing the
mass determined by QCM-D (mqcwm) With the one measured by
SPR (mgpr) allows us to determine the hydration of the studied
layers (Table 1). As expected, all films are highly hydrated,**
and the crosslinking reduces significantly (10%) the hydration
of the LbL films generated using short HA. On the other hand,
the hydration of the LbL films generated with HA;5, and HA; 500
was not affected by the crosslinking. Longer HA is associated
with higher R, (see Table S1, ESIt) and thus fosters the
intramolecular interactions, leading to increased entrapment
of water (a higher hydrodynamic radius)."* The increased
hydrodynamic radius of HA does not compromise its ability
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306 F] £ HA 1500
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Hyaluronan in solution  High molecular weight  High molecular weight  Low molecular weight  Low molecular weight

Fig. 3 SPR data for the studied LbL films: reflectivity curves for (a) electro-
statically assembled and (b) crosslinked (PLL-HA)s; (c) plot presenting the
calculated thickness vs. refractive index for these films. (d) Schematic
presentation of the observed differences between long HA chains and short
ones: (d1) hydration of HA in agueous media; electrostatic assembly of (d2)
high M,, HA and (d4) HA of low M,,; crosslinked LbL films assembled from
(d3) longer HA chains that keep the intramolecularly entrapped water and
(d5) short HA.

This journal is © The Royal Society of Chemistry 2020

View Article Online

Journal of Materials Chemistry B

to be chemically crosslinked with PLL as these bonds are mainly
mediated by the carboxyl groups exposed on the HA surface.

Altogether these results suggest the existence of size-dependent
mechanisms of the interactions between PLL and HA. Previous
studies showed that this dependence is due to the mobility of the
polycation (PLL).>* Herein, we demonstrate that different
hydration/dehydration of longer and shorter HA chains plays
also a role in this process (Fig. 3d).

In general, it is expected that the reduction of the film
thickness observed upon crosslinking will lead to the densification
and dehydration of the crosslinked LbL systems as compared to
their electrostatic analogues. Indeed, this is the result observed for
the constructs assembled from the shortest HA (i.e. 6.4 kDa). In the
case of LbL systems generated using HA of longer chains, the use
of crosslinking does not affect significantly the hydration level.

Mechanical properties of the (PLL-HA); systems generated with
HA of different M,,

To better understand the impact of hydration and crosslinking
on the properties of the (PLL-HA); LbL systems, we evaluated
their mechanical properties by AFM. Of note, the information
obtained by AFM is limited to the surface of the construct and
differs from the data generated via QCM-D, which presents
average values for the whole construct. Another difference is
that the AFM measurements are performed through nano-
indentation in a direction perpendicular to the deposition
plane and to the direction of the HA/PLL fibers, while QCM-D
measures G’ in a direction parallel to the deposited fibers.

In the case of the electrostatically-assembled films we
observed a decrease of the Young’s modulus with the increment
of the HA M,, (Fig. 4). These results are in contradiction to the
hydration of these constructs (Table 1), i.e. lower hydration with
the increase of the HA M,,. However, the surface of the construct
(last deposited bi-layer) differs from its bulk and the obtained
results are due to the formation of a surface hydration shell that
contains water molecules® loosely bound to the HA end-layer
and that increases with the HA M,,.

15
e electrostatic
° .
E ° :... ° o crosslinked
=
3 10+
=]
-8 L) ®
= o ° °
() % °
- 9 ° o’ o %
g .. & . o, %%
(=) [ . [ ) oo Y
> o e
(X}
0 T d g T
6.4 kDa 752 kDa 1500 kDa

Fig. 4 Young's modulus of the (PLL-HA)s LbL films generated using PLL of
30-70 kDa and HA of 6.4, 752 and 1500 kDa.
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The crosslinked LbL systems are stiffer than the respective
electrostatic constructs (increased Young’s modulus); however,
it is observed the same tendency in stiffness as a function of the
HA size as the one observed for the electrostatically deposited
assemblies, i.e. a decrease in the Young’s modulus with the
increment of the M,, of HA.

Bioactivity of the LbL systems generated with HA of different
molecular weights

Besides generation of constructs with different mechanical
properties, HA of different size can also code different bio-
information.*>*® Moreover, HA incorporation in the constructs
via crosslinking (covalent interactions) introduces chemical
modifications in its main backbone that can also alter the
bioinformation coded by this glycosaminoglycan. We then
assessed the interactions between the generated LbL films
and CD44, one of the main cell surface receptors for HA, using
QCM-D and SPR (Fig. 5). AD/Af plots showed a reduction of Af
(mass loss) upon the addition of CD44 His-tag protein to the
electrostatically assembled systems, independently of the HA
size. The SPR data corroborated these results for the LbL films
assembled with HA of 752 and 1500 kDa (Fig. 5e and f, red
curve) and showed that the specific interactions between CD44
and HA are stronger than the electrostatic interactions driving
the LbL assembly and thus result in the partial disassembly of the
films. In the case of the system generated using short HA (Fig. 5d,
red), we observe an increase in the adsorbed “dry” mass, showing
that the reduction of Af and AD (observed by QCM-D) for this
system is mainly driven by dehydration/compactation.

The disassembly observed for the electrostatically generated
systems is abolished in the crosslinked films: QCM-D and SPR
sensograms (Fig. S4, ESIT) showed the retention of CD44 by
these systems, independently of the HA M,, (Fig. 5 and Fig. S1, S4,
ESIt). Of note, the adsorption of CD44 does not significantly
affect the viscoelastic properties of these LbL films. The SPR data
allows the quantification of the adsorbed protein and demon-
strated a dependence on the M,, of HA (Table 1). The highest
retention of CD44 was measured for the crosslinked construct
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= crosslinked

10 D44 40 cp4a
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2 Al;;le it }9) 2
Fig.5 (a—c) QCM-D AD/Af plots (7th overtone) and (d and e) SPR
reflectivity curves (d-f) showing the interaction of CD44-his tag protein
with electrostatically deposited and crosslinked (PLL-HA)s films assembled
from HA of different size, i.e. (a and d) 6.4, (b and e) 752 and (c and f)
1500 kDa. In the SPR curves, the black dashed line represents the normalized
angle shift of (PLL-HA)s, i.e. the SPR signal of the construct alone.
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with the shortest HA. This result agrees with the literature
reporting an increased affinity of HA of low M,s (3-5 kDa) with
the transmembrane receptor CD44, overexpressed in cancer
cells.*” The higher #¢ of these LbL films is consistent with a
densification of the film upon protein adsorption. When longer
HAs (752 and 1500 kDa) are used for the construction of the
crosslinked films, less CD44 is adsorbed. A possible reason for
this observation is the different mechanisms of interaction of
CD44 with the (PLL-HA)s systems: while in the films generated
using HAq 4, besides the specific affinity between CD44 and HA,
the higher amount of PLL available on the surface (as shown by a
higher {, i.e. —8.6 & 20.9 mV, Fig. S5, ESI{) allows the existence of
non-specific electrostatic interactions between CD44 and PLL. In
the presence of HA;s5, and HA, 599, CD44 binds almost exclusively
to HA, leading to an increment of the adsorbed mass with the
augmentation of the HA M,,, as a higher number of HA motifs are
available at the surface of the LbL systems. In fact, an enhanced
and irreversible interaction between CD44 and HA of higher M,s
has been previously observed.*®

Altogether, our results demonstrate that electrostatically
assembled LbL systems generated from PLL and HA are not
feasible solutions to explore specific HA-mediated biomolecular
interactions, due to their low stability. Crosslinking of the layers
increases the construct biostability and allows quantification of
HA-CD44 interactions without disruption of the assembled
multilayers. Finally, the bioactivity of these crosslinked systems
is also sensitive to the M, of HA, reflected in their different
ability to bind to CD44.

Conclusions

The stability of LbL films constructed from PLL and HA depends
on the HA size: more stable multilayers are generated by electro-
static interactions between longer HA and PLL. However, these
systems are not stable enough when specific biomolecular inter-
actions are at play, e.g. HA-CD44. In this context, crosslinking is
an efficient strategy to increase the stability of the LbL systems.
These processes affect not only the stability, but also the mechan-
ical properties of the constructs: higher elastic and Young’s
moduli were determined for all crosslinked coatings when com-
pared to the respective electrostatically deposited films. These
changes were most pronounced for the crosslinked LbL films
generated from HA of 6.4 kDa, for which significant reduction of
the hydration and formation of denser films were observed. Finally,
we demonstrate that PLL-HA chemical crosslinking does not com-
promise the HA bioactivity, ie. the HA capacity to interact with
CD44 in a M, (HA)-dependent manner. Overall, the properties of the
reported LbL systems, such as stability, stiffness and biochemical
responsiveness, support their use to target the cell surface via CD44
binding. In addition, these systems are valuable for the possible
development of diagnostic devices (e.g for CD44-overexpressing
cancers) or for fundamental studies on the behavior of cancer cells.
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