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Films of hyaluronan (HA) and a phosphorylcholine-modified chitosan—<B8) were constructed by the
polyelectrolyte multilayer (PEM) deposition technique and their buildup in 0.15 M NaCl was followed by atomic
force microscopy, surface plasmon resonance spectroscopy (SPR), and dissipative quartz crystal microbalance
(QCM). The HA/PC-CH films were stable over a wide pH range (312.0), exhibiting a stronger resistance
against alkaline conditions as compared to HA/CH films. The loss and storage m@daiidG", of the films
throughout the growth of eight bilayer assemblies were derived from an impedance analysis of the QCM data
recorded in situ. BotlG' andG" values were one order of magnitude lower than the moduli of HA/CH films.

The fluid gel-like characteristics of HA/PECH multilayers were attributed to their high water content (50 wt

%), which was estimated by comparing the surface coverage values derived from SPR and QCM measurements.
Given the versatility of the PEM methodology, HA/PCH films are attractive tools for developing biocompatible
surface coatings of controlled mechanical properties.

Introduction and tensile strength of self-supporting polyelectrolyte mem-

. . ) branes were also determined using a micromechanical analysis
The polyelectrolyte multilayer (PEM) deposition technidue, gy sterds and microinterferometrif Storage and loss moduli

whereby two or more oppositely charged water-soluble polymers o ged by quartz crystal microbalance with dissipation have
are alternatively adsorbed onto a substrate, offers facile means, o, reported for a number of PEMs19

of modifying the surfaces of metals, ceramics, plastics, or glass.
The utility of PEM films derives from the flexibility of their
design and from the ease of their fabrication with large scale
conformity and uniformity of coverage. The applications of PEM F . ; ;
films encompass many areas of materials science, including/ides, enzymes, proteins, and nucleic aéiéig>?* We and
photonic, electrochemical, and separation deviceke PEM others have assessed the use of PEMs consisting of the
deposition has also become a well-established methodology inPPlysaccharides hyaluronan (HA) and chitosan (CH) in surface
clinical applications that require biomaterials with finely modifications pf cardmvgsculgr dewcgs, .|ntraocular implants,
engineered surfaces, such as implant materials, stents, prosthese¥caffolds for tissue engineering applications, and bucal drug
and artificial organs. In these systems, the PEM films mediate delivery system$:24%° Hyaluronan, the simplest natural gly-
the cellular responses upon device implantation, control pro- c0saminoglycan, is a linear polyanionkp~ 3.0) consisting
cesses such as inflammation and tissue regeneration, andf alternating\-acetylf-p-glucosamine and-p-glucuronic acid
modulate adhesion, migration, and proliferation of c&lfsThe residues linked (3-3) and (1~4), respectively (Figure 1). It is
chemical composition, surface topography, and rheological involved in inflammation, atherosclerosis, restenosis, and me-
characteristics of PEMs control their functions and their tastasi$!Current clinical applications of HA in the biomedical
interactions in the biological milied® The topography of PEM  field exploit its physical properties, in particular its natural
can be viewed readily by in situ atomic force microscopy tendency to form soft, highly hydrated, and nontoxic coatings,
imaging. Quantitative evaluation of the mechanical properties whereas more recent research trends focus on the exploitation
of PEM is more difficult to achieve. The Young moduli of of the intrinsic biological properties of H&. The objectives
various PEMSs have been measured by nanoindentation with anthen are to create biomacromolecular surfaces that can com-
atomic force microscopy tip or a colloidal particle deposited municate with their host tissue and respond in a physiological
on a cantilever tig?~12 or alternatively via detection of stress- manner.
induced mechanical buckling instabiliti€s Piezo-rheometric Chitosan, a linear polycation composedgeb-glucosamine
determinations give access to the complex shear modulus ofand s-o—N-acetylglucosamine residues linked—4) (Figure
PEMs up to 16-100 «m in thickness: The elastic modulus 1), is obtained via deacetylation of chitin, a natural polysac-
" charide extracted from the exoskeleton of numerous arthro-
Té;(t:r;?freéc;vl\;r;]c;rrnmcac::rireeapnci)\rlwgé?l;g ﬁ/lhg’nutlr%lf)e addressed. pods33 It has found applications in biomedical engineering,
+ Département de Chimie, Universitie Montral. tissue regeneration, drug delivery, and gene therapy. Chitosan
8KSV Instruments Ltd. dissolves readily in acidic aqueous solutions (gH), but it is

A variety of interacting macromolecules have been success-
fully employed for multilayer buildup, including synthetic
polyelectrolytes and charged biopolymers, such as polysaccha-
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Figure 1. Idealized structure of the polyelectrolytes used in this study.

not soluble in water at neutral pH. Several strategies have been(Wako-10, Wako Chemicals Co., degree of deacetylation (DDA) 85%,
devised to prepare derivatives of CH that are soluble in neutral Ma = 3.0 x 10* g mol?, My, = 8.4 x 10* g mol), following a
solutions while preserving the biocompatibility of chitosan. We procedure reported previoustyThe DDA of CH (95 mol %, relative
recently reported the preparation of phosphorylcholine (PC)- to the number of saccharide units) was determined'tdyNMR
modified chitosans, which proved to be nontoxic and soluble SPectroscopy using a Bruker ARX-400 400 MHz spectrom@étéhe
under physiological conditions, even with modest levels of PC Phosphoryicholine-modified chitosan (PCH) was synthesized as
incorporation <20 mol % PC per glucosamine un#).This reported _previously. The degree of PQ incor_poration was 20 mol %
modified chitosan is of particular interest for biomaterials PC. refative to the number of saccharide units, as determinediby
applications in view of the remarkable protein-repelling proper- NMR spectroscopy and by a quantitative colorimetric phosphorus assay
ties and biocompatibility of PC-containing polyméps® Like using an Agilent 8452A photodiode array spectrométer.

chitosan, PECH (Figure 1) is a polycation under acidic The molecular weight of the polymers was measured by gel
conditions, but the properties of the two polymers are different, Permeation chromatography (GPC) carried out on a GPC system

as a consequence of the conversion of a fraction of the CH consisting of an Agilent 1100 isocratic pump, a Dawn EOS multiangle
primary amine groups f ~ 6.5) into secondary aminesKp laser light scattering detector (Wyatt Technology Co.), and an Optilab
~ 7.20) upon covalent linkage of the PC groups DSP interferometric refractometer (Wyatt Technology Co.). For analysis

In this study, we use atomic force microscopy (AFM), surface ©F the chitosans, the system was fitted with a TSK-GELPW (Tosoh
plasmon resonance spectroscopy (SPR), and dissipative quart iosep, serial no. G0014) column eluted with a pH 4.5 a(?etlc acid (0.3
crystal microbalance (QCM) to monitor the growth of HA#PC )/so_dlum a_cetate (0_.2 M) buffer. For hyaluronan analysis, the system
CH multilayers and to compare it with that of HA/CH ggss Z;stgfioﬁuﬁ;? eslite:tf, ir;%deiﬁfg‘ IPJCNK;E‘Z%&”E&S,\E 806,
T oo o oo o vome, 100 o e 0 s emperaure, 250
of pH 4.0, although PECH dissolves in solutions of neutral C. The refractive mde-x incrementsn(c) of the pOIymerS-Were

H. Our s’tudy reveals that HA/PE@CH PEMS are stable over measured at 690 nm with the same refractometer used offline.
2 Broader pH window than HA/CH constructs, particularly in A§Sembly of Polyelectrolyte Mumlayers' The po.lyelecml.yte
alkaline media. In addition, the phosphorylcholine substituents multilayers were assembleq following methOd.S d(_ascnbgd prevRiust
of chitosan affect the mechanical properties of the multilayers, onto .quStrates cleaned prior to use k_>y dlppmg In & piranha solution
which behave as soft fluidlike gels containing up to 50 wt % consisting of 70% concentrated sulfuric acid and 30% hydrogen per-

f . ) . ) oxide, followed by copious rinsing with deionized water, and nitrogen
of water, in contrast to HA/CH films which contain less water drying. WARNING : Piranha solution is extremely reactive and should

(~15 wt %) and behave as hard solidlike gels. be handled with extreme caution.) Solutions were prepared by direct
dissolution of the polyelectrolytes in either aqueous NaCl (PEI or HA,
Materials and Methods 1.0 g L% 0.15 M NaCl) or aqueous NaCl/acetic acid (CH or-RCH,

1.0 g L'}, 0.15 M NaCl/0.1 M CHCOOH). The polyelectrolyte

Polyelectrolytes and Reagentd-yaluronan (ARD, Pomacle, France,  solutions’ pH was adjusted to 4.0 (CH, PCH, and HA) or 8.0 (PEI)
My = 2.2 x 1C° g mol! from light scattering analysis) and poly-  using aqueous concentrated HCI or NaOH solutions. Solutions ef PC
(ethyleneimine) (PEI, AldrichM,, = 2.5 x 10* g moi~* from light CH were sonicated in a sonicator bati foh prior to use. All polymer
scattering data, as stated by the supplier) were used without furthersolutions were filtered through 0.48n Millipore PVDF filters prior
purification. 11-Mercaptoundecanoic acid (MUA, 95%, Aldrich) was to use. A self-assembled monolayer of MUA was prepared by
recrystallized twice from hexane prior to use. Distilled water was incubating gold-coated LaSFN9 glass slides (50 nm Au, AFM experi-
deionized using a Milli-Q water purification system (Millipore).  ments), gold-coated B270 glass slides (1 nm Ti/50 nm Au, Evaporated
Chitosan was prepared by further deacetylation of a commercial sampleMetal Films, Ithaca, NY, SPR experiments) or gold-coated 5 MHz é‘bv
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cut quartz crystals (Quartz Pro, Sweden, QCM experiments) into a tracked with time by a centroid algorithm using the signal from a few
MUA solution in ethanol (1 mM) for at least 12 h, followed by rinsing  pixels on either side of the pixel of the lowest intensity value.

with ethanol and water. The MUA-modified gold surface was placed  The shifts in the minimum pixel recorded during the deposition were
in a SPR or QCM fluid cell holder. The cell was filled with an aqueous converted to resonance angle change®,f) using the pixel-to-incident
PEI solution. After 20 min, it was flushed with 10 times the cell volume angle relation, i.e., 1 pixet 0.00513, established through calibration
(~10 mL) of an aqueous NaCl solution (0.15 M, pH 4) to ensure Of the SR7000 instrument across the refractive index rangelad33—-
removal of excess PEI. HA and CH (or PCH) were then successively ~ 1.38 with pure water and agueous solutions-@f-50 wt % ethylene
deposited on the AUIMUA/PEI surface, beginning with HA, following ~ glycol. To calculate the film thicknessd, the Fresnel modeling
the procedure described above for PEI. The build up process wasSoftware Winspall (version 2.20) was used. The changes in resonance
continued up to 10 bilayers. Throughout the text, the term “layer” refers angle positiomA®n, were fit using a six-layer model incorporating the
to a single polymer coating (HA, CH, or PE&H), while the term sapphire prismr(= 1.7607), glass sliden(= 1.5113), Ti layer if =
“bilayer” is used to describe the assembly formed by a pair of oppositely 2-7683,k = 3.3065,d = 1 nm), Au layer ( = 0.174,k = 4.86,d =
charged polyelectrolytes. The nomenclature-REIA/CH), implies that 50 nm), pplymer film ¢ anddy annown), and_ buffer solutiom{ =

the multilayer consists df HA/CH bilayers deposited onto a substrate  1-333). It is generally not possible to determine botlandd: for an

coated with PEI and that CH is the polyelectrolyte added last (topmost 2dsorbed, thin organic film from a single SPR curve. Any number of
layer). The AU/MUA/PEI surface is defined as bilayer 0. different combinations of andd can produce the sam®®, values.

. . ) Thus, to obtain film thickness from®, the film index of refraction
To assess the influence of a pH increase or decrease on the multilayer

. ) must be known. The values of index of refraction employed were 1.3748
stability, PEF(HA/CH), or PE(HA/PC=CH), films constructed at ¢ 0 pE| layer, 1.3798 for the HA-terminated layers, and 1.3780 for
pH 4 in a QCM cell were treated with solutions of increasing pH values

the CH- or PC-CH-terminated layers, as determined earlier for HA/

(from pH 6.0 to 11.0) or decreasing pH values (from pH 3.5 to 1.0) CH coatingg’ The surface coveragE (expressed in ng/chh was
and constant ionic strength (0.15 M), followed by rinsing with an ..~ 1ated using the relation

aqueous NacCl (0.15 M, pH 4.0) solution. Frequency shift versus time
(Af—.t) curves were rgcorded to mpmtor the stability of the adsorbed I =d(n — ns)/(an/E)C) 1)
multilayer upon addition of a solution of given pH value.

AFM Measurements.The AFM imaging was performed in tapping  wheredn/ac is the refractive index increment of polymers in solution.
mode at ambient temperature with an extended Dimension 3100 QCM Measurements. A KSV QCM-Z500 (KSV Instruments,
scanning probe microscope and Nanoscope llla controller (Digital Helsinki, Finland) was used to monitor multilayer buildup. The QCM-
Instruments/Veeco). Multilayers were prepared directly in a custom- Z500 instrument measuring principle is based on impedance an&lysis.
built Teflon liquid cell. To prevent any structural rearrangements of The quartz crystal is swept with potential perturbations of different
the film structure induced by jumps in the pH and/or ionic strength, frequencies close to the quartz crystal resonance frequency. The
each HA and CH deposition step was followed by a rinse with an potential over the crystal and the current flowing through the crystal
aqueous NacCl solution of the same ionic strength (0.15 M) and pH are recorded. This sweep is done as a function of time enabling the
(4.0) as the polyelectrolyte solutions, and all imaging was performed measurement of mass changes occurring on the quartz crystal electrode
in the same NaCl solution. Images were acquired at various stages ofsurface. Both the bulk liquid phase and the layer adsorbed on the crystal
the buildup. Surfaces were analyzed at the minimum applied force that create mechanical perturbations on the crystal and changes of its
would allow stable imaging using sharpened silicon nitride microlevers €lectrical characteristics. The mechanical properties of the adsorbed
(model MSCT-AU, Veeco) with a typical radius of curvature of 20 layer can be determined by measuring the impedance of the crystal
nm, nominal spring constant of 0.1 Nfpand a resonance frequency ~ and using the transmission line modelKnowing the resistance,
of 7.55 kHz in liquid. The scan rate and image resolution used were 1 inductance, and capacitance of the crystal, the frequency change of
Hz and 512 x 512 pixels, respectively. Several macroscopically the crystal Af) and the dissipationAD) can be calculated using an
separated areas of the multilayer films were examined, and representa_equivalent circuit analysis. If the layer adsorbed on the crystal surface
tive height images are presented. The reported widths are thoselS rigid and homogeneous, then the frequency changes recorded for
measured at half-height. Unless otherwise mentioned, root-mean-squardn® fundamental frequency of the crystal superimpose with the signals
(rms) surface roughness analyses were carried out oprii.5 7.5 recorded for the higher harmonics gnd the freql_Jenpy sr_m‘t is proportional
«m scans using the Nanoscope software. Images used for rms roughnes@o the mass of the_a(_jso_rbed material. Un_der this situation, the Sauerbrey
analyses and film thickness measurements were corrected for bowtilt®d 2 derived for rigid films can be applied
by a third-order plane fit correction.

SPR Measurements SPR measurements were carried out with a Af=—N < 2
computer-controlled SR7000 SPR instrument (Reichert, Inc., Depew, f
NY) and a National Instruments Labview interface (SR7000 Alpha
Instrument, version 2.24) for data acquisition and transfer. The
instrument was equipped with a flow-through cell with a volume of

|~1 mL and a slurface Treg of l? r?\mag Injegtor port, a SIX-SjNGI%HD the crystal oscillations, there are energy losses (or dissipation) in the
ow-pressure solvent selection valve, and a syringe pump (mode system, a situation detected experimentally by the fact thakfhalues
2000, Harvard Apparatus). Surface plasmons were excited at the metall,q oqred for different overtones do not overlap. The total impedance
solution interface in the Kretschmann configuratfonsing the p-

. must then be treated as a nonlinear combination, represented by the
polarized output from a GaAlAs laser (15 mW, 780 nm) and a following equation

hemicylindrical sapphire prisnz & 1.7607). The TM-polarized incident

where C; is the mass-sensitivity constant ahd= 1, 3, 5... is the
overtone number.
However, when the added mass is soft and not fully coupled with

light was focused through the sapphire prism onto the underside of a liquid ~oohed) + 7™ sinhéd
gold-coated glass slide with an angular distribution-@1°. The gold Z.= Aﬁ'm ZS fd) Z“ : () ()
surface area irradiated is1 mm x 1.5 mm. Light totally internally Zg'm coshfd;) + Z'SIqUId sinh(yd;)

reflected from the gold/solution interface was detected with a 3696-

pixel CCD linear array for which the optical pixel signals were digitized whereZZ'm is the mechanical impedance of the viscoelastic fﬂ;ﬂﬁ"d

with a 14-bit analogue-to-digital converter. Reflected light intensity is the mechanical impedance of a Newtonian liquidjs the film
versus pixel number spectra (referred to as “array scans”) were thickness, angt is the complex wave propagation, which are given by
generated by scanning the array detector. The SPR minimum pixel wasthe following expressions CDV
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Z™ = (Gp)** 4) (A) HA/CH (B) HA/PC-CH
- o \12 ' .:""
lelqwd: (wpnqu;’?nqwd) 1+ 5)
1/2
r=iol3 ©

G is the complex shear modulus of the viscoelastic film defined by eq
-

G=G+iG" )

whereG' is the storage modulus ar@’ is the loss modulus of the
viscoelastic film, which is assumed to behave like a Voigt element.
This assumption may be oversimplified, especially in the case of very
soft, viscoelastic materials that resemble polymer solutions and reach
Maxwellian feature4! However, due to the limits in the precision of
the QCM data, the introduction of additional fitting parameters into
the model may be unreasonable. Thus, while one can easily make a
comparison among the results of the fittings for various systems, the
absolute values of5' and G" should be taken only with limited
confidence.

Equation 3 has several unknowns: the mass of the viscoelastic film
and its storage and loss moduli. To solve for the unknown parameters,
it is necessary to measure the response of the resonator for at least
three overtone frequenci@g243(N = 3, 5, 7, and 9 in our case). The
density iiquia) and viscosity fiiquia) Of the surrounding bulk liquid were
taken as 1.004 g cm and 0.903 mPa s for 0.15 M NaCl, respectively.
All measurements were performed at 25:00.1 °C.

Results and Discussion

AFM Imaging. The evolution of the HA/PECH and HA/
CH multilayer topology and thickness during the assembly of
up to 10 bilayers was monitored in situ by tapping mode AFM
(Figure 2). Following the buildup of two HA/PECH bilayers
upon a substrate coated with PEI, i.e., PEHIA/PC—CH),, the
surface is covered with densely packed, isolated globular
clusters, slightly elongated in shape, that are approximately 24
4+ 6 nm in height and 255 51 nm in length. The topology of
a PE(HA/CH), PEM built under the same conditions also
presents globular features, but individual islets appear rounder
than in the case of PE(HA/CH—PC),. Buildup of HA/CH
constructs for up to six bilayers yields surfaces consisting of
densely packed rounded globules reachings + 8 nm in
height. The rms roughness of the surface of PEIA/CH)g is
~15 nm (Figure 3a). In the case of HA/PCH constructs,
the vermiculate morphology, somewhat detectable in the two-
bilayer construct, becomes the predominant feature of films
consisting of six or more bilayers. For example, in the case of § e t
PEI—(HA/PC—CH)s, the wormlike domains are on the order 9 T ¥ st

of 320 35 nm across and 74 14 nm in height. They grow  figyre 2. AFM topography images (7.5 um x 7.5 um) acquired in
to several microns in length upon further polyelectrolyte 0.15 M NaCl solution (pH 4.0) for different steps of the alternate
deposition (see bilayer 10 in Figure 2). The surface of the deposition of (A) HA and CH and (B) HA and PC—CH onto a PEI-
wormlike domains is rougher in the case of -PEHA/PC— coated MUA—_goId substrgte. k ingicates the number of HA/CH or
CH)o (rms roughness, 50 nm), as compared to-REIA/CH)1o HA/PC—CH bilayers. Maximum height or z-ranges are: (A) 150 nm

(k=2,4,6), 300 nm (k= 8, 10); (B) 50 nm (k = 2), 100 nm (k = 4,6),

(rms roughness, 35 nm, Figure 3a). 150 nm (k = 8), and 250 nm (k = 10).

By repeatedly scanning a small area of a film under “hard”
tapping conditions, it was possible to create holes in the
nanocoatings. The ability to scrape off polymer from the PC—CH pairs was measured throughout the construction.
substrate in the tapping mode was previously reported in the Scratching a PEt(HA/CH)s film yields an average thickness
case of high molecular weight HA and CH constructs and taken of 120 nm=+ 16 nm, while scratching a PE(HA/PC—CH)s
as an indication of the loose association of the polyelectrolyte film gives an average thickness of 200 apb2 nm. The HA/
layers?” The thickness of films made with the HA/CH and HA/  PC—-CH films were significantly thicker than their HA/C'E,LDV
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Figure 3. (a) Root-mean-square roughness and (b) multilayer substrate monitored (a) by in situ SPR and (b) by dissipative QCM.
thickness measured by AFM as a function of the number of HA/CH
(red circles) and HA/PC—CH (black squares) bilayers. film, the discrepancy between the results of the two techniques

. . must be taken as an indication of large differences in the degree
counterparts throughout the build-up process after the deposition hydration of HA/CH and HA/PECH films.

of the sixth bilayer (Figure 3b).

In summary, AFM imaging of (HA/PECH), and (HA/CH)
multilayers at various stages of the deposition indicates that the
HA/PC—CH films are rougher and thicker than HA/CH films
(Figure 3). The HA/PCGCH multilayers adopt a vermiculate
morphology in the early construction steps, i.e., after the
deposition of the second bilayer, contrary to the case of HA/
CH films for which rounded densely packed globules form
preferentially, at least for constructs of up to eight bilayers.
Much larger structures are present in the HARTH films,
compared to HA/CH films, after the transition from globular
to vermiculate topology.

SPR Characterization of PEM Buildup. The HA/PC-CH
and HA/CH PEM deposition was monitored by in situ SPR,
which allows one to determine the total film optical thickness . . . . .
after deposition of each polyelectrolyte and rinsi%g with aqueous for HA/PC—CH f||ms (Figure S1 in the Supporting Informatlon).
NaCl. A five-layer optical model, described in the Materials Thus, fpr each bilayer, the wet mass of a HA/'P(CH bilayer .
and Methods section, was used in these calculations. SolventS consistently larger than thaF of a HA/CH b|Iayer,_ corroborating
trapped within the adsorbed layer does not contribute to its tNe results of the AFM thickness assays (Figure 3). The
optical thickness, thus SPR provides a measure of the polymer

contribution to the film mass (or “dry mass*.Plots of the - 2 )
changes in surface coverage as a function of the number ofdégree of hydration of the PEM8We estimate that a PEI

deposited bilayers for each polyelectrolyte pair exhibit a (HA/PC—CH); multilayer contains approximately 58 15 wt
nonlinear or “exponential” growth pattern (Figure 4a). This PEM 70 water, whereas a PE(HA/CH); film has a water content
build up mechanism, whereby each bilayer formed by the ©f ~15 =+ 7 wt %. In both cases this value remains constant,
polyanion/polycation pair is always thicker than the previous Within experimental uncertainty, throughout the buildup.

one, is characteristic of the HA/CH pair, at least under conditions ~ An important consequence of the high hydration level of HA/
of high ionic strengt/:2” During the initial stage of PEM  PC—CH PEMs is that they tend to behave as soft viscoelastic
deposition, i.e., bilayers-13, the mass increment per deposition hydrogels rather than rigid films. The loss of film rigidity is

is small and of the same amplitude@.8 £ 0.2 ug/cn¥) for readily detected via dissipative QCM measurements, whereas
each construction step. As the buildup continues, the growth for solid films the frequency changes upon increasing film mass
per bilayer becomes steeper. The mass gain per depositedire the same for all overtones; in the case of viscoelastic gels,
polyelectrolyte layer reaches a value o.4 & 0.4 ug/cn? Af versus time curves for different overtones do not superim-
under these conditions. The crossover between the two regimesgose. This feature is apparent in kinetic QCM traces recorded
occurs approximately after the deposition of the third bilayer during the buildup of seven HA/PECH bilayers (Figure 5a).

for both polyelectrolyte pairs. Furthermore, the surface coverage A deviation from rigid film behavior is detected already after
at each step is the same for HA/PCH and HA/CH multi- the formation of the second bilayer, and it is amplified as the
layers, in contrast to their thicknesses measured by AFM. Sincebuildup proceeds. In the formation of HA/CH multilayers,
the AFM scratch test yields the total thickness of the films, however, it is only after the sixth bilayer deposition that the
whereas SPR provides a measure of the polymer mass in thecurves for each overtone cease to superimpose (FigureC%Q/

Dissipative QCM Characterization of PEM Deposition.
In situ dissipative QCM analysis of the formation of HA/PC
CH and HA/CH multilayers onto a PEI-coated quartz crystal
provides the total mass, polymer and water (“moving mass” or
“wet mass”)#2-44 adsorbed on the crystal at each step of the
PEM deposition. The evolution of the surface coverage recorded
by QCM during the construction of eight bilayers of each
polyelectrolyte pair is presented in Figure 4b. The exponential
growth pattern exhibited by the SPR measurements (Figure 4a)
is also observed under the PEM construction conditions of
the QCM experiments. The surface coverdgdollows an
exponential dependence on the bilayer numigfXT = A
exp(k), where the growth exponeftderived from QCM data
is 0.339+ 0.005 for HA/CH multilayers and 0.38% 0.006

difference between surface coverages recorded by QCM and
by SPR for a given polyelectrolyte pair gives a measure of the
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0 ot b) HA/CH as a function of the number of bilayers during the alternate adsorption
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Figure 5. Frequency (Af) as a function of time during the buildup of 0 2 4 6 8 0 12
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(a) HA/PC—CH and (b) HA/CH multilayers onto a MUA—gold-coated
quartz crystal from 0.15 M NaCl (pH 4.0) aqueous polyelectrolyte
solutions (1 g L™1). The black arrows indicate the injections of
polycations (PEI, CH, or PC—CH), the red arrows correspond to the
injection of hyaluronan, and the blue stars point to the injection of an
aqueous NaCl (0.15 M, pH 4.0) rinsing solution. Data are shown for

four overtones.

vouching for the comparatively more rigid nature of HA/CH

multilayers prepared in the conditions used here.

The total impedance values extracted from the QCM data _ )
recorded during deposition of the two pairs of polyelectrolytes bilayers constructed with polyelectrolyte solutions of pH 4.0

was used to estimate the values@fandG", the storage and ~ (NaCl 0.15 M) in the QCM cell were contacted with solutions
loss moduli, respectively, of the PEMs (see Figure S2 in the of increasing acidity, in one set of experiments, and with
Supporting Information for the details of data fitting). Through- Solutions of increasing basicity in another set. Changing the pH
out the build up process, the values@fandG" recorded for of the contacting solution from 4.0 to either 3.0 or 9.0 barely
HA/CH PEMs are nearly identical (12 MPa). These values affected the frequency values recorded for each pair of poly-
are of the same order of magnitude @Gsand G values of electrolytes, the original levels being nearly recovered upon
(CH/HA)y-20 constructs derived from QCM experiments carried exposure of the multilayer to a solution of pH 4.0 (Figure 7).
out under identical ionic strength conditio#sThe G' andG" Subjecting either a HA/CH or a HA/PECH multilayer to a
values of the HA/P& CH films (Figure 6) are lower by a factor ~ solution of pH 2.5, however, resulted in a significant decrease
of ~10, and the loss modulus is significantly higher than the of the frequency. This observation may signal partial polyelec-
storage modulus throughout the buildup. Although the evaluation trolyte desorption, corresponding to a decrease of the film
of the storage and loss moduli from QCM data remains a subjectthickness. One may envisage also that upon lowering the pH
of controversy, the trends observed, together with the AFM and the multilayer shrinks and water is released into the contacting
SPR results, are indications that HA/PCH multilayers behave ~ solution. These events would trigger a decreaséfin the

as fluid-like gels, whereas their HA/CH counterparts exhibit a QCM measurements. Lowering the contacting solution pH to
1.3 resulted in a further decrease of the frequency, which reached

values recorded for a MUAgold-coated quartz crystal, indicat-
ing a complete destruction of the film. CDV

Figure 7. Changes in the relative frequency as a function of the pH
of the contacting fluid for a four-bilayer construct of HA/PC—CH (full
squares) and HA/CH (full circles) formed at pH 4.0 and subsequently
treated with NaCl (0.15 M) solutions of different pH. The relative
frequency shift was calculated as the ratio of the frequency shift for
the fifth overtone measured for multilayers treated with a solution of
a given pH to the frequency shift for the fifth overtone measured for

multilayers kept in a fluid of pH 4.0.

more rigid gel-like behavior.
Stability of the Multilayers toward Changes in the pH of

the Contacting Fluid. Films of four HA/CH or HA/PC-CH
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