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Polyelectrolyte multilayers (PEMs) of poly-L-lysine (PLL) and alginic acid sodium salt (Alg) are fabricated
applying the layer by layer technique and annealed at a constant temperature; 37, 50 and 80°C, for 72 h.
Atomic force microscopy reveals changes in the topography of the PEM, which is changing from a fibrillar
to a smooth surface. Advancing contact angle in water varies from 36° before annealing to 93¢, 77° and 95°
after annealing at 37, 50 and 80 °C, respectively. Surface energy changes after annealing were calculated
from contact angle measurements performed with organic solvents. Quartz crystal microbalance with
dissipation, contact angle and fluorescence spectroscopy measurements show a significant decrease in
the adsorption of the bovine serum albumin protein to the PEMs after annealing. Changes in the physical
properties of the PEMs are interpreted as a result of the reorganization of the polyelectrolytes in the
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1. Introduction

Polyelectrolyte multilayers (PEMs) fabricated by means of the
Layer by Layer (LbL) technique have found multiple applications in
the last years for surface engineering and device fabrication [1-3].
PEMs have potential applications in diverse areas such as opto-
electronics, nanofiltration and tissue engineering [4-8]. Recently,
PEMs have attracted attention as antifouling coatings, as they
can be easily assembled on almost any charged surface and the
stepwise assembly of polyelectrolytes allows for a precise control
of composition of the multilayers in the vertical plane combin-
ing different polyelectrolytes and nanomaterials, with synergic
antifouling effects. In this regards several interesting strategies
have been followed i.e. the use of perfluorinated PEG co-polymers
as layer constituents, the control of the surface charge density or
the use of a sacrificial top layer that can be removed together with
the foulant and later reassembled [9-12].
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PEMs are assembled by the alternating deposition of polyca-
tions and polyanions on top of charged surfaces, based on attractive
electrostatic interactions and entropy considerations, since counter
ions are released during the PEM assembly [13-15]. The LbL pro-
cess can be considered as a special case of polycation/polyanion
complex formation. The layered structure of the film is a conse-
quence of the step-wise assembly of polycations and polyanions.
However, the layers are not fully stratified, as there is a certain
degree of interdigitation among them. One layer in PEMs can be
sensed up to 4 layers below [16]. Interdigitation is partially a con-
sequence of the presence of free space within the film, which is
filled by the following depositing layers [17].

PEMs are very stable; they are not easily removed, unless at least
one of the polyelectrolytes is weak and loses charges by changing
the pH, or there is a specific ion or surfactant interacting with the
monomers that can weaken the electrostatic attraction between
oppositely charged polyelectrolytes [18,19]. Only at very high ionic
strength the films can be partially erased [20]. Despite PEM sta-
bility, the layered arrangement of the polyelectrolyte is not the
energetically optimal. From an intuitive point of view the best
arrangement of the oppositely charged polyelectrolytes would not


dx.doi.org/10.1016/j.colsurfb.2016.05.013
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2016.05.013&domain=pdf
mailto:smoya@cicbiomagune.es
dx.doi.org/10.1016/j.colsurfb.2016.05.013

E. Diamanti et al. / Colloids and Surfaces B: Biointerfaces 145 (2016) 328-337 329

be as separated layers but as complexes, where there is a maximal
compensation of the negative and positive charges.Ina complex the
oppositely charged polyelectrolytes will be closer than in the LbL
assembly. However, a reorganization of the PEMs into complexes,
with the disappearance of the characteristic stratified structure
could compromise the stability of the PEM itself.

Thermal annealing, exposing the PEMs to heat for a defined
period of time, gives the polyelectrolyte molecules the energy to
rearrange in the films and find more convenient conformations.
It has been shown that annealing to capsules of PDADMAC/PSS
leads to the rearrangement of the polymers with a consequent loss
of internal volume and increase of the layer thickness. This phe-
nomenon occurs only when PDADMAC is the last layer [21-24].
Glinel et al. show the impact of annealing on the responsive
behavior of polyelectrolyte films in relation with changes on the
architecture of the multilayers [25]. Besides these works there are
no other reported examples related to the thermal annealing of
PEMs. In this work we study the effect of thermal annealing on PEMs
constructed upon two biopolymers that have been extensively used
for biomedical applications as they provide enhanced surface bio-
compatibility; these are the positively charged poly-L-lysine (PLL)
and the negatively charged alginic acid sodium salt (Alg) [26-30].
We will demonstrate that by applying annealing on these films
their wetting properties will dramatically change with variations
in the contact angle in water of 60°, from highly hydrophilic to
hydrophobic. This variation in wetting behavior is a consequence
of the rearrangement of the polymer chains, which could be visual-
ized by Atomic Force Microscopy (AFM) [31,32]. Thermal annealing
of PLL/Alg multilyers has also a clear effect on the interaction of the
PEMs with proteins, decreasing protein deposition while increas-
ing the antifouling character of the PEMs. The use of annealing at
different temperatures to decrease protein deposition provides a
simple procedure to tune the antifouling characteristics of surfaces
without altering the chemistry of the multilayers and employing
commercial and biocompatible polymers, which are amenable with
biomedical applications, where limited protein deposition on sur-
faces may be required.

2. Material and methods

Poly-L-lysine solution 0.1% (w/v)in H, O (PLL, Mw 150-300 kDa),
bovine serum albumin hydrolyzed powder, pH 7 >98% (BSA, Mw
~66 kDa), was obtained from Sigma-Aldrich. Alginic acid sodium
salt (Alg, Mw 10-600 kDa) was acquired from Acros Organics. Fluo-
rescent label ATTO 488 NHS-ester (1 mg) was purchased from ATTO
- TEC - Fluorescent Labels and Dyes. Disposable PD-10 desalting
columns filled with Sephadex® G-25 gel filtration medium were
purchased from GE Healthcare Life Sciences. SiO, particles with a
diameter of 3 wm were purchased from Attendbio.

Sodium chloride (NaCl), phosphate buffer saline (PBS),
sodium bicarbonate (NaHCO3), sodium hydroxide (NaOH), (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) (Hepes) dimethyl
sulfoxide (DMSO) solvent and ethylene glycol (EG) was purchased
from Sigma-Aldrich.

2.1. Build up of polyelectrolyte multilayer films

Each polyelectrolyte was dissolved in 10 mM Hepes/150 mM
NaCl buffer (pH 7.4) at a final concentration 1 mgml~-!. Following
the LbL technique 15 layers of PLL/Alg with PLL as the outermost
layer; (PLL/Alg); 5, were coated on top of negatively charged sur-
faces. The surfaces employed for the assembly varied according
to the requirements of each experimental configuration. Samples
were incubated for 10 min in each polyelectrolyte solution. Each

step of assembly was followed by washing with Hepes/NaCl buffer
for the removal of the surplus polyelectrolyte.

2.2. Annealing process

The annealing of the samples was conducted during 3 days in a
Memmert UNE 200-300 oven with arange of temperature 5-250°C
under atmosphere conditions for three different temperatures;
37°C, 50°C and 80°C. For annealing all samples was first dried in
air.

2.3. Atomic force microscopy

Structural details of the PLL/Alg films were investigated using a
Nanowizard Il AFM (JPK, Berlin, Germany). Images were acquired
on dry samples, scanning in air. Prior to imaging polyelectrolyte
films were washed with nanopure water and left to dry at room
temperature. TESP-V2 cantilever (Brucker, AFM Probes) with a
nominal spring constant of 40N/m was used for imaging in
intermittent mode. The resonant frequency was in the range of
280-320kHz. The root mean square (RMS) roughness is calculated
as the average of RMS line profiles across vertical and horizontal
direction of the AFM images using Gwyddion software.

2.4. Contact angle measurements

The wetting properties of the PEM film were characterized
before and after the annealing in a DSA 100 contact angle measur-
ing system with a DSA 100 control from the Kruss Company at room
temperature (20°C) and ambient atmospheric conditions. During
the measurement, the liquid drops remain attached to the steel tip
with outer diameter, d = —0.5 mm. Still images of a 3 WL drop with
500 wL min~! velocity were captured after the liquid volume was
slowly inflated or deflated until the contact line moved gradually
outward or inward, respectively. Drop profiles were recorded and
fitted with the included software package (DSA 3). Apparent contact
angles of the drops for 5 repetitions of each sample were obtained
with a stdev=1.9.

Contact angle measurements were performed using different
test liquids to characterize the surface energy of PEMs before and
after annealing. Water, ethylene glycol (EG), and dimethylsulfoxide
(DMSO) were chosen as test liquids to determine the dispersion
component yP and the polar component ¥, as well as the total
interfacial free energy of the bare substrate, y; for each test liquid,
we measure the static advancing contact angle,d,, and the static
receding contact angle,d,.

2.5. Polyelectrolyte assembly on colloids

For {-potential measurements PEMs were assembled on top
of SiO, particles (3 wm). To do so, SiO, particles were first sus-
pended in 10 mM Hepes/150 mM NaCl (pH 7.4) buffer at 1 mg ml-!.
Subsequently the particles were incubated at the polyelectrolyte
solution (1 mgml-') for 15 min. The procedure was repeated for
every layer deposition for the construction of 15 layers. In between
polyelectrolyte depositions three washing steps were performed
via centrifugation.

2.6. (-potential measurements

Changes on the surface charge of the PEM coated colloids were
recorded using a Zetasizer (Malvern, of the UK). {-potential mea-
surements were conducted in a disposable folded capillary cell at
25°C and they were performed at a cell drive voltage of 30V, using
a monomodal analysis model. Five repetitions were conducted for
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each sample. Samples were diluted in 10 mM Hepes/150 mM NaCl
(pH 7.4) buffer at a final concentration 0.1 mgml-1.

2.7. QCM-D measurements

The assembly of the PLL/Alg PEM and the deposition of BSA pro-
tein before and after annealing were monitored via the QCM-D,
Q-Sense E4 system. The coating of the PEM film was conducted on
SiO, (50 nm) coated quartz crystals (5 MHz, Q-Sense). PE solutions
were injected in the 4-sensor chamber with the help of a peristaltic
pump and left under incubation for 10 min. After stabilization of the
frequency another 10 min rinsing with 10 mM Hepes/150 mM Nacl
buffer (pH 7.4) was followed. Experiments were conducted at 23 °C.
For the deposition of the protein BSA was dissolved at 1 mgml~!
concentration in Hepes/NaCl buffer.

2.8. Fluorescence spectroscopy measurements

The adsorption of labeled BSA on PEMs was quantified using a
Fluorolog® — HORIBA JOBIN YVON fluorescence spectrometer. Pro-
tein labeling was performed using amine reactive ATTO 488-Labels
(NHS-Esters). The protocol used for the labeling of the BSA was
obtained from ATTO-TEC. Measurements were done at emission
spectral acquisition configuration, excitation was set at a wave-
length of 488 nm (1 nm slit width) and the emission wavelength
range was set between 510 and 700 nm (1 nm slit width). For the
fluorescence measurements the PLL/Alg PEM film was deposited,
following the procedure described above, on top of quartz micro-
scope slides (25 mm x 25 mm x 1 mm) from UQG Optics. The ATTO
488 labeled BSAwitha 1 mg ml~! concentration was deposited onto
the PEM films before and after annealing.

3. Results and discussion
3.1. Effect of annealing in PLL/Alg PEMs

The assembly of the PLL/Alg PEM was first followed by means of
QCM-D to demonstrate the growth of the PEM upon each PE layer

deposition (Fig. 1). The continuous stepwise decrease in frequency
(Af=524Hz) proves the deposition of the 15 polyelectrolyte layers.

Once the multilayer was build up the films were annealed at 37,
50 and 80°C for 72 h as described in the experimental part.

AFM imaging was performed on the PEMs to visualize the impact
of the annealing on the surface morphology. The topography and
roughness of the film as assembled, without thermal annealing is
displayed in Fig. 2a. The PLL/Alg PEMs display a non-homogeneous
porous morphology consisted of a fibrillar network. The highest
features of the network display a height up to ~150nm as seen
from the roughness profile, with free space between the polymer
fibers of 1-2 wm on average.

It is worth noting that below the top fibrillar structures there
is more polymeric material, assembled into fibrillar networks as
well. This can be seen in the last 5 um of the roughness profile
(bottom panel of Fig. 2a), where the substrate cannot be visual-
ized between the highest peaks, although there are observed peaks
of lower heights, reaching up to 40 nm. PEMs roughness (RMS) of
38.2 +8.3 nm was calculated from the AFM images. The glass sub-
strate underneath the PEM displays a smoother profile; for glass
the roughness is in the range of 0.5-2nm [33]. The influence of
the temperature on the structural reorganization of the PEMs is
shown in Fig. 2b. The PEM has been annealed at 37 °C and displays
a smoother topography. The morphology does not show any more a
complete network-like organization. Instead, we observe the pres-
ence of grains across the surface, with heights of 5-10 nm. In the
bottom panel of Fig. 2b, in the roughness profile, we can observe
two peaks with heights of ~35 nm. These peaks correspond to the
features from the upper image in lighter colours, corresponding
to higher values in the colour scale. These are appearing as iso-
lated networks when compared to the ones in Fig. 2a where a
network covers the whole surface. RMS decreases concomitantly
to 4.9 +£1.7 nm. When the PEM is annealed at 80 °C, the AFM imag-
ing shown in Fig. 2¢, reveals that the surface displays a morphology
with fewer grain-like structures than at 37 °C, and the polymer net-
work is no longer observed. RMS, however, increases to 8.7 +5.8 nm
for the PEM annealed at 80 °C, this value is slightly higher than for
the PEM annealed at 37 °Cbut still smaller than for the non annealed
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Fig. 1. QCM-D curves representing changes in frequency (in red) and dissipation (in blue) during the assembly of 15 layers of PLL/Alg. (1.5-column image). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)



E. Diamanti et al. / Colloids and Surfaces B: Biointerfaces 145 (2016) 328-337 331

,g 1004 'H M E 40 g 40
E; 50| }\’J }\!\ ﬂ 1 }\/\ M}“)l. / %204 ‘Il % 50
2 o [RRTARLEAT \
. K h ) U \{ Ul ofn/ ‘UU‘ J\/ “"’"J “Nr«,v’v."w‘l*‘\ o-kllﬂw !Mh LWL"\W er {M le)ﬂ

Offset (umy)

Offset (um)

Offset (pm)

Fig. 2. AFM images (15 x 15 pm) acquired on dry (PLL/Alg)7s multilayers (a) without annealing, (b) after annealing at 37 °C and (c) after annealing at 80 °C. Bottom panels
display roughness profiles taken as crossections of the above images. (2-column image).

samples. AFM clearly shows that the polyelectrolyte chains reorga-
nize when they are annealed at 37 °C and higher temperatures. The
fact that the surface becomes smoother implies that the chains are
rearranging in a more compact structure and hints that the layered
structure of the PLL/Alg PEM is changing, as the fibres observed in
the non annealed PEM disappear progressively with the increase of
temperature.

Contact angle experiments were conducted at room temper-
ature, 23°C, to determine the wettability of multilayers before
and after annealing at different temperatures. The mean advancing
water contact angle for (PLL/Alg); 5 before annealing was 36° + 2.8°
(Fig. 3). This value corresponds to a hydrophilic surface. Both Alg
and PLL are charged and considering the hydrophilic amine groups
of the last PLL layer the contact angle values are reasonable. When
the PEM was annealed during 72 h at 37 °C the wetting properties of
the film change drastically, giving contact angle values 0f 93° 4+ 4.6°.
After annealing at 50 °C and 80 °C the contact angle changed indeed
in both cases from hydrophilic to hydrophobic giving values of 77°
and 95°, respectively. Surprisingly the annealing at 50°C caused
a decrease in the contact angle in 16° but higher temperatures
resulted again in an increase of the contact angle. These variations
are indicative of a restructuring of the PEM with the temperature as
the contact angle will be affected by the density of charges on the
surface and the exposure of the organic backbone of the polymer
chains in the PEM surface.

Table 1 provides the values of the advancing and receding con-
tact angle for different solvents; water, EG and DMSO for the PEMs
before and after annealing. The lowest contact angle was mea-
sured in DMSO, being around 7° (advancing) for the non annealed
sample and displaying values between 20° and 30° in the case
of the annealed PEMs. For EG the contact angle was 27° for non
annealed samples and increased to values between 28° and 42° for
the annealed ones. Receding contact angle could not be measured
for the non annealed samples with DMSO and EG as the droplet par-
tially absorbs on the polymer surface. There was a small hysteresis
between advancing and receding contact angle values for DMSO
and EG for the annealed samples. In the case of water the hystere-
sis was more pronounced; approximately 10° for the non annealed
samples, and increased up to 40° for the sample annealed at 80°C.

Contact angle hysteresis on inert and rigid solids can be explained
from the presence of microscopic chemical and/or topographic sur-
face heterogeneities [34]. Both types of heterogeneities can act as
‘pinning centres to the free liquid interface and create a dense spec-
trum of meta-stable interfacial configurations’. Even in the limit of
small interfacial velocities, these energy barriers contribute to the
irreversible work necessary to displace the three phase contact line
between the liquid phase, ambient air, and the solid. On the macro-
scopic scale of a wetting drop, this dissipation manifests in form
of a history dependent static contact angle. Hence, changes of the
contact angle hysteresis interval [Hr, Ha] after surface treatment
can also hint to a changing degree of chemical and topographic
heterogeneity of a polymer surface. Despite AFM imaging of non
annealed PEMs showed a more irregular surface it is likely that the
annealed PEM displayed a higher heterogeneity at subnano scale,
mainly related to the charged groups which would explain the large
hysteresis in water and not in the organic liquids. Contact angle hys-
teresis on a PEM could also be an effect of the slow equilibration
kinetics between the wetting liquid and polymer surface [34]. The
high contact angle hysteresis of the PEM with water, in particular
for the non annealed samples can be due to slow reorientations of
certain moieties of the polymer chains in contact to water. Other
kinetic effects are linked to a slow migration of water molecules
(swelling) into the polymer network.

The advancing and receding contact angle values for the differ-
ent liquids were used to calculate the interfacial tension y; of the
test liquids for non annealed and annealed PEMs along with the
corresponding dispersive component, le, and polar component, %.
Both components of the interfacial energy are determined from the
Owens-Wendt method [35]. Particular values of the interfacial ten-
sion and the surface energy components are taken from the book
of Van Oss [36]. Following the approach of Owens and Wendyt, the
free energy per area yj,, of an interface between a liquid (/) and a
substrate (s) is related to their respective interfacial tensions y; and

s by:

1 1
vs=wi+vs—2(V¥IvF) 2 -2(vP¥P)? (1)
where, the interfacial tension of the material (i) is the sum y; =
viP + yf of both components. Employing the contact angle 6 in ther-
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Fig. 3. Advancing water contact angle values for the (PLL/Alg)7 s films before annealing and for different annealing temperatures.

Table 1

Advancing and receding contact angle values for the (PLL/Alg) s films before annealing and after annealing at 37, 50 and 80 °C. Contact angle values were measured with

water, ethylene glycol (EG) and dimethyl sulfoxide (DMSO).

Solvents No Annealing T=20°C Annealing at T=37°C Annealing at T=50°C Annealing at T=80°C

[ [ o 0; [ [ (& 0,
DMSO 7.3°+£0.7 - 20.6°+1.1 17.6°+£0.9 20.9°+1.8 19.9°+£23 26.9°+2.1 22.6°+1.5
EG 27.1°+£2.0 - 36.1°+1.4 28.5°+1.2 33.6°+1.7 29.5°+1.5 42.0°+3.6 39.4°+2.7
Water 36.0°+2.8 22.7°+1.3 93.0° +4.6 57.6°+2.9 77.0°+3.9 53.0°+2.0 95.0°+1.8 55.3°+2.4

fa: Static advancing contact angle.
0. Static recending contact angle (2-column image).

modynamic equilibrium and Young’s relation y; cos 0 = ys — yj;, we
arrive at

being of the form y = mx + n in the variable x = ()/lp/le) witha

slopem = (ysp)l/z andinterceptyy = (ysp)1/2 with the ordinate. Eq.

(2) allows us to determine the dispersive and the polar component
of the substrate free energy by fitting the experimental data with
linear relation. Experimentally, only the apparent contact angles
64 and 6, are available from measurements, and we have to make
a further assumption to estimate the contact angle 0 in the ther-
modynamic minimum (i.e the material or Young’s contact angle). In
principle, it isimpossible to infer the irreversible part of the work to
enlarge or diminish the substrate area in contact to the wetting lig-
uid from measurement of only 64, 6, and y,. However, fundamental
thermodynamic considerations demand that Young’s contact angle
6 must satisfy the inequality 6, < 6 < 0,. To estimate the surface
energy from the measured contact angles data we fit the advancing
and receding contact angles data with Eq. (1) separately. Water is
excluded because the difference between the cosines of the advanc-
ing and receding contact angles are much larger than for DMSO and
EG. Here, we took the receding contact angle of DMSO and EG on
the non annealed PEMs to be zero.

Fig. 4 displays an Owen-Wendt plot of the experimental data
according to Eq. (2) for the PEMs without annealing and for the
annealed PEMs at temperatures 37 °C, 50 °C and 80°C. The upper
and lower extremities of the error bars correspond to the data
of advancing contact angles, 6,, and receding contact angles, O,
respectively. The magnitude of the dispersion component, P, and
the polar component, ), of the surface energy are determined
from the slope and intercept, respectively, of the contact angle data

for DMSO and EG. As the contact angle hysteresis of water on the
PEMs is much larger than for DMSO and EG, we excluded water for
quantitative analysis.

The results of the linear interpolation, the surface energy and the
respective components are summarized in Table 2. In total, the sur-
face energy ys diminishes as the annealing temperature increases,
from a value of 44.6 mJ/m? for the non annealed PEM to 38 mJ/m?
after annealing at 80°C. The surface energies after annealing at
37°C and 50°C were very similar and close to 40 mJ/mZ.

It is interesting to look at the magnitude of the surface energy
components y¢ and yf separately. In comparison to the non
annealed sample, the polar component y? decreases almost to the
half value after annealing at 37 °C. However, the polar component
does not differ significantly from samples annealed at 37 °C and at
50°C. Only after annealing at the highest temperature, 80°C, the
magnitude of ¥P shows a further decrease. On the other hand, the
dispersion component yP increases gradually between annealing
at 37°C, 50°C and 80°C by roughly 15%.

The significant decrease of y¥ between 37 °C and 80 °C is indica-
tive of the further compensation of the charges of PLL and Alg
and would hint that the polyelectrolyte layers are reorganizing to
find themselves in an energetically more favourable arrangement,
where the interaction between positive and negative charges of
the polyelectrolytes is maximized. The increase in ¥? in parallel is
indicative of the surface becoming more hydrophobic and with a
lower charge density, which is also coherent with the charge com-
pensation. The annealing seems to induce a rearrangement of the
layers into a more complex like structure where the oppositely
charged Alg and PLL are closer and the charges more compen-
sated. The results at 50 °C are more surprising. It seems that after
annealing for three days at that temperature the arrangement of
the chains on the surface was such that the PEMs become more
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Fig. 4. Owens-Wendt plot to determine the polar and dispersive component of the surface energy for the multi-layer coated substrates after annealing at different

temperatures. (1.5-column image).

Table 2
Surface energies of (PLL/Alg)s 5 substrate. (1.5-column image).

Surface energy [mJ/m?] No annealing

Annealing at T=37°C

Annealing at T=50°C Annealing at T=80°C

Dispersion y? 26.5+1.5 28.7+1.5
Polar yf 18.6+4.5 11.5+2.5
Total ys 45.1+6.0 40.2+4.0

27.8+1.3 309+0.5
123+£1.9 7.11+0.8
40.1+3.2 38.0+1.3

hydrophilic. Probably the annealing at this temperature induces a
restructuring of the layers that results in a higher density of algi-
nate on the surface. Further experiments are needed to understand
this observation.

The possibility that the annealing could induce changes in the
chemistry of the PEMs was also analysed. Amide bonds could be
forming between the carboxylate of alginates and primary amines
of PLL during the annealing. XPS measurements were performed
for the PEMs before and after the annealing at all three considered
temperatures. High resolution spectra of N 1s region are shown in
Fig. S1. Two peaks are assigned to N—CO/C—NH; and C—NHj3 bonds
at ~400eV and ~401.5 eV, respectively [37]. No changes in the XPS
spectra regarding the binding energies of the two species could be
observed between the reference spectra of non annealed PEMs (Fig.
S1a) and PEMs annealed at 37, 50 and 80 °C (Fig. S1 b-d). If there is
crosslinking between the amines of PLL and the carboxylates of algi-
nate an amide bound should be formed but this is already present in
PLL and consequently there would not appear new signals. How-
ever, the ratio of the intensity of the bands of N—CO/C—NH, and
C—NH3 changes with the annealing. The band of N—CO/C—NH,
increases in relation with the C—NHs. This could be meaning that
more N—CO is being formed after the annealing, which would be
the result of the crosslinking of the amines of PLL with the carboxy-
late groups of alginate. But at the same time the relative increase of
the bands at 400 eV to the one at 401.5 eV could mean that the NH;
groups are deprotonating with annealing and the relative amount
of NH; increases. This would be a consequence of the dehydration
of the pendant groups of PLL. When we compare the surface chem-

ical composition of the samples, the molar percentages of C, O and
N (Table S1), we do not observe any significant changes between
non annealed and annealed samples. The crosslinking of the PEM
should result in a decrease in the O content as during the formation
of an amide bond a OH group from the alginate is lost. Therefore,
the absence of changes in the molar percentage of C, N, and O in
the film after annealing, hint that there is no crosslinking taking
place. Also, if crosslinking were taking place one would expect the
PEMs to be more stable and in the case of annealing at 80°C we
observe that the film can be partially erased (Fig. 6). Therefore,
despite we cannot fully disregard the possibility of crosslinking we
strongly believe that the changes observed in contact angle must
be associated with the electrostatic compensation of the charges of
polycations and polyanions due to polyelectrolyte rearrangement.

We further investigated changes in charge density in the PEMs
after annealing by (-potential measurements. (PLL/Alg);5 were
assembled on colloidal particles and annealed afterwards. The
annealing of the colloidal particles was also done in dry state. The
particles were placed in the oven during 72 h for each annealing
temperature. Finally, the annealed particles were suspended in the
Hepes/NaCl solution to measure the {-potential. Before annealing
the {-potential of the PEM was —1.3 mV and after annealing at 37 °C
changed to —14.1 mV. By further increase of the temperature at
80°C, the {-potential showed a more pronounced decrease to —
27 mV. The negative potential of the non annealed PEMs which is
very close to zero is indicative either of the Alg chains protruding
from the PEM or of the interdigitation of the PLL and Alg layers. From
QCM-D measurements we know that the film grows progressively
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Fig. 5. Representation of the chemical structures of (a) poly-L-lysine and (b) alginic acid sodium salt. Scheme of the structure of the PLL/Alg polyelectrolyte multilayer (c)

before and (d) after annealing. (1.5-column image).
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Fig. 6. Changes in frequency and dissipation after adsorption of BSA protein on top of (PLL/Alg)7 5 coated SiO, QCM-D crystals and their corresponding contact angle data for
the cases of (a) non annealed surface, (b) annealed surface at 37°C and (c) annealed surface at 80 °C. (2-column image).

and the last layer of PLL is deposited on top of the PEM. There may
also be slight differences in the layer characteristics when going
from the planar PEM surfaces to a colloidal one as the assembly
processes involves steps that are not included on the planar assem-
bly in QCM-D. Nevertheless, despite the slightly negative value it
is interesting to follow the evolution of the surface charge with
the annealing. As the annealing temperature increased the charge
became more negative. This means that either the last PLL layer
is removed or most likely there is rearrangement of the Alg and
PLL molecules leaving the Alg chain more exposed to the surface
and probably surrounding the PLL molecules which are trapped in
the Alg. The fact that the maximum molecular weight of Alginate
is 600 kD while for PLL is only 300 kD could explain the excess of
negative charges. As the complexes between PLL and Alg molecules
are formed there is a compensation of the charges and the charge
of the longer chains prevails.

The annealing process allows the polyelectrolyte to restate and
reorganize to a molecular arrangement where the interaction of the
oppositely charged polyelectrolytes is maximized. The {-potential
measurements hint to a situation where after annealing Alg charges
are more presented on the surface resulting to a higher density of

negative surface charge than before the annealing. However, this
does not mean that the density of hydrophilic groups is higher
than before annealing, since the top layer was PLL with positively
charged amines. A lower density of hydrophilic groups is hinted by
the changes in the polar component of the surface energy, which
decreases significantly with the annealing at 80°C. It is important
to take into account that the annealing take place in dry conditions,
thus a possible driving force for the process would be the decrease
in the PEM surface/air interfacial energy, thus an enhanced amount
of hydrophobic groups are expected to be found at the interface, as
ithas beenreported [13]. This would cause a decrease in the density
of hydrophilic groups on the surface. AFM shows clearly the reor-
ganization of the surface under the annealing process. The surface
roughness of the PEM gets smoother as the annealing tempera-
ture increases. This probably indicates that the grains intermix as
complexes are being formed.

A scheme of the proposed rearrangement of the PEM after
annealing is shown in Fig. 5. In the scheme we have sketched the
layered structure of the PEMs and the disappearance of this struc-
ture after heating, resulting in the formation of complexes of Alg
and PLL chains.
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Fig. 7. Fluorescence spectroscopy spectra after adsorption of labelled BSA onto the (PLL/Alg)75 films before and after annealing at 37 and 80°C. (1.5-column image).

3.2. Interaction of PEMs with proteins

In several situations the interaction of PEMs with proteins is of
critical importance. Charged proteins normally interact with PEMs
electrostatically so their deposition depends on the charge of both
PEM and protein. We studied the interaction of the bovine serum
albumin (BSA) protein, and the film before and after annealing.
QCM-D experiments were conducted to monitor the adsorption of
the BSA on the PEM. PEMs deposited on the quartz crystals were
annealed with the same procedure used for the films assembled on
glass surfaces, placed back in the QCM-D chamber and rehydrated
with the buffer prior to exposure to the protein.

Fig. 6a shows the frequency and dissipation changes upon
adsorption of BSA on a non annealed PEM. In this case immediately
after the assembly the PEM was exposed to the BSA solution. The
frequency decreased meaning that there is adsorption of protein
on top of the PEM. The frequency shift after deposition of the BSA
was Af=186.5 Hz. After rinsing with buffer the frequency increased
with a total frequency shift of 102 Hz, proving the adsorption of the
protein.

When BSA was deposited on the 37 °C annealed PEM the adsorp-
tion of the protein decreased to half compared with the non
annealed PEM (Af=45.5Hz) (Fig. 6b). When the film is rinsed
with the buffer there is a removal of non-bounded protein as
the frequency increases to a higher value, Af=35Hz. In the case
of annealing at 80°C there is no apparent adsorption of protein
(Fig. 6¢). The total frequency shift after the BSA deposition was
Af=3.5Hz. When the film is rinsed with buffer the frequency there
is almost no change in frequency or dissipation indicating that there
is no protein adsorption or deposition on the film annealed at 80 °C.

Advancing contact angle measurements on the films after depo-
sition of the protein revealed a certain degree of hydrophobicity for
all the cases. Nevertheless, for the case of adsorption of the BSA on
non annealed PEMs we obtained the highest values 119° (Fig. 6a)
while for the annealed samples at 37 and 80°C the contact angle
values were 93° and 89° respectively, which are close to the contact

angle values before annealing (Fig. 6b and c). This hints of a limited
deposition of the BSA on the annealed PEMs.

In order to have additional information on the changes in pro-
tein adsorption to the film, fluorescently labeled BSA has been
deposited on top of the PLL/Alg film and its fluorescence was
quantified (Fig. 7). Results were in agreement with QCM-D mea-
surements. There is a significant decrease in fluorescence from
the non annealed to the annealed PEMs, meaning a lower amount
of protein deposited. Normalizing the intensity curves to the non
annealed PEM the intensity of the maxima of the curves for the
annealed PEMs at 37 and 80 °C were 0.34 and 0.13 a.u. respectively,
one third and one tenth of the values for the non annealed PEM.

QCM-D, contact angle, and fluorescence measurements show
that thermal annealing has an impact on the interaction of BSA with
the PEM. The change in hydrophilic character of the PEM with the
annealing and the exposure of the alginate chains to the surface
with compensated charges brings an antifouling character to the
PEM. The decrease of protein adsorption with increasing temper-
ature may be indicative of a more significant presence of alginate
chains with compensated charges on the surface. It is known that
alginate has an antifouling character that probably is increased if
the charges of the alginate are partially neutralized [31,38]. The
presence of a negative charge on the surface could also be respon-
sible for the decrease on protein deposition as BSA preferentially
adsorb on positively charged surfaces [35]. Further experiments on
the study of the rearrangement of polyelectrolyte and the interac-
tion with proteins are being performed.

4. Conclusions

We have shown that annealing of PLL/Alg PEMs at temperatures
between 37 and 80 °C results in the film reorganization that could
be interpreted as a change from stratified polyelectrolyte layers to
the formation of complexes between the oppositely charged poly-
electrolytes. Surface topography and charge change after annealing.
Most interesting is that annealing has a clear impact on the wet-
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ting properties of PEMs, whose contact angle changes from 36°
to values between 77° and 95°. Surface energy calculations show
that the annealing affects the polar energy of the surface, hinting
a large compensation of charges after annealing at 37 and 80°C.
Our results show a simple way to change the wetting properties of
surfaces from hydrophilic to hydrophobic without further chemical
modifications. Results also show that annealing decreases protein
deposition on the films. In conclusion, this work shows a simple
way of tuning the wetting and antifouling character of biocompat-
ible films that can be used for biomedical applications where low
protein deposition is required.
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