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Abstract

Supramolecular self-assembly of molecular building blocks represents a powerful
"nanoarchitectonic" tool to create new functional materials with molecular-level feature control.
Here, we propose a simple method to create tunable phosphate/polyamine-based films on surfaces
by successive assembly of poly(allylamine hydrochloride) (PAH)/phosphate anions (Pi)
supramolecular networks. The growth of the films showed a great linearity and regularity with the
number of steps. The coating thickness can be easily modulated with the bulk concentration of PAH
and the deposition cycles. The PAH/Pi networks showed chemical stability between pH 4 and 10.
The transport properties of the surfaces assemblies formed from different deposition cycles were
evaluated electrochemically by using different redox probes in aqueous solution. The results

revealed that either highly permeable films or efficient anion transport selectivity can be created by
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simply varying the concentration of PAH. These experimental evidence indicates that this new
strategy of supramolecular self-assembly can be useful for the rational construction of single

polyelectrolyte nanoarchitectures with multiple functionalities.

Introduction

The design of new functional materials based on surface coatings continues to be a great
challenge for the scientific and technological community. Ariga and co-workers introduced the
concept of ‘“nanoarchitectonics” to describe the development of interfacial multicomponent
architectures through the integration of different molecular building blocks in well-defined
organized assemblies.!7 One of the most powerful strategies used to create multifunctional films is

the layer-by-layer (LbL) assembly technique developed by Gero Decher and his collaborators in the
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early 1990s.%° This technique is based on the step by step adsorption of oppositely charged
polyelectrolytes on surfaces and allows the control of structure, composiﬁ@hlo-@gﬁggﬁfll;?%ng;;
properties.!%-13 Over the last decades, the frontiers of surface science have been expanded by the
appearance of bioinspired strategies like the spontaneous surface assembly of simple molecules by
non-covalent interactions. In this context, Messersmith et al. reported and explored a process
inspired by dopamine self-polymerization in mussels to build thin films of polydopamine adhered to
different surfaces.'*!6 More recently, ultrathin films based on the electrostatic self-assembly of
complexes formed by poly(allylamine hydrochloride) (PAH) and anions phosphate (Pi), have been
generated and explored for different applications such as redox-active surfaces, electroless
metallization, biorecognition, and cell adhesion.!”!® Supramolecular interactions between
polyamines with phosphate anions are present in a significant number of biological and natural
processes. 1924 In previous works, it was demonstrated that the weak polycation poly(allylamine
hydrochloride) (PAH) is anionically cross-linked in the presence of single phosphate anions (Pi)
forming soft particles of variable size.?>?’ Some reports reveal that these aggregates are stabilized
by a combination of electrostatics and hydrogen bonding forces.?®2°

PAH/Pi films are similar to those obtained by LbL assembly, in the sense that both platforms are
constituted by a complex matrix of polyelectrolyte chains. However, in most cases, two
polyelectrolytes with opposite charges are required for the traditional LbL assembly and the
modulation of the film thickness is mainly attained by changing the number of deposition cycles.3°
In contrast, PAH/Pi platforms generates an ionically cross-linked network from a sole polycation
and a single phosphate anion a by a one-step technique, by the simple immersion of the substrate in
aqueous solution of the PAH and Pi mixture. In addition, it was observed that the PAH/Pi film
thickness can be varied with the concentration of PAH in the mixture, and that its growth is limited
for the self-assembly time, reaching a plateau where no more deposition of material is recorded.!”

In this way, bioinspired assembly of PAH/Pi networks results in a platform based on a single
polycation cross-linked supramolecularly. This possibility to build films constituted of a single
polymer can be useful since the properties of the material are mainly those of the individual
polymer, unlike the materials that integrate several macromolecular components.’'3> One-
component cross-linked platforms with modulable thickness have been previously reported,
however in all cases covalent chemistry was required. Generally, single-polymer hydrogels have
been built from the LbL assembly of two polyelectrolytes by a hydrogen bonding.3* The polymer of
interest was covalently cross-linked and then the other polymer was removed by some specific
trigger, such as exposure to basic pH solutions.?*3° In addition, single polyelectrolyte multilayers
have also been designed by covalent LbL assembly of the same polymer using a covalent cross-

linking agent between each deposition step.*0-44
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Herein, we extended the concept of the PAH/Pi assemblies by focusing on the possibility of
building tunable phosphate/polyamine-based platforms from specific interactions b&WééﬂO%%ﬁﬁgg;E
PAH/Pi networks deposited in continuous assembly steps. The growth of the films for different
deposition steps and the variation of the PAH bulk concentration was analyzed. Besides, the
response of the assembly to a specific stimulus such as pH changes was also explored. Last, the
transport properties of the obtained polymer coatings were electrochemically studied by monitoring
the diffusion of redox probes into the film. Experimental data showed that the supramolecular
integration of PAH/Pi networks by multiple assembly steps provides a simple strategy to rationally

construct single polyelectrolyte nanoarchitectures with interesting controlled properties for multiple

applications.

Experimental

Chemicals

Polyallylamine hydrochloride (PAH) (ca. 58 kDa), cysteamine hydrochloride, (3-aminopropyl)
triethoxysilane (APTES), phosphate buffered saline (PBS), ferrocenemethanol (FcOH) and
hexaammineruthenium(IIl) chloride were purchased from Sigma-Aldrich. Ethanol, NH,OH, NaOH
and hydrochloric acid (HCI) were purchased from Anedra. KH,PO, from Carlo Erba, potassium
hexacyanoferrate (III) from Biopack and hydrogen peroxide (100 vol.) from Cicarelli.

The pH of the stock solutions of Pi (10 mM KH,PO,) and PAH (1 mg mL!) were adjusted to 7
by adding 10% NaOH. Also, the Pi solutions were adjusted to basic pH with 10% NaOH. Acid
solutions of Pi were adjusted with aqueous HCI solution (10 mM). All chemicals were of analytical
grade. Water used in all experiments was purified by a Millipore system and its resistivity was 18.2

MQ cm.
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PAH/Pi-coated substrate preparation

PAH/Pi-coated substrates were fabricated from stock solutions of PAH and Pi (KH,POy,), both at
pH = 7. The substrate was placed vertically in the interior of the modification cell and equal
volumes of PAH (0.1 and 0.4 mg mL-") and Pi solutions (10 mM) were added. After 15 minutes of
deposition, the substrate was washed with Pi (10 mM) for another 5 minutes. This process was
repeated to obtain PAH/Pi films with different assembly steps.

Gold-sputtered glass slides modified with cysteamine were used as substrates for surface
plasmon resonance and electrochemical experiments. APTES-modified Si slides were used as

substrates for AFM measurements. For cysteamine modification, Au substrates were typically
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soaked overnight in a 2 mM cysteamine ethanolic solution. Then, substrates were thoroughly rinsed
View Article Online
with ethanol and water, and dried under a stream of nitrogen gas. DOI: 10.1039/C8SM02387E
Si substrates were incubated in an ethanolic solution of 2% APTES for 1 h, rinsed with ethanol

and annealed for 2 h at 120 °C.

Surface Plasmon Resonance

SPR detection was carried out using a SPR-Navi 210A setup (BioNavis Ltd, Tampere, Finland).
SPR gold sensors were cleaned by immersion in boiling NH4,OH (28%)/H,0, (100 vol) 1:1 for 15
min and then rinsed with water and ethanol. Then, they were modified with cysteamine. An
electrochemistry flow cell (SPR321-EC, BioNavis Ltd.) was employed for all measurements. The
injection was performed manually and SPR angular scans (two wavelength mode) were recorded
with no flow in the cell. The temperature was kept at 20 °C. All SPR experiments were processed

using the BioNavis Data viewer software.

Atomic Force Microscopy

Si substrates modified with APTES and coated with (Pi/PAH),, where n is the number of
deposition cycles (n = 1, 4, 7 and 10), were analyzed by Atomic Force Microscopy (AFM). A
Bruker Multimode AFM connected to a Nanoscope V controller was used to image the topography
of the substrate. AFM tapping mode measurements were performed in a dry nitrogen ambient, using
RTESP (Bruker, K = 40 N m!) cantilevers. Images were processed by flattening using NanoScope
software to remove the background slope. The roughness RMS value of each image was obtained
with the NanoScope software.

For the thickness measurement, AFM scanning was first performed in contact mode at high
forces, removing all polymer to  exposebare silicon.Sectional analysis of  several

profiles from a subsequent zoomed out tapping mode scan was used to evaluate the thickness.

Size and zeta potential measurements

Size of PAH/Pi complexes was determined by Dynamic Light Scattering (DLS) employing a
Zetasizer Nano (Nano ZSizer-ZEN3600, Malvern, U.K.) at 25°C employing a distribution fitting
method. The zeta potential was determined from the electrophoretic mobility measured by Laser
Doppler Velocimetry with a Zetasizer Nano. Measurements were performed using disposable
capillary cells (DTS 1061 1070, Malvern) at 25°C with a drive cell voltage of 30 V and employing

the monomodal analysis method.

Electrochemical measurements
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Cyclic voltammetry experiments were performed using a Gamry REF600 potentiostat and a
conventional three-electrode cell equipped with an Ag/AgCl (3 M KCl) reference @Iéc@éﬁvg%gﬁggg%
platinum counter electrode. Cyclic voltammograms of Fe(CN)g*, Ru(NH3)s** and FcOH in
Phosphate Buffered Saline (PBS: 10 mM Pi, 2.7 mM KCIl, 137 mM NaCl, pH 7.4) were registered
on Au/cysteamine (Au/cys) substrates modified with (PAH/P1), assemblies (n =0, 1, 2, 3, 4 and 5).
Cyclic voltammograms presented are those obtained in the third cycle of a total of five consecutive
cycles of the potential. The peak current showed a very high stability with the number of cycles,

with which the deviation standard between each magnitude was negligible.

Results and Discussion

The construction of multiple PAH/Pi networks in solid substrates were conducted through
successive deposition steps (Figure 1). The formation of the films was monitored by SPR
measurements. Au sensors were first chemically modified with cysteamine to confer a net positive
charge to the substrate. PAH and Pi solutions at pH 7 were mixed and immediately injected to the
SPR cell. After 15 minutes of deposition, the substrate was rinsed with Pi solution for another 5
minutes. This methodology was repeated for each new assembly step. The growth of the films was
monitored for different concentrations of PAH (0.01, 0.025, 0.05, 0.1 and 0.2 mg mL-!) in 5 mM Pi.

A) B) O

PAH solution

(PAH/Pi),

Electrostatic Hydrogen
Interactions Bonding

- ) '_i| L
| o o gy
: - < §eon e,
i Rinsing HN % SR, \( H..“"“
Pi solution HT
| (5 min) L d L
i Self-assembly
i PAH/Pi 1
(-] (15 min) |
: Pisolution | D) NH2 (H)
|
L------T-----J _O/P\"fwfo_
n cycles n \
Poly(allylamine) Phosphate anion
(PAH) (Pi)

Figure 1. A) Representation of the assembly procedure for surface modification with polyamines and phosphate ions,
B) simplified representation of PAH/Pi networks after n cycles of assembly, C) interaction mechanism between PAH
and Pi species and D) chemical structures of PAH and Pi.

Figure 2 shows the evolution of the angle of minimum reflectivity of the Au-cys modified SPR
sensors during the assembly of the PAH/Pi networks for ten injection cycles. The obtained
sensograms indicate that the films based on multilayers of PAH/Pi networks grow effectively and

the deposited material remains stable after each washing step. This stability indicates that this
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supramolecular architecture is sustained by specific interactions between the PAH chains and
phosphate anions. This continuous growth suggests that after each assembly cycl%?'i%ﬁﬁéefwﬁ%;‘%ggg;;
groups and phosphate anions in the deposited network remains free to interact by electrostatic
interactions and hydrogen bonding with the new PAH/Pi complexes, which becomes integrated in
the next cycle (Figure 1C). Hydrogen-bond interactions between amino groups and phosphate
anions have been widely recognized in a variety of supramolecular systems. On one side, they have
been postulated as responsible for the tridimensional stabilization of the nuclear aggregates of
polyamines.*> On the other hand, Kooijman and co-workers have also shown that the hydrogen
bond interaction between amine groups of proteins and phospholipids induces further dissociation
degree of phosphate moieties, increasing the protein binding interaction on the lipidic membranes. 46
The presence of hydrogen bonding between ammonium groups and phosphate anions has
been also employed for explaining the specific binding of phosphates on amino-modified

surfaces.#’ The relative importance of this interaction has been used to justify the much

higher affinity for phosphate species as compared to other anions.

Moreover, the importance of hydrogen-bond interactions has been extensively recognized in
the formation of aggregates between polyamines and phosphates,*® as this type of
interactions favors the formation of tridimensional networks.*° In this case, the possibility of
setting a hydrogen bond network seems to be essential as orthophosphate anion meets both
the structural geometric requirements and ability to form hydrogen bonds. It has been shown
that phosphate forms aggregates with PAH more efficiently than other divalent anions and it
has been suggested the possibility of additional proton dissociation induced by interaction
with protonated amines of PAH.>°

The formation of hydrogen bonding has been also argued as responsible for the high and specific
association between phosphate anions and amine groups of PAH-modified silica microparticles,’!
where the remarkable surface charge reversion cannot be only explained by electrostatic

interactions.

Furthermore, FTIR studies of PAH-Pi coatings indicate that phosphate groups are not connected as
in the case of crystalline solids as KH,PO, and NH4H,PO,, but they are in a more amorphous
environment, consistent with those structures depicted in Figure 1C. The same features have been
reported for amorphous NH4H,PO, where the formation of hydrogen bonds between the ammonium

and H,PO4 has been proved.>?
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Besides the growth mechanism, Figure 2A clearly shows that the amount of material deposited

View Article Online

increases with the PAH concentration. In addition, it is observed that the depositiorP?ate ‘decreasess s

with time over each deposition cycle, until reaching a plateau. However, the time required for

reaching that plateau is smaller for lower PAH concentrations. Additionally, Figure 2B shows that

changes in the minimum reflectivity angle (A0) depend linearly on the number of deposition cycles,

evidencing a notoriously regular growth for all the assembly conditions evaluated.
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Figure 2. A) Change in the minimum reflectivity angle (A6) of the SPR scan (measured at A = 785 nm) during the

formation of multilayers PAH/Pi coatings on cysteamine-modified Au substrates from PAH solutions of different

concentration in SmM pH 7 Pi buffer. B) Dependence of AB plateau on the number of deposition cycles.

The surface coverage of the PAH/Pi complexes for each assembly cycle was estimated from SPR

measurements for the different concentrations of PAH (Figure 3). The calculation was carried out

using the angle change, sensitivity factors of the SPR and dn/dc = 0.16 cm? g! for PAH solutions.>?

These results indicate that the amount of deposed material increases exponentially with the

polyelectrolyte concentration.
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Figure 3. Dependence of surface coverage for deposition cycle on initial PAH bulk concentration.

PAH/Pi films were characterized by atomic force microscopy. For this purpose, equivalent
volumes of PAH (0.4 and 0.1 mg mL") and Pi (10 mM) solutions, both at pH 7, were mixed in a
cell containing a flat silicon substrate modified with APTES. The material was deposited over the
surface with the assembly methodology presented in Figure 1. AFM topographic imaging was
performed on (PAH/P1i), films formed by different deposition cycles (n: 1, 4, 7 and 10). In Figure 4
are shown AFM imaging of PAH/Pi-coatings assembled from 0.2 mg mL-! PAH in 5 mM Pi pH 7.
The surface topography indicated that PAH/Pi complexes are evenly distributed on the substrate
generating a fairly homogeneous coating after the assembly process. In addition, images reveal the
presence of important protuberances that increase in their amount and height with the deposition
cycles. It was also observed that the surface roughness increases markedly with the number of
deposition cycles. The RMS roughness of the PAH/Pi coatings can be estimated to be 5, 66, 85, and
95 nm for samples prepared from 1, 4, 7 and 10 cycles, respectively. Similar topographic features

were observed for PAH/ Pi films formed from 0.05 mg mL! PAH in 5 mM Pi pH 7 (Figure S1).
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Figure 4. AFM height images of (PAH/PI), for n=1 (RMS roughness: 5 nm), 4 (RMS roughness: 66 nm), 7 (RMS
roughness: 85 nm) and 10 (RMS roughness: 95 nm). Imaging was performed in tapping mode, in dry pitrogen SHBieHE: s c

Z scales indicated on each image, scan size S5um?.

Additionally, the coating thickness of the film formed from 0.05 mg mL"!' PAH with a single
deposition cycle (PAH/Pi); was measured by AFM. For this purpose, scanning was performed in
contact mode at harsh conditions (high forces), removing all polymer and exposing bare silicon
(Figure S2). From this "effective" thickness (~2.4 nm), the refractive index of the material was
estimated by adjusting the experimental SPR curves with the “Winspall” software. Using the
refractive index obtained (n = 1.40), thickness values were estimated for the subsequent assembly
cycles and for films with different PAH bulk concentration (Figure 5). The results show that this
soft-assembly strategy of PAH/Pi networks allows to create films with nanometer-scale thickness

control.
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Figure 5. Thickness evolution of PAH/Pi films as a function of the number of deposited layers at different PAH bulk

concentration.

So far, the results obtained allow us inferring that it is possible to construct a platform of
modulable thickness based on a single ionically cross-linked macromolecular component. It is
interesting to note that our approach allows us to build in mild conditions, single polymer matrices
of different thicknesses based entirely on supramolecular interactions between the PAH/P1 networks
generated in each assembly cycle. In a previous study, we explored a wide spectrum of
functionalities for PAH/Pi films generated by a one-step self-assembly.!” For example, simple
derivatization of pendant amino groups of PAH precursors with hydroquinone and biotin provided

an efficient electrochemical response and biorecognition capacity, respectively. Thus, the
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possibility of modulating the film thickness would allow expanding and optimizing of the
functionalities through a controlled and hierarchical organization of functional domafis: 101035/ COSMOZ3B7E

Subsequently, in order to improve our understanding of the interfacial assembly process, we
studied the formation of PAH/Pi complexes in solution in the same experimental conditions as those
of the SPR studies. Figure 6A shows the time evolution of the hydrodynamic diameter of PAH/Pi
aggregates in solution phase, formed by adding PAH solutions (final concentrations: 0.01, 0.025,
0.05, 0.1 and 0.2 mg mL-") to a 5 mM pH 7 Pi solution. PAH/Pi colloids showed a dynamic
behavior with initial sizes between 150 and 300 nm. However, when the PAH concentration was <
0.1 mg mL"!, a noticeable increase in size as a function of time was observed. This is due to the
coagulation of the PAH/Pi colloids and the consequent formation of larger aggregates.
Nevertheless, size growth is much lower in colloids formed at the highest concentration of PAH
(0.2 mg mL-"), showing higher stability over time. Very recently, Andreozzi et al. reported similar
behavior in other PAH/Pi colloids.>* It is important to emphasize that the magnitude of the
hydrodynamic diameters of the PAH/Pi aggregates is much higher than the corresponding
thicknesses of the films. This could indicate that the interfacial assembly is constructed mainly by
the deposition of the first PAH/Pi networks complexed in solution and that the larger aggregates
observed by DLS constitute the protuberances that are observed in the AFM images.

Figure 6B shows the values of the zeta potential obtained for each solution phase sample. It is
known that the cross-linking of the polymer chains by the anion decreases the overall positive
charge of the polyamine chains.> We observed that the zeta potential increases with the PAH
concentration from an almost neutral potential for 0.01 mg mL-! up to a positive value of around 20
mV for 0.2 mg mL-!. At higher concentrations of PAH the cross-linker/polycation ratio decreases in
the complexes, and the charge compensation in the polymer chains is lower. Besides, these results
indicate that the growth mechanism is charge-limited. Thus, size growth can be explained by
considering balance between electrostatic repulsions and van der Waals attractions.>® A higher zeta
potential makes the size smaller due to the electrostatic repulsion between the complexes, while

small zeta potential decreases the repulsion, causes rapid growth and greater coagulation.

10
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Figure 6. Time dependence of size (A), Zeta-potential (B) and derived count rate (C) of PAH/Pi colloids at the five

concentrations of [PAH]: 0.2 mg mL"! (red circles), 0.1 mg mL-' (blue circles), 0.05 mg mL-! (black circles), 0.025 mg

mL-! (pink circles) and 0.01 mg mL-! (orange circles) in 5 mM pH 7 Pi buffer. Inset in (C): initial derived count rate for

each concentration of PAH.

The time dependence of the scattered intensity is shown in Figure 6C as obtained from the

derived count rate of each measurement, expressed as kilocounts (kcounts). The scattered intensity

11
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depends on the diameter of the aggregates and the concentration of them in solution. The derived
count rate decreases with time in all cases due to the coagulation and precipitation°6f ﬂﬂ@&%\éﬁ@%g;
aggregates, but for 0.2 mg mL-! of PAH this decrease is lower. The inset of Figure 6C shows the
variation of kcounts to the initial time as a function of PAH concentration. It is observed that the
kcounts increases clearly with the concentration of polyelectrolyte, probably revealing that the
concentration of PAH/Pi complex formed initially increases with the amount of PAH added. This
explains that at a higher concentration of added PAH, more material is deposited on the substrate
surface. In addition, the higher temporal stability of complexes formed from 0.2 mg mL-! PAH may
also contribute to more extended deposition processes, since the lower precipitation of aggregates
allows extending the period of surface assembly. This is reflected in the sensograms of Figure 2A,

where it is observed that the angle of growth does not reach a well-marked plateau after 15 minutes

of deposition, as observed in other PAH concentrations.

Film Stability

The stability of the films under different pH conditions was evaluated by SPR. In many
applications, it is important that functional polymeric films can be disassembled by a specific
stimulus.’” PAH is a weak polycation (effective pKa=8.5) and the phosphate ion participates in
three acid/base equilibria with pKa;=2.12 (H3PO4/H,POy’), pKa,=7.20 (H,PO,/HPO,*) and
pKa;=12.36 (HPO4>/PO4*).>° As the ionization degrees of PAH and Pi vary with pH, PAH/Pi films
may be dissolved by pH changes. The stability with the pH of the PAH/Pi coating formed by a
single deposition cycle was previously evaluated using quartz crystal microbalance, observing that
PAH/Pi monolayer remain stable up to pH 3 and dissolve completely at pH 12.!7 In this sense, the
pH-response of the multilayers of PAH/Pi networks was evaluated by SPR injecting Pi solutions at
different pH values. We observed that the films formed from 0.05 mg mL-! PAH in 5 mM Pi, were
stable up to pH 4 presenting a small increase of the minimum angle, possibly due to the greater
protonation of PAH that requires binding more anions for charge compensation (Figure 7A).
However, at pH 3.5 the supramolecular platform starts dissolving, being completely removed at pH
2.5. At this low pH, the protonation of the Pi ions facilitates the disassembly by removal of the
stabilizing electrostatic interactions between the PAH chains and the cross-linker ions. At basic pH,
the polymer network remains assembled up to pH 10 and it is completely removed at pH 12 (Figure
7B). In these conditions, PAH amine groups are deprotonated causing the dissolution of the ionic
network. A similar pH response was reported for macroscopic gels formed by PAH chains cross-
linked by polyphosphates such as pyrophosphate anions (PPi) and tripolyphosphate (TPP).0-!

Coatings formed from 0.2 mg mL! PAH and 5 mM Pi show a small difference in stability in

contact with acid solutions, since they are dissolved below pH 4 and completely removed at pH 3
12
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(Figure S3). This behavior may be due to the assembly being produced from a lower PAH/Pi ratio.

View Article Online

Thus, the supramolecular networks present a lower ionic crosslink density, generati® a6 thaes e

is more unstable to the protonation of the phosphate groups.
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Figure 7. Change in the minimum reflectivity angle of the SPR scan (measured at A = 785 nm) for the (PAH/Pi),

coatings (0.05 mg mL~! PAH/5 mM Pi) during the injection of Pi solutions at acid pH (A) and basic pH (B).

Film Permeability

Finally, the permeability of PAH/Pi films with different assembly steps and at two bulk

concentrations of PAH was analyzed. The evaluation of the transport properties of the interfacial

nanoarchitectures is relevant not only to explore its structural characteristics but also because it

allows guiding the study of the materials towards certain practical applications as membrane-based

separations, filtration systems, sensors, bioactive release systems and biologically active

coatings.%?¢7 Different efforts have been made to design nanoarchitectures with suitable transport

properties. Within this context, the permeability properties of LbL assemblies with the aim of

13


http://dx.doi.org/10.1039/c8sm02387e

Published on 09 January 2019. Downloaded by UNIVERSIDAD DE BUENOS AIRES on 1/23/2019 6:02:33 PM.

Soft Matter Page 14 of 22

creating smart ion separation membranes have been studied.®®% However, for most polyelectrolyte
films the ion permeability is relatively poor, due to the intrinsic charge compensati@ﬁ'iBéﬁij@égl%ﬁgg;;
constituent polyelectrolytes. The ion-selectivity modulation of multilayer films was generally
explored by controlling of surface charges of the assemblies.”®’! Also, weak polyelectrolyte
multilayers prepared by LbL assembly and covalently stabilized with a cross-linking agent showed
ion permselectivity with pH changes.’>”? In addition, several methods that insert a net charge and
nanoporosity into films have been developed to construct ionic permselectivity membranes.’*”>

We explored the permeability of our coatings by analyzing the electrochemical response of a
film-coated electrode by cyclic voltammetry (CV) in the presence of hexacyanoferrate (Fe(CN)g>)
(negative probe), hexaaminoruthenium (Ru(NH;)¢**) (positive probe) and ferrocene methanol
(FcOH) (neutral probe) aqueous solutions. These redox probes have comparable sizes, so it is
expected that the permeation is influenced mainly by the charge of each specie.’® Electrochemical
experiments were performed with 1 mM of each redox probe in PBS as supporting electrolyte. It
should be noted that this medium with a high saline concentration did not affect the structural
integrity of the self-assembled film (Figure S4).

Figure 8 describes the CVs of films assembled from 0.05 mg mL-! PAH in 5 mM Pi pH 7, in
PBS solution containing FCOH (A), Ru(NH;)¢*" (B) and Fe(CN)g*- (C). For comparison, the
electrochemical response of the redox probes on the unmodified Au-cys electrode (black line) is
also shown. It can be clearly seen, that the magnitude of the voltammetric signal, which reflects the
transport of electroactive probes towards the underlying conductive support, is not affected by the
presence of PAH/Pi networks with different thicknesses. The current density of the anodic peak as a
function of the number of PAH/Pi deposition cycles shown in Figure 8D, reveals that the
permeability of the three redox species does not change markedly with the number of assembly
steps. In addition, no relevant changes are observed in the position of the redox potential, and the
separation between anodic and cathodic peaks remains constant for each redox couple. This
indicates that the kinetics of electron and mass transfer processes do not change with the thickness

of the film regardless of the net charge of the redox probes.

14
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Figure 8. Cyclic voltammograms of Au/cys (black line) and Au/cys modified with PAH/Pi films formed from 0.05 mg
mL"! PAH in 5 mM Pi pH 7, with different numbers of deposition cycles: (PAH/Pi); (red line), (PAH/Pi); (blue line),
(PAH/Pi); (pink line), (PAH/Pi), (green line) and (PAH/Pi)s (orange line), in PBS buffer containing 1 mM of (A )
FcOH, (B) Ru(NH;)¢*" and (C) Fe(CN)s*. (D) Anodic peak current density (j,) as a function of the number of deposition
cycles for FcOH (black circles), Ru(NH;)s*" (red circles) and Fe(CN)g* (blue circles). Error bars are smaller than the
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On the other hand, clear differences were observed when studying the permeation of the films
formed by mixing 0.2 mg mL-!' PAH in 5 mM Pi pH 7 (Figure 9). In the case of Ru(NH;)¢*, the
permeability decreases markedly from complete permeation for (PAH/P1);, to a practically complete
suppression of the redox response for (PAH/Pi)s (Figure 9B). However, the voltammetric response
in the presence of neutral FeOH shows no differences for the different coating thickness, as
observed for films formed from 0.05 mg mL-! PAH solutions. These results indicate that the
permeation properties of the neutral probe are not affected by the amount of material deposited and,

thus, the hindrance observed for the positive probe is not caused by a size exclusion mechanism.
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This behavior can be understood by considering the LbL assembly concept of intrinsic and
extrinsic charge compensation.”’%" The films present an excess of protonated aminés - Jﬂi@ﬁ%&%ﬁ%{%ﬂé‘;g
cross-linked by phosphate groups - in agreement with the positive zeta potential observed for the
PAH/Pi solution phase complexes used in the surface assembly (Figure 6B). This excess of amine
groups is not intrinsically compensated by electrostatic interactions with phosphate ions in the film.
Considering the electroneutrality requirement, they are compensated with mobile anions from the
solution. Thus, the cationic probe must diffuse through a more positive environment observing a
decrease in the permeation properties by a charge exclusion mechanism. This repulsion is more
intense as the amount of deposited material increases. As a consequence, the diffusion of
Ru(NH;)¢*" is getting slower when the deposition cycles grow. In the case of the coating formed
from 0.05 mg/mL PAH, all the protonated amines groups are intrinsically compensated, generating
a more neutral surface environment that does not affect the diffusion of the ionic probe.

In the case of Fe(CN)g*, the electrochemical signal was stable and comparable with the
unmodified electrode for all the assemblies, indicating that this anionic probe efficiently penetrates
the PAH/P1i films (Figure 9C). For (PAH/P1), a typical reversible cyclic voltammogram is obtained
with a peak separation of 80 mV. However, for (PAH/Pi),, a surface confined electron transfer
process is detected by the appearing of a peak centered at 0.30-0.35 V with minimum mass
transport peak separation. This signal is produced by the confinement of the redox couple produced
by the interaction of Fe(CN)g*- with the positively charged amine groups of the PAH chains®!. As
the number of assembly steps increases, the surface confined signal becomes more relevant. At
higher thickness values, the peaks were shifted in the positive direction and the peak current density
increases significantly (Figure 9D). To confirm the hypothesis, the electrode modified with PAH/Pi
previously exposed to Fe(CN)g> solution was washed exhaustively. Then the CVs were recorded in
a Fe(CN)g> ion-free buffer PBS (Figure S5). The peaks between 0.30-0.35 V corresponding to the
electrochemical potentials of the confined species were observed, indicating that the films contain
significant amounts of the redox probe. Moreover, it is also observed that the peak current decreases
with the number of electrochemical cycles, suggesting that the Fe(CN)g*- ions are released out of the
films over time. A similar phenomenon was previously observed by Anzai et al. for multilayer
polyelectrolyte films (PEM) generated by LbL assemblies where PAH was used as a building
block.7!-82

Taken altogether, the results allow us to infer that the PAH/Pi platforms present characteristics of
hydrogel with a porous and highly hydrated polymer matrix. In addition, our architecture is
completely integrated by non-covalent interactions, unlike other hydrogels reported with modulable
thickness. Additionally, we note that it is possible modulate transport properties within the

supramolecular network with a simple variation of the polyelectrolyte concentration in the assembly
16
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process. Thus, the permeability of ionic species within the polymer matrix can be rationally tuned to
View Article Online

build thin films completely permeable or with ion-transport selectivity. DOI: 10.1039/C8SM02387E

150 150

100 - (PAH/PI),

100 -

0.1

*

0 1 2 3 4 5
EN number of deposition cycles

Figure 9. Cyclic voltammograms of Au/cysteamine (black line) and modified with PAH/Pi films formed from 0.2 mg
mL! PAH in 5 mM Pi pH 7, with different number of deposition cycles : (PAH/Pi), (red line), (PAH/Pi), (blue line),
(PAH/Pi); (pink line), (PAH/Pi)s; (green line) and (PAH/Pi)s (orange line), in PBS buffer containing 1 mM of (A)
FcOH, (B) Ru(NH;)¢*" and (C) Fe(CN)g*. (D) Peak anodic current density (j,) as a function of the number of deposition
cycles for FcOH (black circles), Ru(NH;)s** (red circles) and Fe(CN)g* (blue circles). Error bars are smaller than the
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Conclusions

In this work, we further explored the bioinspired surface assembly of polyamines and phosphate
anions, demonstrating that it is feasible to create entirely supramolecular nanoarchitectures with a
precise structural control, through a simple and reproducible strategy based on the continuous
assembly of PAH/Pi networks. We have shown that the proposed protocol enables the formation of

films with highly regular growth characteristics. Thus, this new “nanoarchitectonic approach”
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allows modulating the coatings thickness and the amount of material deposited, not only with the
self-assembly time and the concentration of polycation but also with the assembly s@@pﬁoéﬁg/%éﬁ?%%
complexes.

In addition, these PAH/Pi films are pH-sensitive platforms showing entire disassembly
behaviour in the presence of highly acidic or basic solutions. The transport properties of the
interfacial coatings indicated that the supramolecular integrated PAH/Pi networks form a porous
hydrogel matrix. Furthermore, the permeability within the polymer network can be simply
modulated by varying the concentration of polyelectrolyte in the assembly solution. Thus, ultrathin
films with high permeability can be constructed from low bulk concentrations of PAH. However,
the increase in the concentration of PAH in the assembly mixture leads to thicker films that present
an excess of extrinsically compensated protonated amines, generating a membrane with high ionic
permselectivity that inhibits the transport of cationic probes.

In summary, we consider that the possibility of continuously assembling the same building
blocks through controllable and flexible processes - added to the interesting and tunable properties

shown by the films - opens the opportunity to rationally explore the integration and combination of

different functionalities for diverse technological applications.
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