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Supramolecular Surface Chemistry: Substrate-Independent,
Phosphate-Driven Growth of Polyamine-Based

Multifunctional Thin Films

Waldemar A. Marmisollé, Joseba Irigoyen, Danijela Gregurec, Sergio Moya,

and Omar Azzaroni*

The ability to engineer surfaces at the supramolecular level by controlled inte-
gration of specific chemical units through substrate-independent methodolo-
gies represents one of the new paradigms of contemporary materials science.
Here, a method is reported to form multifunctional supramolecular coatings
through simple dip-coating of substrates in an aqueous solution of polyamine
in the presence of phosphate anions. The chemical richness and versatility
of polyamines are exploited as phosphate receptors to form thin functional
films on a broad variety of substrates, ranging from metal to carbonaceous
surfaces. It is shown that the simple derivatization of pendant amino groups
of polyallylamine precursors with different chemical groups can endow films
with predefined responsiveness or multiple functions—this translates into
one-pot and one-step preparation of substrate-adherent films displaying built-
in functions. It is believed that the flexibility, speed, and versatility with which
this method provides such robust functional films make it very attractive for
preparing samples of fundamental and technological interest.

most exciting examples of biomimetic
surface chemistry is the use of mussel-
inspired polydopamine layers developed
by Messersmith and co-workers.’10
The spontaneous  self-polymerization
of dopamine leading to the formation
of thin, surface-adherent polydopamine
films onto a wide variety of substrates
marked a profound departure from tra-
ditional surface science by introducing a
material-independent, surface modifica-
tion strategy.''"14 Motivated by the many
diverse applications of polydopamine in
surface science, we found that other bio-
logically-inspired supramolecular systems
could also display analogous functional
interfacial properties through alternative
chemical pathways. Self-organization of
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1. Introduction

One of the most fascinating features of nature is its ability
to build up highly functional systems from relatively simple
molecular Dbuilding blocks through noncovalent interac-
tions.'3I During the past decade, chemists and materials scien-
tists have sought inspiration from biological systems to develop
new classes of materials with superior molecular and interfa-
cial functionalities.l*% In recent times, bioinspired chemistry
rapidly expanded at the frontiers of surface science offering a
broader range of perspectives due to the cross-fertilization of
supramolecular and interfacial chemistry concepts. One of the
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polyamines and phosphate ions consti-

tutes an important example of noncova-

lent association in numerous biological
media. Supramolecular complexes of biogenic polyamines and
orthophosphate anions (Pi), known as nuclear aggregates of
polyamines (NAPs), are present in many replicating cells.'”!
These NAPs interact with DNA phosphate groups and modu-
late conformation and protection of DNA more efficiently
than single polyamines.l'®l In vitro aggregation of polyamines
in phosphate buffer yields complexes similar to NAPs, which
suggest that NAPs are formed spontaneously in cells. H NMR
results indicate that spermidine and spermine ammonium
forms interact with phosphate anions.’” Even, changes in
the electronic structure of polyamines have been assigned to
the interaction with Pi in aggregates.l”) Although electrostatic
interactions are probably the main driving force for NAPs for-
mation, hydrogen bonds are also thought to be important for
stabilizing the three-dimensional structure.l®! Initial complexes
have a cyclic structure and dispose around DNA in tube-like
arrangements. They can also be hierarchically stacked to pro-
duce macroscopic filamentous structures.[!8]

On the other hand, polyamines are known to play a funda-
mental role in the biogenesis of biosilica in diatoms.!”! Long-
chain polyamines and silaffins (proteins with a high degree of
polyamines and phosphates as post-translational modifications)
represents the main organic components of biosilica and pro-
mote specific mineral patterns.?% These substances induce
rapid silica precipitation from silicic acid solution even from
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diluted and mild acidic solutions.?"??l The presence of inor-
ganic phosphate in diatom cell walls suggests that phase sep-
aration of polyamines and phosphates takes place during cell
wall formation. Phosphate ions induce aggregates of polyam-
ines and highly phosphorylated silaffins and this microscopic
phase separations seems to be a prerequisite for in vitro silica
precipitation.?!"23] Polyamine/Pi aggregates guide the produc-
tion of specific silica structures under slightly different condi-
tions. Silica precursors adsorb or dissolve in the polyamine/Pi
microphase which determines the final structure.?*l Phosphate
aggregation of polyamines is dependent on pH and Pi concen-
tration, and the corresponding changes with pH are reversible.
So, this could be a tuning parameter inside diatom vesicles.?!]

Polyallylamine hydrochloride (PAH) has been exten-
sively employed as polyamine model. PAH is known to
induce changes in silica formation and structure.’¥ It has
been reported that the microscopic phase separation of PAH
induced by silicic acid is related to its ability to induce silica
precipitation.”’! Multivalent anions such as phosphate or sul-
fate efficiently induce this microscopic phase separation.?! 31p
NMR indicates PAH interactions with phosphate species are
present in the pH range where amine groups are protonated
(4 < pH < 9) but this is not sufficient to induce aggregation
and other effects beyond the electrostatic one.?!l The possibility
of setting a hydrogen bond network seems to be essential and,
in this sense, orthophosphate anion meets the structural geo-
metric requirements and ability to form hydrogen bonds.?!l Pi
forms aggregates 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.1?) The analysis of spinning side bands of 3'P NMP indi-
cates that phosphates are mobile in the PAH aggregates com-
pared to solid salts of phosphates. Its mobility is reduced by
in vitro silicification, i.e., the same kind of mobility found in
diatom cell walls.2!] Pi dimers and trimmers (pyrophosphate
and tripolyphosphate anions) are also able to efficiently induce
PAH aggregation into colloidal complexes that yield stable mac-
roscopic gels as a precipitate when the concentration is high
enough.*”l These macroscopic gels have been also shown to
adhere to both hydrophobic and hydrophilic surfaces.[?”-28

On the other hand, specific adsorption of phosphate anions
to amino-terminated self-assembled monolayers (SAMs) has
been recently proved by electrochemical impedance spectros-
copy.?l According to this, orthophosphate anions bind to sur-
face amino groups partially reversing its charge and allowing
the interaction with positive proteins as cytochrome c.3¥
Specific interactions of Pi with PAH has also been shown to
reverse charge in LbL assemblies.B] We should also note that
hydrogen bonding is omnipresent in these assemblies and
consequently this powerful driving force could be exploited to
stabilize the interfacial architecture on a great variety of sub-
strates displaying different chemistries, in close resemblance to
polydopamine.!!]

Here, we report a new substrate-independent strategy to
modify surfaces relying upon the formation of polyamine-
phosphate supramolecular complexes. We show that these
supramolecular architectures are powerful building blocks for
spontaneous deposition of thin polymer films—one-pot surface
modification strategy—on virtually any material surface and
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that the deposited films are compatible with a wide variety of
functional uses. We illustrate the method by modifying metal,
glass, oxide, plastic, and carbonaceous surfaces with different
chemical functionalities. The one-step approach employs
simple immersion in mild, dilute aqueous solutions containing
both precursors: phosphate and PAH grafted with predefined
chemical functions. Stable nanometric films are formed after
some minutes in conditions at which no macroscopic precipi-
tation is observed. Depending on chemical or biological func-
tions of groups grafted to PAH backbone; applications such as
redox-active surfaces, electroless metallization, and biorecogni-
tion are demonstrated.

2. Results and Discussion

The proposed functionalization strategy is represented in
Scheme 1. Dilute solutions containing the corresponding pre-
cursors, polyamine (PAH, 0.2 mg mL™! pH 7 solution) and
phosphate (Pi, 10 x 10 M pH 7 solution), were mixed together
in a beaker in a 1:1 volume ratio. Thereafter, simple immer-
sion of substrates in the aqueous PAH/Pi assembly solution
resulted in spontaneous deposition of a thin adherent coating
layer. Topographic imaging by atomic force microscopy (AFM)
indicated that PAH/Pi supramolecular complexes assembled
on cysteamine-modified gold surfaces from solution are evenly
distributed on the substrate (Figure 1). The film thickness was
determined to be 10 nm for this sample, with a RMS roughness
of 2.4 nm.

Growth kinetics of PAH/Pi thin films was evaluated by sur-
face plasmon resonance spectroscopy (SPR). Figure 2a shows
the time evolution of the change in the angle of minimum
reflectivity for the SPR scan during the formation of PAH/
phosphate coatings on cysteamine-modified Au substrates.
Solutions were prepared by mixing pH adjusted PAH and
Pi solutions and immediately injected to the SPR cell. After
140 min, the PAH/Pi solution was replaced by fresh buffer and
then by pure water. The changes in the minimum angle of the
SPR curve indicate the adsorption of material on the amino-
terminated surface. Although deposition rates steadily decrease
during the period of the experiment, deposition does not reach a
plateau even after 140 min. Both the speed as well as the extent
of deposition depend on PAH concentration. By using the sen-
sitivity factors of the SPR and the (dn/dc) of 0.16 cm?® g™! for
PAH solutions,32 the surface coverage of PAH/Pi complexes
assembled on the gold substrates were estimated from the SPR
minimum angle for two wavelengths, 670 and 785 nm, after
extensive washing with water (Figure 2b). Noteworthy, coat-
ings are stable both in buffer solution and in pure water. From
the AFM analysis of similar samples, determined by AFM for
similar samples, the thickness of the PAH/Pi coatings can be
estimated to be 1, 3, 13, and 23 nm for samples prepared from
0.025, 0.05, 0.1, and 0.2 mg mL™' PAH solutions, respectively.

The PAH/Pi film formation and stability were also studied
by QCM-D. Figure 3a shows the frequency shift during the
deposition of PAH/Pi from a PAH solution 0.05 mg mL™" in
5 x 107 m pH 7 Pi buffer. According to the frequency shift
respect to water, a mass of 3.4 pg cm™? can be obtained by
assuming the validity of Sauerbrey equation (Am = —C (Af/n),
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Scheme 1. Representation of the assembly procedure for surface modification with polyamines and phosphate ions (left). The interaction mechanism

between PAH and Pi species is also described (right).

with C=17.7 ng cm™2 Hz™}). In this case, the value of the ratio
AD/(Afjn) = 0.02 Hz ™! and the coincidence of normalized fre-
quency shifts for the analyzed overtones allow applying the
Sauerbrey equation. This mass is higher than that obtained
by SPR, as it could be expected since QCM is sensitive to the
mass of the hydrated film whereas SPR measures the dry
mass of the adsorbed material.?*! Results in Figure 3a con-
firm that the film is stable in both, Pi buffer and water. To
evaluate the effect of pH on the stability, successive injections
of 5 x 1073 M Pi solutions of different pH at 500 uL min~!
were performed. In Figure 3b we can observe that the film
is stable when going from pH 7 to 3. Even a small increase
in mass was detected, probably due to the increase in the

£
=
10

Figure 1. Atomic force microscopy image corresponding to 3D topo-
graphic imaging (500 mm X 500 nm) of PAH/Pi supramolecular film
complexes assembled on gold surfaces.
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protonation degree of PAH that requires to bind more anions
in compensation. On the other hand, the film was practically
removed when exposed to a pH 12 KOH solution. This sug-
gests that treatment with basic solutions could be an affective
disassembling method. This pH stability has been reported
for macroscopic gels obtained from precipitation of PAH by
polyphosphates and dissolution of gels at high pH has been
assigned to the deprotonation of PAH drastically reduced its
linear charge density.8! Figure 3¢ shows the mass changes of
cysteamine-modified Au QCM sensors after 80 min of con-
tact with quiescent solutions PAH of several concentrations
in 5% 107 M pH 7 Pi. In accordance with SPR measurements,
the amount of deposited material depends linearly on PAH
concentration. These SPR and QCM results indicate that the
amount of material deposited on the substrate can be pre-
cisely tuned by selecting the PAH concentration and immer-
sion times. Interestingly, no macroscopic precipitation of the
PAH/Pi complexes was observed for the concentrations and
times employed in these experiments.

The chemical composition of the dried PAH/Pi film was
determined by Xray photoelectron spectroscopy (XPS).
Figure 4 shows N1s and P2p regions of the XPS spectra of a
Au/cysteamine substrate modified overnight by immersion in a
0.1 mg mL™ PAH in 5 x 1073 M pH 7 Pi solution. The binding
energy was calibrated to the adventitious carbon at 285 eV (see

Adv. Funct. Mater. 2015, 25, 4144-4152
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Figure 2. a) Change in the minimum reflectivity angle of the SPR scan
(measured at A = 670 nm) during the formation of PAH/Pi coatings on
cysteamine-modified Au substrates from PAH solutions of different con-
centration in 5 x 107 m pH 7 Pi buffer. b) Dependence of surface coverage
on initial PAH bulk concentration.

the Supporting Information). The quantitative results of the fit-
tings are summarized in Table 1.

N 1s XPS is resolved into two peaks, at binding energies cor-
responding to 401.2 and 399.3 eV (Figure 4).3*3%] These peaks
have been assigned to N-C species of protonated and neutral
amines, respectively.’?#3%l From the integration of these two
contributions, a protonation degree of 0.70 was determined
for PAH. This value is consistent with the reported apparent
pKa of about 9.22! for PAH and the broadening of pKa distri-
bution in polyelectrolytes.’”) P2p region shows the spin orbit
coupling with binding energy positions at 133.2 for P2p;;, and
134.0 eV for P2p; ;. The atomic N/P ratio was determined to be
2.7. This indicates that more than two amine groups per phos-
phate anion are present in the coatings. By considering that
70% of the amines are protonated and assuming the aggregates
are electrically neutral, the average charge in phosphate spe-
cies results in 1.86, which is close to the value of 1.6 calculated
from the pKa of orthophosphate in solution at pH 7. Finally,
the analysis of Ols core level (see the Supporting Information
for details) allowed estimating an O/P atomic ratio of 4.4. This
value indicates that the main oxygen source is from the Pi,
and some minor contribution surely comes from atmospheric
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Figure 3. a) Changes in frequency and dissipation during the modifica-
tion of a cysteamine-coated Au QCM-D sensor with PAH (0.05 mg mL™
in 5% 1073 m pH 7 Pi buffer). Flow rate: 160 mL min~". b) Changes in fre-
quency of the PAH/Pi-coated sensor during the injection of solutions of
increasing pH with water washings in between at 500 mL min™". c) Mass
changes after 80 min reaction (assembly) in 5x 107> m pH 7 Pi buffer with
increasing concentrations of PAH.

contamination (see the Supporting Information for details) and
probably from water tightly bound to amine groups as previ-
ously reported.’’]

To gain further information on the structure of the PAH/
Pi coatings, Fourier transform infrared (FTIR) spectroscopy
was performed in the attenuated total reflection (ATR) mode.
Figure 5 shows the ATR-FTIR spectra (2000 to 600 cm™) of a
PAH/Pi film deposited on a cysteamine-modified gold substrate
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Figure 4. XPS spectra and fittings of a PAH/Pi film in the binding energy
region of a) N1s and b) P2p.

and also solid PAH (chloride salt) and solid KH,PO, recorded
in the same conditions. For the solid KH,PO, (Figure 5a), the
broad IR bands at about 850 and 1050 cm™ has been assigned
to phosphate symmetric stretching modes.’® The band at
1257 cm™! is due to the bending §(PO—H- - -O—P) mode and
indicates the presence of hydrogen bonds between H,PO,”
molecules in the solid.?) This band is also present when just
small clusters of phosphates connected by hydrogen bonds
are formed in the initial stages of crystallization.l®®! The broad
band at about 1600 cm™ has also been assigned to hydrogen
bonds formed in the solid, although bending modes of water
molecules appear in this region t00.3%) The absence of the
band at 1257 cm™ in the spectrum of the PAH/Pi film proves
that phosphates are not connected between them (as it hap-
pens in crystalline KH,PO, and NH,H,PO,) but probably
interacting with other species in amorphous structures as
depicted in Scheme 1. Furthermore, this band is absent when
H,PO, are isolated in aqueous solution and hydrogen bonds
are formed with water molecules.’¥l In solution, the broad
phosphate stretching bands splits into more bands, assigned
to both symmetric and asymmetric stretching modes at about
875, 1075, 1150, and 940 cm™1.3% These bands have been also
reported for amorphous NH,H,PO, where the formation of
hydrogen bonds between the ammonium and H,PO, has been
proved.?33 These peaks are present in the spectrum of PAH/
Pi films (Figure 5c). Although, the main peaks in this region
can be explained by considering H,PO, species, the presence

Table 1. Peak position and assignment of the components employed for
fitting XPS results. FWHM in eV are indicated in parentheses.

Components

NTs NH, NH,*

399.3 eV (1.9)
P2p -PO,

401.2 eV (1.9)

133.2 eV (2p3/2) (1.6) 134.0 eV (2p1/2) (1.6)

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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of HPO,*™ cannot be discarded as it also shows some peaks
in the region 800-1100 cm™ in both solid*” and aqueous
solution.*!]

On the other hand, the FTIR spectrum of solid PAH
(Figure 5b) shows two main peaks separated by about 100 cm™
in the region 1700-1300 cm™. These peaks have been assigned
to bending modes of protonated amine groups.*>*! In the pre-
sent case, they appear at 1494 and 1587 cm™! and correspond
to symmetric and antisymmetric bending modes of the proto-
nated primary amines, respectively.[*l There are also two other
peaks at about 1450 (here as a shoulder) and 1360 cm™ that
has been assigned to CH bending modes.*’] These last two
peaks remains practically the same in the PAH/Pi films, but
those assigned to ammonium groups shift to higher wavenum-
bers. This type of shift has also been found when ammonium
is adsorbed on negative surfaces,*?! so it could be assigned to
the interaction with phosphates.

In order to explore the possible gain of additional func-
tionalities to these coatings, hydroquinone modified PAH
(HQ-PAH) was assembled with Pi. Hydroquinone is known
to undergo a reversible redox reaction in solution an also
when adsorbed on solid substrates.*’] Even more, the depend-
ence of its redox potential on pH has been extensively used
for pH measurements.[*8! Figure 6a shows the voltammetric
response of a cysteamine-coated Au electrode modified with
HQ-PAH in 5 x 107 M pH 7 Pi buffer. All features of the vol-
tammetric response correspond to a quasi-reversible confined
redox couple. Peak current linearly increases on sweep rate
(Figure 6b) with a slight variation in the peak potential. This
indicates the HQ units covalently bound to PAH chains retain
their electroactivity in the aggregates and they can be effi-
ciently oxidized and reduced by tuning the electrode potential.
Additionally, the electroactivity is pH-responsible as the redox
potential (mean potential of the redox peaks) decreases with pH
(Figure 6¢). The slope of the potential vs pH plot is =59 mV,
as expected for the HQ couple but it decreases for lower pH.
Differences with the pH dependence of HQ redox potential in
solution could be related to interactions among redox centers
within the coatings®”) and/or Donnan potential drops as found
in LbL systems.*" The higher redox potential of HQ moiety in
the coating respect to its value in solution could be attributed
to the interaction of the HQ with the polymer or phosphate
species in the film. Similar positive shifts in the redox poten-
tial have been reported for adsorbed proteins on positive sur-
faces.’%%! This supports the idea that it is thermodynamically
easier to reduce redox centers (to transfer electrons to them)
when they are close to positive charges.

So far, we have explored the assembly of PAH/Pi complexes
on model surfaces bearing NH, groups.

We should consider that hydrogen bonding is one of the
interactions governing the formation of PAH/Pi complexes
and consequently, in close resemblance to polydopamine
anchoring chemistry, this powerful driving force could be
exploited to assemble these functional supramolecular entities
on a great variety of substrates prone to form hydrogen bonds,
even though they display different chemistries. This concep-
tual framework was put into practice by assembling HQ-PAH/
Pi assemblies on bare graphite electrodes. Carbonaceous sur-
faces are extremely valuable substrates in many branches of

Adv. Funct. Mater. 2015, 25, 4144-4152
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Figure 5. a) ATR-FTIR spectra of solid KH,PO,, b) solid PAH, and c) a
PAH/Pi film on Au/cysteamine. The position of main peaks in each spec-
trum is indicated in the figure.

electrochemistry. As is well-known, most of carbonaceous
materials are partially oxidized on their surfaces and have a ten-
dency to form strong hydrogen bonds with different species.l>?
Figure 7a shows cyclic voltammograms of HQ-PAH/Pi layers
straightforwardly assembled on bare graphite electrodes. In this
case, the graphite electrode has a noticeable double-layer capac-
itive current. Nevertheless, the baseline corrected electrochem-
ical signal (Figure 7b) clearly indicates that the assembled layer
is stable and able to transfer electrons from the hydroquinone
groups to the carbon surface. The dependence of the peak cur-
rent on the sweep rate indicates a layer confined redox couple
(Figure 7c). Compared with the cysteamine-coated Au elec-
trode, the electron transfer is slower on the graphite electrode,
as indicated by the peak potential shifts in panel (Figure 7b).

The very possibility of addressing the supramolecular
assembly of PAH/Pi complexes on surfaces via hydrogen
bonding forces opens the door to the functionalization of a
broad variety of substrates that are susceptible to these inter-
actions. For example, oxygen sites of oxide surfaces can act
as anchoring points to immobilize PAH/Pi assemblies. Fol-
lowing this line of reasoning, we derivatized indium-tin oxide
(ITO) electrodes with electroactive hydroquinone groups by
direct immersion of the substrates in HQ-PAH/Pi solutions.
Figure 8 displays the electrochemical response of HQ-PAH/Pi
complex layers on ITO, thus confirming the successful modifi-
cation of the conducting oxide surface. In this case, the voltam-
metric waves are broader and can be better appreciated by sub-
tracting the response of the unmodified electrode in the same
conditions.

The same concept was also extended to plastic foils consti-
tuted of poly(ethylene terephthalate) (PET). The presence of
amino groups in the PAH/Pi film can be used to adsorb some
interesting metal complexes. This is the case of PdCl,>", which
has been shown to be an efficient catalyst for Cu electroless

Adv. Funct. Mater. 2015, 25, 4144-4152
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Figure 6. a) Voltammetric response of HQ-PAH/Pi on a cysteamine-
coated Au electrode at different sweep rates. b) Dependence of the peak
current density on the sweep rate. ¢) Dependence of the formal redox
potential of HQ-PAH/Pi coated electrode on pH (empty circles). Solid
circles correspond to calculated value for HQ in solution.

deposition.P3* PET foils were first modified with PAH/Pi
coatings and then immersed in a 1 mM PdCl,?>~ solution for
30 min and finally soaked overnight in a Cu electroless bath
(Figure 9). The adsorbed PdCl,*~ anions are reduced to Pd nan-
oparticles in the electroless solution and then they induce the
Cu deposition. Due to the anchoring of the catalyst to the PAH/
Pi film, the Cu coating is tightly bound to the surface allowing
the manipulation of the metalized foils without any evidence of
delamination (Figure 9c). No Cu deposition was observed on
PET foils when the PAH/Pi modification step was omitted.

On the other hand, with the aim of conferring biorecogni-
tion properties to the supramolecular films, PAH was func-
tionalized with biotin (b-PAH). Biotin is known to efficiently
bind streptavidin and this pair has been extensively employed
in molecular recognition-based devices.’>8 Figure 10 shows
SPR minimum angle changes at two laser wavelengths during
modification of a Au/cysteamine sensor with b-PAH and sub-
sequent binding of streptavidin. As indicated by these SPR
results, biotin moieties are able to interact with streptavidin
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Figure 7. a) Voltammetric response of HQ-PAH/Pi graphite modified
electrode at different sweep rates in 5 x 107 m pH 7 Pi buffer. b) Base-
line corrected peaks. c) Dependence of the peak current density on the
sweep rate.

molecules in the PAH/Pi coatings. By using the factors for our
SPR and the dn/dc of 0.182 cm? g! for globular proteins, the
mean surface concentration results 9.4 pmol cm™2.

These results reveal that biorecognizable elements can be
integrated into the film via a one-step method. It is interesting
to note that obtained films closely resemble those prepared
by the so-called “layer-by-layer” assembly of polyelectrolytes,
provided that in both cases the resulting film is constituted of
complexed polyelectrolyte chains.>*-°1l However, in the case of
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Figure 8. Voltammetric response of HQ-PAH/Pi on ITO in 5 x 107 w
pH 7 Pi buffer. The background from the unmodified electrode has been
removed.
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(b)

Figure 9. a) PET (left) and PAH/Pi-modified PET (right) foils immersed
in the electroless solution after overnight incubation. b) Unmodified and
Cu-coated PET foils. c) Twisted Cu-coated PET foil.

the present approach films are generated through a one-pot,
one step strategy whereas in LbL assemblies, even though the
strategy is very simple, the construction of the film requires
sequential assembly of the multiple building blocks, which can
be greatly time consuming.

3. Conclusions

In summary, we have presented a simple strategy of surface
modification that can be applied to the surface of many diverse
materials. By employing this one-step technique, we were
able to introduce different functions on various substrates,
including metal, oxide, plastic, and carbonaceous surfaces.
Our studies demonstrate that PAH-Pi supramolecular com-
plexes displaying built-in functions can be effectively immobi-
lized onto diverse surfaces without the requirement of further
time-consuming chemical protocols. The flexibility, speed, and
affordability with which this method provides such functional
films make it extraordinarily attractive for preparing samples
of fundamental and technological interest. More pertinently,
the examples presented herein have illustrated the richness
and potential of anion coordination chemistry in the presence
of polyamine receptors as a key enabling technology to achieve
a large variety of multifunctional surfaces regardless of the
chemical nature of the substrate. We believe that these results
can lead to a new way of looking at supramolecular materials
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Figure10. Changeinthe minimum reflectivity angle ofthe SPR scanduring
the formation of biotin-PAH (0.1 mg mL™")/phosphate (5 x 1073 m Pi pH
7) coating on a cysteamine-modified Au substrate and further assembly
of streptavidin (1.1 x 1078 m in 5 X 1073 m Pi buffer).
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science and trigger a cascade of new, refreshing ideas in supra-
molecular surface chemistry aimed at the rational design of
functional assemblies with tailored properties.

4. Experimental Section

Chemicals: Polyallylamine hydrochloride (=58 kDa) and cysteamine
hydrochloride were purchased from Sigma-Aldrich. KH,PO, was from
Carlo Erba. Streptavidin (60 kDa) was from Serva. The pH of stock
solutions of PAH (1 mg mL™") and Pi (10 x 1073 m KH,PO,) was adjusted
to 7 by adding 10% KOH. All chemicals were of analytical grade. The
water used in all experiments was purified by a Millipore system and its
resistivity was 18.2 MQ cm.

Synthesis of Hydroquinone-PAH: 2,5-Dihydroxybenzaldehyde (12 mg)
was dissolved in 5 mL of methanol and added dropwise within an hour
to 30 mL of anhydrous methanolic solution of 40 mg of poly(allylamine)
containing 0.20 mL of triethylamine. The mixture was stirred for another
hour at room temperature, sodium borohydride was carefully added in
portions at 0 °C, and stirring continued for 90 min; finally the mixture
was dried in vacuo at 35 °C. The residue of hydroquinone-PAH (HQ-
PAH) was extracted with distilled water. The aqueous solution was
further purified by membrane dialysis against water. 12 The content of
hydroquinone was determined by "H NMR and was found to be 15%.

Synthesis of Biotin-PAH:  6-Biotinyl-N-hydroxysuccinimide ester
(0.41 g, 1.26 x 1073 mol) was dissolved in 3 mL of DMF by heating to
80 °C.I3l The solution was cooled to room temperature and was added
dropwise to a solution of 0.5 g of PAH (15 kDa) solution in 3 mL of
aqueous Tris buffer containing 0.13 g of NaHCO; (1.575 x 1073 mol,
1.5 equiv of biotin-NHS. The clear solution obtained was allowed to stir
at room temperature for 24 h and was subjected to dialysis against water
for 5 d (dialysis membrane cutoff was 3500). The aqueous solution was
lyophilized to give biotinylated poly(allylamine) hydrochloride (b-PAH)
as a white solid. The content of biotin was determined by "H NMR and
was found to be 21%.(64

Copper Electroless Deposition: PET foils were cleaned by sonication in
water, ethanol, 6 » NaOH and water again for 15 min each. Clean PET
foils were modified by immersion in 0.1 mg mL™' PAH in 5 x 103 ™
pH 7 Pi buffer for 60 min. They were then washed with 5 x 107 m Pi
buffer and immersed in 1 x 107 m PdCl,>~ in HCl (pH 2) for 30 min.
After washing with Pi buffer, the modified plates were immersed in the
electroless solution overnight. The electroless solution was a mixture 1:1
of Solution A and Solution B. Solution A: 12 g L™' NaOH (Biopack) +
13 g L' CuSO,-5H,0 (Biopack) + 29 g L' KNaC4H,O¢H,0 (Anedra).
Solution B: 20 mL L™' formaldehyde (Dorwil).F!

Cysteamine SAM  Preparation: For cysteamine modification, Au
substrates were tipically soaked overnight in 2 x 1073 m cysteamine in acid
ethanolic solution (4:1 v/v C,HsOH-HCIO, 10 m pH = 4) to prevent
binding through the NH, groups.?® Then substrates were thoroughly
rinsed with ethanol and water and dried under a stream of nitrogen gas.

Atomic Force Microscopy: The substrate employed for AFM
measurements was a glass slide coated with =100 nm of Au on a thin
layer of Ti used as mordant. The Au surface was modified with a SAM
of cysteamine as just described.The modified substrate was incubated
in 0.1 mg mL™" PAH in 5 x 107 m pH 7 Pi buffer for 60 min. A Veeco
Multimode AFM connected to a Nanoscope V controller was used to
image the substrate. AFM measurements were performed in tapping
mode in a closed fluid cell filled with 5 x 1073 m pH 7 Pi solution using a
DNP-S10 (Bruker, K =0.32 N m™") cantilever.

Surface Plasmon Resonance Spectroscopy: Gold sensors (glass slides
coated with =48 nm of gold and =2 nm of chromium, BioNavis Ltd,
Tampere, Finland) were employed for SPR measurements. These
substrates exhibit a refractive index (RI) of 1.5202 at 670 nm. SPR
sensors were cleaned by immersion in boiling NH,OH (28%)/H,0,
(100 vol) 1:1 for 15 min and then rinsed with water and ethanol. Then,
they were modified with a cysteamine SAM. Multi-Parametric Surface
Plasmon Resonance (MP-SPR) experiments were carried out using
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a SPR Navi 210A instrument (BioNavis Ltd, Tampere, Finland). An
electrochemistry flow cell (SPR321-EC, BioNavis Ltd.) was employed for
all measurements. Injection was performed manually and SPR angular
scans (two wavelength mode) were recorded with no flow in the cell.
Temperature was kept at 20 °C. All SPR experiments were processed
using the BioNavis Data viewer software.

Quartz Crystal Microbalance (QCM) and Quartz Crystal Microbalance
with Dissipation (QCM-D): QCM measurements were performed with
a QCM200 Quartz Cristal Microbalance supplied with Gold QCM25
5 MHz oscillators (Sensitivity factor: 56.6 Hz cm? pg™') (Stanford
Research Systems). Gold oscillators were modified with cysteamine as
described previously. Determinations were performed with quiescent
solutions in a Teflon cell at 23 °C. QCM-D experiments were performed
using a Q-Sense instrument (QCM-D, Q-Sense E4) equipped with a flow
module. Samples are perfused using a peristaltic microflow system.
Measurements were recorded at several odd overtones and frequency
shifts were normalized taking into account the overtone number (n). All
experiments were performed at 23 °C. A QSX 301 5 MHz gold sensor
was employed. In this case, the gold sensor was modified with the thiol
in situ by allowing a 2 x 1073 m cysteamine ethanolic solution to flow at
100 pL min™' for 30 min. Successive injections of ethanol and water at
500 L min~' for 5 min were employed for removing the thiol not bound.

X-Ray Photoelectron Spectroscopy): X-ray photoelectron spectroscopy
was performed using a SPECS SAGE HR 100 system spectrometer. A
Mg Ko (1253.6 eV) X-ray source was employed operating at 12.5 kV
and 10 mA. Survey spectra were obtained with pass energy of 30 eV
whereas 15 eV was employed for detailed spectra of Cls, Ols, NTs, and
P2p regions. The take-off angle was 90° and operating pressure was
8 x 1078 mbar. Under this condition, BE resolution was determined to be
1.1 eV. Quantitative analysis of spectra was carried out with the Casa XPS
2.3. 16 PR 1.6 software. Shirley baselines and Gaussian\Lorentzian (30%)
product functions were employed. To compensate surface-charging effects,
the binding energy (BE) of the aliphatic core level Cls was set at 285 eV.
The full width at half maximum (FWHM), was kept fixed for different
components of a given element. Survey atomic ratios were calculated
from the integrated intensities of core levels after instrumental and
photoionization cross section correction. For N/P and O/P, more precise
calculations were performed by recording the XPS spectrum (NH,)3PO,
(Sigma-Aldrich) powder in the same conditions as internal reference.

FTIR Spectroscopy: Fourier transform infrared spectroscopy in the
attenuated total reflection mode was performed using a Varian 600 FTIR
spectrometer equipped with a ZnSe ATR crystal with a resolution of
1 cm™'. Background-subtracted spectra were corrected for ATR
acquisition by assuming a refractive index of 1.45 for all of the samples.

Cyclic Voltammetry: Measurements on cysteamine-modified gold
were performed in the SPR cell where the gold sensor was the working
electrode. Cyclic voltammetry (CV) was performed using a Gamry
REF600 potentiostat. A Pt wire was employed as counter electrode and
a AgCl coated silver wire was employed as pseudo-reference electrode.
Its potential was measured against a true Ag/AgCl (3 m NaCl) reference
electrode in buffer solution after SPR measurements. Potentials reported
here are referred to this electrode. Measurements on graphite (3 mm
diameter rod, Aldrich) and ITO (Delta Technologies) were performed in a
conventional three electrodes electrochemical cell. A Teq-03 potentiostat
(TEQ, Argentina) was employed. The counter electrode was a Pt wire
and a Ag/AgCl (3 m NaCl) electrode was employed as reference. The
clean substrates were first potential cycled in 5 x 10 m pH 7 Pi buffer
until a stable response was obtained. Then they were immersed for
60 min in fresh 0.1 mg mL™" HQ-PAH solution in 5 x 103 m pH 7 Pi
buffer. After that, they were rinsed with Pi buffer and water prior to the
electrochemical measurements.
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