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Abstract: The design and control of molecular systems that
self-assemble spontaneously and exclusively at or near an
interface represents a real scientific challenge. We present here
a new concept, an active seed layer that allows to overcome this
challenge. It is based on enzyme-assisted self-assembly. An
enzyme, alkaline phosphatase, which transforms an original
peptide, Fmoc-FFY(PO "), into an efficient gelation agent by
dephosphorylation, is embedded in a polyelectrolyte multilayer
and constitutes the “reaction motor”. A seed layer composed of
a polyelectrolyte covalently modified by anchoring hydro-
gelator peptides constitutes the top of the multilayer. This layer
is the nucleation site for the Fmoc-FFY peptide self-assembly.
When such a film is brought in contact with a Fmoc-FFY-
(PO/") solution, a nanofiber network starts to form almost
instantaneously which extents up to several micrometers into
the solution after several hours. We demonstrate that the active
seed layer allows convenient control over the self-assembly
kinetics and the geometric features of the fiber network simply
by changing its peptide density.

Self—assembly is one of the most active fields in chemistry
and material science with more than 120000 references
responding to this key word on Web of Science. When
restricting the research to the two topics “surface-confined”
and “self-assembly” only slightly more than 100 references
remain and most of them address independently the two
topics. This clearly demonstrates that the design of molecular
systems that self-assemble spontaneously and exclusively at
or near an interface represents a real scientific challenge. The
most valuable approach developed so far to address this
problem is to use non-self-assembling entities (molecules or
macromolecules) that undergo a chemical change at the
interface and thereby acquire a self-assembling propensity.
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Confining this chemical change at the interface can be
achieved by using chemical reactions or physical processes
catalyzed by molecular entities called morphogens (such as
protons or metallic cations) that diffuse from the surface
towards the solution, creating a concentration gradient,
a strategy used by nature.l!! In synthetic approaches, the
generation of these morphogens requires the continuous
application of an external stimulus such as light® or electro-
chemistry® to maintain the self-assembly process.

In 2004, a new way to initiate gel formation in the bulk was
introduced and called enzyme-assisted self-assembly (EA-
SA)."! The authors used alkaline phosphatase (ALP) to
dephosphorylate a short Fmoc-protected peptide which
becomes instantaneously an hydrogelator in the reaction
medium due to the decrease of its water solubility. EA-SA
was intensively developed by several groups who extended
the concept to many more enzyme/peptide systems, getting
success in fields such as inhibition of cancer cell lines,!
intracellular imaging and intratumoral chemotherapy!® or
biocatalysis.”! In 2009, the group of Ulijn grafted enzymes
onto a substrate and observed the formation of localized
peptide-based fibers originating from microscopic globules
that were identified as enzyme clusters.’

Herein, we present the design of a new generation of
surface localized EA-SA allowing the control of the hydrogel
formation exclusively at and from a surface. The ability of the
surface to initiate and to tune its own coating is based on the
use of polyelectrolyte multilayer architectures that offer the
possibility to design highly organized and enzymatically
active nanometer size films."”! Polyelectrolyte multilayers are
organized structures obtained by the alternate deposition of
polyanions and polycations onto a substrate.'”’ They con-
stitute an ideal tool to functionalize surfaces."!! The general
architecture we propose is represented in Figure la. It is
composed of three main film components: 1) a precursor
multilayer deposited on the substrate, rendering the whole
process substrate-independent; 2) an enzyme layer deposited
onto the precursor layer and 3) a seed layer composed of
polyelectrolytes modified by anchoring hydrogelator pep-
tides. When precursor peptides, that is, peptides that do not
interact with each other in solution, reach the multilayer, an
enzymatic reaction occurs at the film/solution interface,l'?!
generating effective hydrogelator peptides at the film/solu-
tion interface. An increase of the concentration of hydro-
gelator peptides occurs near the film/solution interface and
induces their spontaneous self-assembly initiated from, what
can be called, a bioactive seed layer. Gel formation thus starts
exclusively from the surface. Here, we demonstrate the
validity of this approach and the control of the formation of
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Figure 1. a) Representation of the surface-localized EA-SA concept. b) Chemical structures of all
peptides and modified polyelectrolytes involved in this work (C=cysteine, F = phenylalanine,

c) Gelation tests realized in vials with
different solutions: 1) 0.90 mm Fmoc-FFY(PO,*") and ALP (1 UmL™); 1) 0.60 mm Fmoc-FFY(PO,*"),
PAA-CFF-Fmoc (0.30 mm of “CFF-Fmoc”) and ALP (1 UmL™"); I11) 0.90 mm Fmoc-FFY(PO,”"), PAA

G =glycine, Y =tyrosine, Fmoc = fluorenylmethyloxycarbonyl).

and ALP (1 UmL™). The vials were turned upside down after 15 min.

a gel on the surface through the presence of the active seed
layer.

Inspired by hydrogelator/enzyme systems introduced by
Yang and Ulijn," we designed an original peptide Fmoc-
FFY(PO,") with a phosphorylated phenol group of the
tyrosine at C-terminal position as model to validate our
concept (Figure 1b). Alkaline phosphatase (ALP, 150 kDa)
was used as catalytically active enzyme inducing the dephos-
phorylation of Fmoc-FFY(PO,*") leading to the local pro-
duction of the hydrogelator Fmoc-FFY.

The seed layer is composed of poly(acrylic acid) chains
(PAA, 100 kDa) modified with the hydrogelator Fmoc-FFC
through a short spacer (Figure 1b). The presence of the
cysteine at C-terminal position allows clicking the peptide
Fmoc-FFC through the thiol-ene reaction onto a maleimide-
modified PAA. The grafting ratio of PAA-CFF-Fmoc is
around 5% according to "H NMR spectroscopy. Syntheses
and characterization of all compounds used in this work are
reported in the Supporting Information (SI, Part 1). We first
verified in solution 1)that gelation can be induced by
dephosphorylation of Fmoc-FFY(PO,*") in the presence of
ALP, 2) that Fmoc-FFY, generated insitu, is an efficient
hydrogelator, and 3) that PAA-CFF-Fmoc interacts with the
peptide Fmoc-FFY, promoting gel formation. All the experi-
ments were performed at 25°C and at pH 9.5 using a borax
buffer solution (SI, Part 2).

Next we wanted to validate the concept of seed layer
acting as a “nucleating agent” and favoring the self-assembly
of a gel on the surface. For this purpose we built a PEI-(PSS/
PAH),-PAA-CFF-Fmoc film (PEI: poly(ethylene imine);
PSS: poly(styrene sulfonate); PAH: poly(allylamine hydro-
chloride)) and brought it in contact with a solution containing
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Fmoc-FFY(PO,*") at 0.90 mm and
ALPat0.33 mgmL ' (or 1 UmL™).
The process taking place at the
interface was followed insitu by
quartz crystal microbalance
(QCM) by monitoring the evolution
of the opposite of the fundamental
resonance frequency shift —Af; and
the corresponding dissipation D;.
Whereas no gel is observed in
solution under these conditions
(Figure 1¢), a strong increase of
—Af; is observed upon the injection
of Fmoc-FFY(PO,*) + ALP mix-
ture up to a value of 1200 Hz after
8 min of build-up (Figure S1). In the
same time, an important increase of
the dissipation D, is measured, up to
a high value of 900x107° This
indicates the formation of a thick
viscoelastic gel on top of the multi-
layer. As a control experiment, the
PAA-CFF-Fmoc seed layer was
replaced by a modified PAA grafted
with 5% of Fmoc-GGGC,
a sequence recently described as
an ideal non-gelating peptide (we
also verified this result in solution; Figure S1).!") When the
Fmoc-FFY(PO,>") + ALP mixture was brought in contact
with a PAA-CGGG-Fmoc ended multilayer, only a small
increase of the QCM signals was observed (—Af; increases by
20 Hz and D, by 180 x 10, Figure S1). When a PAA-CFF-
Fmoc ended multilayer film was brought in contact with ALP
in the absence of Fmoc-FFY(PO,*"), almost no variations of
—Af, and D, were observed by QCM (Figure S2). These
results prove that the layer of PAA-CFF-Fmoc deposited on
the multilayer serves indeed as an effective seed layer.

We then went one step further and tried to create
a bioactive seed layer by incorporating the “reaction
motor”, that is, ALP, in the multilayer instead of having it
in the solution. For this purpose, we built the multilayer
architecture PEI-(PSS/PAH),-ALP-(PAH/PAA-CFF-Fmoc),
represented in Figure 1a, and followed its build-up by QCM
(Figure S3). The calculated thickness of this film is about
53 nm according to Sauerbrey’s relation.'”) When this film
was brought in contact with 0.90 mM of Fmoc-FFY(PO,*")
solution, an increase of —Af; and D, occurred within 10 min
after the injection of Fmoc-FFY(PO,*") and reached respec-
tively 1400 Hz and 1200x 107 after 12 h (Figure 2a). This
indicates the build-up of a gel at the interface. These values
are even larger than those observed when ALP was in
solution (Figure S1in SI). When a Fmoc-FFY (PO,*") solution
(0.90 mm) was brought in contact with a film containing ALP
and ending by PAA-CGGG-Fmoc, only a small increase of
—Af, (10 Hz) and of D, (135x 107°) took place (Figure 2a).
We verified, using para-nitrophenol phosphate as chromo-
genic enzyme substrate, that when PAA-CFF-Fmoc is
replaced by PAA-CGGG-Fmoc the enzymatic activity of
the film does not change (Figure S4). In order to get an idea

S~CGGG-Fmoc
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Figure 2. a) Comparison of the evolution of the —Af; (full curve) and
dissipation (dashed curve), measured by QCM-D, as a function of
time when 0.90 mm Fmoc-FFY(PO,*") solution is brought in contact
with the multilayers PEI-(PSS/PAH),-ALP-(PAH/PAA-CFF-Fmoc) (red),
PEI-(PSS/PAH),-ALP (blue), and (PEI-(PSS/PAH),-ALP-(PAH/PAA-
CGGG-Fmoc) (black). b) Typical AFM images (1x1 um?), obtained in
contact mode and dry state, of gel obtained after 5 min (z-scale=

76 nm), 120 min (z-scale=40 nm), and 12 h (z-scale=15 nm) of
contact with Fmoc-FFY (PO,*") solution.

about the synergy between the presence of the enzyme layer
and the seed layer we performed also an experiment with the
multilayer PEI-(PSS/PAH),-ALP ending with a bare enzyme
layer. When bringing this film in contact with a Fmoc-
FFY(PO,*) solution at 1 mgmL™" one observes an increase
of —Af; of 271 Hz. This shows that a “bare” enzyme layer
allows getting a gel at the interface as first shown by Ulijn
et al.¥ yet with a lesser efficacy. But the major drawback of
the bare enzyme layer is the absence of possibility to tune and
control the activity of this layer.

The gel build-up with a PAA-CFF-Fmoc seed layer was
also followed by Fourier transform infrared spectroscopy in
attenuated total reflection mode in deuterated water. After
the injection of Fmoc-FFY(PO,>), the intensities of the
vibration bands at 1630 cm ' and 1688 cm™! increase and then
level off after 60 min (Figure S5 in SI). The band at 1630 cm™
corresponds to the carbonyl groups of the amide I involved in
B-sheet assemblies!"®'”! and the band at 1688 cm™' can be
assigned to carbamates present in the antiparallel p-sheets
composed of Fmoc-FFY self-assembly."® A fluorescence
spectroscopy study during the self-assembly of the gel shows
the presence of Fmoc group excimer at 331 nm, in accordance
with the B-sheet assembly characteristic of peptide-based
hydrogel (Figure S6 in SI).'"! Using atomic force microscopy
(AFM) in dry state, we imaged the obtained gel after 2, 5, 20,
120 min and 12 h of contact of Fmoc-FFY(PO,*") solution
with  PEI-(PSS/PAH),-ALP-(PAH/PAA-CFF-Fmoc) film
(Figure 2b and Figure S7). After 5 and 20 min, nanofibers
appear over the whole coated substrate with entanglements
and local bundles. After 120 min and 12 h, the nanofibrous
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structure appears as growing flat ribbons with a diameter of
about 100 nm. Less than 5 min are necessary to the surface
nucleation process to form fibers and the internal architecture
of the gel changes over time despite the fact that the QCM
signals level off after 20 min.

Confocal microscopy was used to determine the thickness
of the gel after 12 h. PEI-(PSS/PAH),-ALP-(PAH/PAA-CFF-
Fmoc) was spin-coated step-by-step on a glass substrate and
then brought in contact for 12h with a mixture of Fmoc-
FFY(PO,”) and fluorescein-labeled albumin (BSAMT).
BSA™T® was used for visualization purposes to be trapped
in the gel during its growth. A gradient of fluorescence
extending over several micrometers appears from the surface,
suggesting a gradient of BSA™ and thus also of fiber density
extending from the multilayer to the solution (Figure 3a).

Next, we looked at whether the concept of active seed
layer allows to precisely control the film build-up by modify-
ing the density of “Fmoc-FF” peptide moieties on the surface.
This was done by adsorbing the seed layer from a solution
containing a mixture of PAA-CFF-Fmoc and PAA-CGGG-
Fmoc. Thus, the multilayer film PEI-(PSS/PAH),-ALP-
(PAH/(PAA-CFF-Fmoc; PAA-CGGG-Fmoc)) was prepared
with various mass ratios equal to r=0, 0.25, 0.50, 0.60, 0.75
and 1.0 with r=[PAA-CFF-Fmoc]/([PAA-CGGG-Fmoc| +
[PAA-CFF-Fmoc]). The value of —Af; measured after 12 h
for each ratio r is given in Figure 3b. By decreasing the
proportion of PAA-CFF-Fmoc in the build-up solution of the
seed layer, —Af; corresponding to the gel build-up decreases
correlatively. With r values below 1 after 12 h, the resulting
gels show a less dense network of fibers, without formation of

-Af, (Hz)

0 20 40 60 80
r%

Figure 3. a) Confocal microscopy cross-section image of the gel self-
assembled from Fmoc-FFY(PO,”") on PAA-CFF-Fmoc seed layer ended
film in the presence of BSAT™, The dashed line represents the
substrate and the scale bar represents 5 um. b) Evolution of —Af;
measured by QCM-D after 12 h of contact of PEI-(PSS/PAH),-ALP-
(PAH/ (PAA-CFF-Fmoc; PAA-CGGG-Fmoc)) with Fmoc-FFY(PO,?) so-
lution, as a function of the mass ratio r=[PAA-CFF-Fmoc]/([PAA-
CGGG-Fmoc] + [PAA-CFF-Fmoc]) in the build-up solution. c) Typical
AFM image (1x1 um?) obtained in contact mode and dry state after
12 h of self-assembly of gel from Fmoc-FFY(PO,*") on multilayer
ended with a ratio r=75%. The z scale is 34 nm and the scale bar
represents 0.15 pm.
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large ribbons (Figure 3c). In addition, by decreasing the
density of ALP in the multilayer, one observes correlatively
a quasi linear decrease of the gel build-up kinetics when the
film is brought in contact with the initiating Fmoc-FFY-
(PO,*") solution peptide (Part 3 in SI).

To sum up, we have introduced the concept of bioactive
seed layer that triggers the build-up of a self-assembling
peptide fiber network exclusively at the film/solution inter-
face. Furthermore, by using confinement of enzymes through
multilayer film design, the self-assembly process is main-
tained continuously and autonomously without any interven-
tion of external stimuli. These two features render our
concept fully original. In addition, the use of a bioactive
seed layer allows controlling and tuning of both the network
kinetics and the fiber morphologies. Currently, the research
carried out in the field of self-assembly systems focuses on the
development of increasingly complex architectures organized
onto a surface, going closer to systems developed by nature.
We believe that our bottom-up approach can significantly
contribute to the design of sophisticated and smart nano-
architecture systems.
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