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Abstract

Reaction-diffusion (RD) processes are responsible for surface and in-depth mi-
cropatterning in inanimate and living matter. Here we show that enzyme-
assisted self-assembly (EASA) of peptides is a valuable tool to functionnalize
host gels. By using a phosphatase distributed in a host hydrogel, the diffu-
sion of phosphorylated peptides from a liquid/host gel interface leads to the
spontaneous formation of a pattern of phosphorylated peptides self-assembly
presenting at least two self-assembly maxima. Variation of enzyme and peptide
concentrations change the pattern characteristics. When a peptide drop is de-
posited on a phosphatase functionalized gel, a self-assembly pattern also forms
both along the gel-solution interface and perpendicular to the interface. This
self-assembly pattern induces a local change of the gel mechanical properties

measured by nanoindentation. Its appearance relies on the formation of self-
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assembled structures by nucleation and growth processes which are static in the
hydrogel. This process presents great similarities with the Liesegang pattern
formation and must be taken into account for the functionalization of hydro-
gels by EASA. A mechanism based on RD is proposed leading to an effective
mathematical model accounting for the pattern formation. This work highlights
EASA as a tool to design organic Liesegang-like microstructured materials with
potentials applications in biomaterials and artificial living systems design.

Keywords: enzyme-assisted self-assembly e hydrogel e reaction-diffusion e

Liesegang-like process ® micropatterning

1. Introduction

Enzymes constitute a powerful tool to induce self-assembly processes, since
they can act on soluble molecules and transform them into poorly soluble hydro-
gelators which then self-assemble.[1] This process, called Enzyme-Assisted Self-
Assembly (EASA), has received considerable attention over the last decade.[2,
3, 4] For example when Fmoc-FFpY (Fmoc: 9-Fluorenylmethoxycarbonyl; F:
phenylalanine; Y: tyrosine; p: phosphate group) peptides are brought into con-
tact with alkaline phosphatase (AP), it transforms them into Fmoc-FFY which
self-assemble in the form of long fibers of a few nanometers in diameter.[5, 6, 7|
Mainly studied in solution, EASA has also been developed by immobilizing
the enzymes on surfaces of various kinds (planar surfaces, nanoparticles, porous
materials).[5, 8,9, 10, 11] Recently the supramolecular self-assembly of small low
molecular weight hydrogelators has started to be investigated in host gels,[12,
13, 14] opening the route to a new method of functionalization of gels for tissue
engineering applications for example. In the case of EASA, a host gel containing
enzymes is brought into contact with the hydrogelator-precursor solution.[15, 16]
These molecules diffuse into the gel, are transformed into hydrogelators and then
self-assemble in the host gel. We have, for example, shown that Fmoc-FFpY
brought into contact with a polyethylene glycol (PEG) gel functionalized with

AP leads to the formation of self-assembled nanofibers in the host gel and to
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an accompanying change in the mechanical properties of the hydrogel.[16] Even
if such a self-assembly process must result from the interplay between reaction
and diffusion (RD) processes, this aspect has not been investigated so far. RD
processes are at the origin of a large number of patterns observed in nature
in inanimate as well as in living matter.[17] Among them, Liesegang patterns
[18] are the first that have been thoroughly investigated. First noticed in 1855
by F.F. Runge,[19] and rediscovered by Liesegang in 1896, a first explanation
was given by Ostwald [20]. They are observed when a precipitation reaction is
coupled with diffusion processes in the absence of convection. Typically, when a
soluble salt, A, diffuses into a gel containing another soluble salt, B, and when
in addition AB forms a weakly soluble salt, one can observe, at high enough
electrolyte concentrations the formation of regular structures such as rings or
bands highly concentrated in AB precipitate. The characteristics of these struc-
tures (band or ring spacing, width of the bands...) depend upon numerous
parameters such as the concentrations of the diffusing species or their diffusion
coefficients. It is worth noting that B is generally in much lower concentration
than A. The formation of this precipitate induces a zone in the gel, near the
interface, that is depleted chiefly in B. Then, when A diffuses into the gel, the
salt concentrations in this zone are below the critical supersaturation degree
at which precipitation starts. The critical degree of supersaturation is again
reached further from the interface where the depletion of B is less pronounced
leading to a new zone of AB formation. This precipitate formation again gen-
erates a new zone depleted in B. Because A continues to diffuse into the gel,
this process is likely to take place further in the gel and eventually to produce
additional bands. Since their discovery, impressive experimental achievements
in the generation of Liesegang microstructured materials have been reported,
mainly based on reactions involving inorganic species.[21, 22] Despite their huge
implications in biology, investigations based on the self-assembly of purely or-
ganic systems are rare.[12, 13, 23, 24, 25] Here we will show that EASA taking
place in enzyme functionalized host gels into contact with a precursor peptide

solution leads to self-assembly patterns at the gel/solution interfaces. We will



investigate the characteristics of the pattern and propose a simple mechanistic

model accounting for the main observed features.
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2.1. Experimental

2. Material and Methods

2.1.1. Chemicals and abbreviations

Name, acronym MW CAS
Supplier Purity
(abbreviation) (g/mol) number
Alkaline Phosphatase Sigma Used as
160000 9001-78-9
(AP) Aldrich purchased
Rhodamine-labeled Al-
Prepared according to ref. [26].
kaline Phosphatase
Sodium tetraborate an- Acros
201.22 1330-43-4 > 98%
hydrous (borax) Organics
Hydroxypropylmethyl
Cellulose Silanized Prepared according to ref. [27].
(Si-HPMC)
Pepmic
Fmoc-FFpY 700 (Suzhou, | - - > 99%
China)
4-(2-Hydroxyethyl)-1-
Fisher
Piperazineethanesulfonic | 238.305 7365-45-9 > 99%
Scientific
Acid (Hepes)
Rhodamin B isothio- Sigma Used as
536.08 36877-69-7
cyanate (RHO) Aldrich purchased
Sigma
Thioflavin T (ThT) 318.86 2390-54-7 > 60%
Aldrich
p-Nitrophenyl Phos- Sigma Used as
263.05 4264-83-9
phate (pNPP) Aldrich purchased
Phosphate Buffered Used as
- - Sigma - -
Saline Tablets purchased
Fisher
Sodium Chloride 58.44 7647-14-5 > 99.5%
Scientific
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2.1.2. Solutions and buffers preparation

The Hepes buffer solution (pH 3.6) was prepared by dissolving 3.1 g of Hepes
and 1.46 g of sodium chloride in 100 mL MilliQ water. After 1 night stirring,
the pH was adjusted to 3.6 using an HCI solution at 0.1 M.

The borax buffer solution (25 mM, pH 9.5) was prepared by dissolving 1 g of
anhydrous sodium tetraborate in 200 mL MilliQ water. After 1 night stirring,
the pH was adjusted by using a NaOH solution at 0.1 M.

The Phosphate Buffer Saline (PBS) solution (pH 7.4) was prepared by dis-
solving 1 tablet in 200 mL MilliQQ water leading to a solution containing 0.01 M
Phosphate Buffer, 0.0027 M potassium chloride and 0.137 M sodium chloride.

2.1.8. Host hydrogel cross-linking conditions and diffusion of Fmoc-FFpY within
this host gel

Si-HPMC polymer chains and the host hydrogels made from Si-HPMC (called
here HPMC gels) were prepared according to reference [27]. First, 6 g of Si-
HPMC were dissolved in 194 mL of a NaOH solution at 0.2 M and stirred for
48 h. After complete dissolution, two dialysis baths were performed in NaOH
solutions at 0.09 M. The first dialysis bath ran for 15-16 h while the second bath
ran for 1-2 h. One obtain a Si-HPMC (3% wt) polymer solution (Si-HPMC-PS)
at pH 12.9. HPMC gels were prepared by mixing Si-HPMC-PS with Hepes
buffer solution (pH 3.6) in a mold at equivolume (100 uL/100 pL). AP-HPMC
gels, i.e., HPMC gels containing AP, were prepared by first dissolving AP in
a vial with Hepes buffer (pH 3.6) at 0.5 mg-mL~!. This solution was then
mixed with Si-HPMC-PS in a mold or a petri dish at equivolume: in the molds
100 puL/100 pL, in the petri dish 1 mL/1 mL. Once the host gel was fully cross-
linked (after 48 h at room temperature), 50 uL of Fmoc-FFpY at 2 mg-mL~!
in borax (25 mM, pH 9.5) was deposited on the surface of the AP-HPMC gels
in the case of the mold or a 4 uL. drop was deposited in the case of the petri
dish. Peptides from these solutions diffused for 12 h at room temperature before
further investigations. To avoid evaporation of the peptide solution during its

diffusion within the hydrogel, the mold and petri dish were carefully covered
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with parafilm. It was verified that the gel was still covered by a thin film of

liquid before measurements.

2.1.4. UV /Vis spectroscopy

The enzymatic activity was measured in a microplate reader by UV spec-
troscopy (FLX—Xenius®, SAFAS, Monaco) using a 96-well plate. The AP ac-
tivity of the AP-HPMC gel was measured by incubation of the substrate, para-
nitrophenyl phosphate (PNP) (150 uL at 1 mM in Borax buffer). Concentra-
tion and volume ensured a large excess of substrate for the enzymatic reaction.
PNP is a colorless aqueous solution (commercially available) which leads to

para-nitrophenol, a yellow compound absorbing light at A = 405 nm.

2.1.5. Rheology measurements
HPMC, AP-HPMC and AP-HPMC + FmocFFpY gels were prepared as

follows:

e HPMC : in a mold, mixing of 100 pL. Hepes buffer (pH 3.6) with 100 uL
of Si-HPMC (3 %).

e AP-HPMC : in a vial, dissolve AP in Hepes buffer (pH 3.6) at 0.5 mg - mL~!.
Mixing in a mold of 100 uL of this last solution with 100 uL of Si-HPMC
(3 %).

e AP-HPMC + Fmoc-FFpY : same procedure as AP-HPMC.

Subsequently, 50 uL of different Fmoc-FFpY solutions (1 or 5 mg-mL~1)
were put into contact with HPMC and AP-HPMC gels for 12 hours at room
temperature. Rheological properties were measured with a Kinexus Malvern
rheometer using a 10-mm diameter plate geometry and a 1.8-mm gap. Strain
measurements were carried out from 0.01 % to 100 % at 1 Hz. Frequency sweeps
were performed from 0.01 Hz to 20 Hz at fixed strain of 0.01 %. All graphs are

given in Figure S1.
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2.1.6. Nanoindentation measurements

Samples were prepared as follows: in a vial, we dissolved AP in Hepes buffer
(pH 3.6 ). We mixed this latter solution with Si-HPMC (3%) in a petri dish
(1 mL/1 mL). After 48 h cross-linking, we added a drop (4 uL) of Fmoc-FFpY
dissolved in borax (25 mM, pH 9.5) at 5 mg-mL .

After 12 h of diffusion of the peptide, the nanoindentation experiment was
performed using a Chiaro nanoindenter (Opticsl1, The Netherlands) equipped
with a sensor of 0.24 N-m™! cantilever spring constant at the end of which a
tip of 33-pum radius was positioned. Data were fitted using the Hertz model
to determine the Young modulus of the material by using the software of the

nanoindenter.

2.1.7. Confocal laser scanning microscopy

All solutions were prepared following the procedure described here by em-
ploying alkaline phosphatase labeled with rhodamine B (APR®HO) instead of AP.
Depending on the type of acquisition performed, the samples were prepared as

follows:

e Kinetics : ThioflavinT-APRHO_HPMC gels named ThT-APRHO_HPMC
were prepared by dissolving in Hepes buffer (pH 3.6 ) ThT at 0.5 mg - mL~!
and AP at 0.5 mg-mL~!. This solution was mixed with Si-HPMC (3%)
at equivalent volumes (100 puL/100 pL) in a mold designed for confocal
microscopy. After 48 h of gelation, the gel was placed under a microscope
head and acquisition was launched in time series before addition of 50 uL

Fmoc-FFpY at 2 mg-mL~! in borax (25 mM, pH 9.5).

e Profile views : In this case, we dissolved, in a vial, AP in Hepes buffer
(pH 3.6 ) at 0.5 mg-mL~'. We then mixed 100 pL of this solution with
100 puL of Si-HPMC (3%) in a mold. After 48 h of gelation, we added
50 uL of peptide at 2 mg-mL~! in borax (25 mM, pH 9.5) and let it
diffuse for 12 h. 2 h before profile visualization, we added 50 uL of ThT
at 0.5 mg-mL~! in borax (25 mM, pH 9.5) for self-assembly revealing.
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The images were acquired using an inverted LSM 710 confocal scanning micro-
scope (Zeiss, Germany). The ZEN 2.0 software was used for image capture.
Samples were excited using a laser at 458 nm for ThT or 561 nm for APRHO,
Gels were imaged directly in their containing molds. An EC Plan-NeoFluar

10x /0.3 objective was used for imaging.

2.2. Simulation

All simulations were performed in 1D using the finite elements method en-
coded with the Python programming language. This simulation work is exten-

sively described in SI.

3. Results and Discussion

3.1. Self-assembly pattern in the drop configuration

By studying the EASA in a host hydrogel, we first deposited a drop of a
phosphorylated peptide Fmoc-FFpY (Fig. 1a) onto a HPMC host gel[27] con-
taining alkaline phosphatase, called AP-HPMC. Alkaline phosphatase (AP) is
an enzyme that dephosphorylates Fmoc-FFpY into Fmoc-FFY which is known
to self-assemble in solution.[5, 6, 7] In the presence of Thioflavine T (ThT), a
fluorescent marker of a Fmoc-FFY self-assembly,[16] we observed, unexpectedly
and by serendipity, around the peptide drop, a non-monotonous self-assembly
profile both along the gel-solution interface and perpendicular to this interface
in the gel: a chalice shape made of a peptide self-assembly was generated which
matches with the geometry of the initial deposited drop (Fig. 1b and Fig. 1c).
The observation was made by confocal laser scanning microscopy (CLSM). We

will now investigate the origin and characteristics of this pattern formation.

3.2. Rheology measurements in the drop configuration

The above mentioned non-monotonous self-assembly profiles should result in
local variations of the gel mechanical properties. This has been verified by de-

positing a drop of Fmoc-FFpY solution on the host gel and measuring radially,
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along the host gel surface, its local mechanical properties using nanoindentation
(Fig. 1c and 1d). The elastic modulus, i.e., the Young modulus F, is increasing
when passing from the depleted to the enriched zone of peptide self-assembly
which correspond to E ~ 300 Pa and EF =~ 700 Pa respectively. Remarkably,
the length of the second maximum zone (= 800 pum) fits the length of the fluo-
rescence emission zone observed by fluorescence microscopy. We also note that
the value of the Young modulus measured in the depleted zone is equivalent to
that of the naked AP-HPMC gel (E ~ 3 x G’ = 300 Pa, Fig. S1), showing
the quasi-absence of peptide self-assembly in this area. In several previous work
[10, 15] we have reported that the enzymatic dephosphorylation of Fmoc-FFpY
leads to self-assembled nanofibers of Fmoc-FFY. The resulting nanofibrous net-
work is able to underpin a supramolecular hydrogel architecture. Thus, when
this network is generated within a host hydrogel as described in our work, it
leads to the formation of an interpenetrated network resulting in a change of the
mechanical properties, as we observed. When the concentration of the precursor
Fmoc-FFpY peptide is increased, the resulting Young modulus of the hydrogel

also increases (Fig. S1).

3.8. Self-assembly profile on a flat interface

To better understand the origin of this pattern we focused on host gel sur-
faces uniformly brought into contact with a Fmoc-FFpY solution. Through
the fluorescence intensity measured along the direction perpendicular to the
gel/solution interface, we followed the formation of the localized Fmoc-FFY
self-assembly in depth and over time. AP is the trigger of the Fmoc-FFY self-
assembly. Using APRHO [26] we have checked the enzyme distribution before
the deposition of Fmoc-FFpY (Fig. 2a, t = 0 min): APRHO is homogeneously
distributed all over the HPMC host gel, except a slight increase of enzyme den-
sity at the interface with the air, i.e., at the top of the HPMC gel, as well as
at the gel/lamella interface. The APRHO observed in Fig. S2 shows that the
enzyme is diffusing in the gel. After deposition of a Fmoc-FFpY solution on top
of the gel (containing ThT) we observed the Fmoc-FFY self-assembly pattern

10
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formation over time. The kinetics of the whole pattern formation is given in a
time lapse video provided as supporting information (ESI, Video S1). Typical
snapshots of this formation taken at 36 , 60 and 180 min after contact with the
precursor peptide solution are given (Fig. 2a). Z-stacked images allow to re-
build the so-microstructured gel, showing the distribution of both the AP (red)
and the Fmoc-FFY self-assembly (green) (Fig. 2b).

The monitoring of the evolution over time reveals that Fmoc-FFY self-
assembly starts instantaneously at the interface between the gel and the pre-
cursor peptide solution. This spontaneous process is not due to the presence of
the excess of enzymes located at the gel/air interface before the deposition of
the Fmoc-FFpY solution because the removal of this excess of AP by rinsing
has no significant effect on the resulting self-assembled pattern (Fig. S3). Af-
ter &~ 40 min of contact with the Fmoc-FFpY solution, a second maximum of
Fmoc-FFY self- assembly appears in the host gel, located ~ 500 pm from the
interface (Fig. 2a/2b and Video S1). The self-assembly profile then decreases
going from this second maximum to the bottom of the gel over a distance of =
800 um; = 60 min are required to establish entirely the second maximum and
the related self-assembly profile. A & 400-pum thick zone almost totally depleted
in Fmoc-FFY self-assembly is observed between the first and the second max-
ima. It is interesting to notice the asymmetric shape of the self-assembly in the
host gel with a steep increase before reaching the secondary maximum and a
slow decrease of the self-assembly concentration towards the end of the gel.

To prove that the existence of the green fluorescence profile is indeed due
to the self-assembly process we replaced Fmoc-FFpY in the contacting solution
by fluorescein diphosphate (FDP), a molecule that is dephosphorylated in the
presence of AP and becomes fluorescent. Neither the depletion zone nor the two
fluorescence maxima were observed (Fig. S4). To support these observations,
we performed additional control experiments. The presence of self-assembled
Fmoc-FFY was also confirmed by using the characteristic red shift fluorescence
emission of the stacked Fmoc groups at A¢,, = 315 nm due to the aromatic

excimer formation when excited at A, = 290 nm (Fig. S5).[28] The fact that

11
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the appearance of green fluorescence in the host gel is due to the presence of
a peptide self-assembly was verified by bringing a gel containing only AP into
contact with a ThT solution and by bringing a gel containing ThT but devoid of
enzymes into contact with a Fmoc-FFpY solution. In both cases no significant

green fluorescence was detected.

3.4. Dependence of the self-assembly profile on peptide and enzyme concentra-

tions

Next, we investigated the dependence of the self-assembly profile on the
initial conditions. Increasing the concentration of Fmoc-FFpY in the solution
from 0.25, 0.50 to 1 mg-mL~!, while the initial enzyme concentration is fixed
(0.25 mg - mL~1), results in keeping the position of the self-assembly maximum
in the host gel almost fixed while increasing its density and extending further
the self-assembly zone towards the bottom of the host gel. This was observed
through ThT fluorescence emission (Fig. S6a and S6b). Increasing the enzyme
concentration in the host gel from 0.12 , 0.25 to 0.5 mg - mL~! while fixing that
of the deposited Fmoc-FFpY solution (1 mg-mL~!) results in a diminution of
the depletion zone width corresponding to the distance between the second self-
assembly maximum in the gel and the interface (from 300 pm to 100 um, Fig.
S6¢ and S6d). A concomitant decrease of the self-assembly zone thickness inside

the hydrogel is also observed.

3.5. Origin of the self-assembly pattern

The central question is why does a depleted zone appear in spite of the diffu-
sion of Fmoc-FFpY through the gel and the presence of AP in this area? In other
words, what is the origin of the maximum of self-assembly located within the
host gel? The first reason could be the formation of a zone depleted in enzymes
in the gel at the gel/solution interface. Such a zone exists and is due to the dif-
fusion of the enzymes into the solution when the gel enters into contact with the
solution (Fig. 2a & 2b). When one monitors the evolution of the enzyme profile

as a function of time (Fig. 2a & 2b), one never and nowhere observes a total

12
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depletion in enzymes. This implies that the dephosphorylation reaction should
always take place and one should not observe areas that are totally depleted in
self-assembly as it is the case (Fig. 2a & 2b). The formation of a zone depleted
in enzymes is thus not at the origin of the self-assembly depletion zone. Another
reason could be an inhibition of AP in this zone. Indeed, the dephosphorylation
step is accompanied by the generation of protons and phosphate ions which are
both inhibitors of AP. We have performed many investigations in this direc-
tion. These inhibitors, largely produced at the gel/solution interface, diffuse
into the gel and should be more concentrated close to the hydrogel/solution
interface during the first stages of the whole process. Yet, if this would be the
case, increasing the initial Fmoc-FFpY concentration would lead to a stronger
inhibition of the self-assembly with a larger depletion zone which is not the
case (Fig. S6a and S6b). Moreover, if the host AP-HPMC hydrogel is put
into contact for 24 h with borax buffer (pH 9.5) or phosphate buffer (pH 7.6)
the depletion zone is still observed. Thus, the production of phosphate ions or
protons during the dephosphorylation step is not responsible of the depletion
zone formation (Fig. S7). The depletion zone of self-assembly must thus have
another explanation. We propose the following mechanism schematically rep-
resented in Fig. 3 based on a simulation discussed later and fully described in
SI section 1. In solution, when the phosphorylated Fmoc-FFpY is mixed with
AP, the self-assembly of Fmoc-FFY requires a lag time (already reported in
the literature) that is a feature of EASA.[29, 30, 31, 32, 33] This observation
agrees with the requirement of a critical concentration of Fmoc-FFY to initi-
ate its own self-assembly, a mechanism close to the nucleation step involved in
a crystallization process. When the Fmoc-FFpY solution is brought into con-
tact with the AP-HPMC hydrogel (Fig. 3a, ), some AP diffuses from the gel
into the solution and the critical Fmoc-FFY concentration threshold is reached
very rapidly at the interface (Fig. 3a, t1). Despite this self-assembly of Fmoc-
FFY, Fmoc-FFpY peptides diffuse into the host hydrogel and are gradually
dephosphorylated enzymatically to form ”free” Fmoc-FFY peptides, i.e., in a

non-assembled state. Yet the concentration of free Fmoc-FFY is still too low

13
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to initiate the “nucleation” of the self-assembly thus allowing their diffusion in
all directions i.e., also towards the self-assembled peak (first maximum) at the
gel/solution interface. There, they interact irreversibly with the self-assembled
structure which acts as a sink for ”"free” peptides. Thus, the interplay between
the different reaction and diffusion processes can explain the formation of a
zone depleted in Fmoc-FFY self-assembly. But all Fmoc-FFpY that diffuse
into the host gel are not transformed enzymatically near the gel/solution inter-
face. Some are transformed further away from the interface and cannot diffuse
up to the interface (Fig. 3a, ¢2). This then leads to the buildup of a Fmoc-FFY
profile inside the gel that presents a maximum at a certain distance from the
gel/solution interface. When the Fmoc-FFY concentration at this maximum
reaches the critical self-assembly concentration, self-assembly starts (Fig. 3a,
t3). Because it takes place in the host gel, the self-assembled entities are fix
in the gel and a self-assembly maximum builds up at this position. This self-
assembly also captures ”free” Fmoc-FFY peptides that are produced in the gel
between the gel/solution interface and this self-assembly zone. This then ac-
centuates the depletion zone (Fig 3a, t4). We have developed a simple model
that captures the main features of this process namely (Fig. 3b, Video S2 and
section 1 in SI): (¢) diffusion of enzymes and precursors, (ii) transformation of
precursor molecules into ”free” hydrogelators in the presence of enzymes, (iii)
self-assembly of hydrogelators when reaching a critical ”free” hydrogelator con-
centration, (iv) capturing of ”free” hydrogelators by the self-assemblies. We
assume that the peptide self-assemblies remain fix (i.e., do not diffuse) and that
the transformation of precursors into hydrogelators is more rapid in the solution
than in the gel. This latter assumption seems reasonable since the presence of
the host gel should somehow hinder the diffusion of the enzymes and the pep-
tides in the gel compared to the solution. The model is given in more detail in
SI. It must be kept in mind that it is not intended to reproduce in its full details
the system under investigation, in particular to reproduce precisely the enzyme
kinetics or the nucleation kinetics but only to capture the main ingredients of

the process responsible for the formation of the self-assembly profile, i.e., the

14



325

330

335

340

345

350

formation of two self-assembly maxima. It comes out that these assumptions
lead to the buildup of a self-assembly peak at the gel/solution interface followed
by a depletion zone and a self-assembly secondary maximum in the gel (Fig 3b).
The model also predicts that, with specific kinetic parameters, increasing the ini-
tial peptide concentration can lead to the appearance of multiple self-assembly
maxima (SI, section 1). Preliminary experimental results show indeed, that by
increasing the Fmoc-FFpY concentration at 20 mg-mL~! one can observe the
presence of two self-assembly maxima (Fig. 4) in the host gel. One should
notice that this result is obtained in two different experimental setups; first in
depth (3D) using a mold containing AP-HPMC host hydrogel fully covered by
50 uL of the Fmoc-FFpY solution at 20 mg - mL~! (Fig. 4a), but also in surface
(2D) using a petri dish containing AP-HPMC host hydrogel on top of which a
drop of Fmoc-FFpY solution (5 uL at 20 mg - mL~1) is deposited leading to the
formation of two concentric rings of self-assembly surrounding the drop (Fig.
4b).

This spatiotemporally controlled self-assembly process presents strong analo-
gies with the one leading to Liesegang ring patterns which result from inorganic
salts precipitation.[18, 34] The model that we have developped is also close to
those developped to describe the formation of Liesegang pattern for inorganic
systems.[35, 36] The similarity between our and the Liesegang pattern formation
is that both are due to the formation of static objects by a nucleation and growth
process. The main difference is that in the Liesegang processes the objects are
due to the reaction between two entities forming the nuclei whereas in our case
the enzymatic reaction forms one entity that is at the origin of the pattern for-
mation. One-dimensional Liesegang processes usually result in the formation
of Liesegang rings, i.e., several maxima of inorganic material which is also the
case in our system. It must also be noticed that even if Liesegang patterns are
usually observed with inorganic salts, more rarely for organic systems,[12] they
have never been reported for EASA processes. Our work thus opens the EASA

processes to the field of Liesegang patterns in host materials.
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4. Conclusion

We have found that an enzyme-assisted self-assembly (EASA) process tak-
ing place in a host gel results in the formation of a self-assembly pattern at the
gel-solution interface when a precursor peptide solution contacts the gel. The
self-assembly pattern appears also along the interface when a drop of precur-
sor solution is deposited on top of the gel. This pattern formation along the
interface is accompanied by a local change of the mechanical properties of the
hydrogel which closely follows the self-assembly pattern. It results from the
coupling between the diffusion of the precursor peptides into the gel, their enzy-
matic transformation into self-assembling peptides which still diffuse in the gel
and self-assemble when they reach a critical local concentration through a nucle-
ation and growth process. This self-assembly remains immobile in the gel. The
growth leads to a local depletion of self-assembling building blocks and this is
the principal ingredient of the pattern formation in addition to directional flow
and low diffusion rate. This process resembles a Liesegang-type process dis-
covered with inorganic salts.[18, 34, 35, 36] As in Liesegang’s experiments, our
two interacting molecules diffuse (precursor peptides and enzymes). Though,
there is a main difference: in a Liesegang’s experiment the two reagents are
used up whereas in the present work only the phosphorylated peptides are con-
sumed while the enzymes are not. Indeed, it comes out that the self-assembly
location is not a mirror image of the enzyme location in the host gel, but that
the complex reaction-diffusion processes must be taken into account to predict
the final self-assembly pattern. We have developed a model, based on the pro-
cesses supposed to be at the origin of our observations, and aimed at accounting
for the gross features of our findings. To become quantitatively and not only
qualitatively predictive, the model developed here has to be improved, with a
special emphasis on predicting the "exact” form of the self-assembly pattern.
Our finding allows to envisage a way to tune both the mechanical features and
the chemistry as well, in the three dimensions of a material with a spatiotempo-

ral control. This aspect is particularly appealing since new properties can raise
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from the peptides self-assembled state. Indeed, catalytic or biological activi-
ties have been largely reported to emerge from supramolecular self-assemblies
[3, 37] and thus opens new avenues for applications in the fields of chemosensors
design, cell-related applications (3D cultures, cell adhesion), drug delivery and

tissue engineering.
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Figure 1: (a) Enzymatic hydrolysis of Fmoc-FFpY in Fmoc-FFY in presence of AP. (b)
Cross-sectional view and (c) top view of the AP-HPMC hydrogel observed by CLSM, 12h
after the drop deposition of Fmoc-FFpY solution. ThT was used to reveal the Fmoc-FFY
B-sheet assemblies through their green fluorescence emission. The red box in (c) corresponds
to the area analyzed by (d) nanoindentation (top) and fluorescence emission measurements

(bottom).

21



t = Omin PEPTIDE t = 60min PEPTIDE t = 180min
SOLUTION SOLUTION
<~ INTERFACE — ~— INTERFACE « INTERFACE
HOST
HYDROGEL HYDROGEL HYDROGEL
z GLASS GLASS GLASS
200 r m| ZW m| LAMELLA 00 pn LAMELLA 20'1 vm 2m7 um| LAMELLA 200 un | 100 pm|
APRHO APRHO
2000 t = 180min
w50 = === == =
- 1500 _
kol 5 T Eiso 3
g g £ 21000 g
s 3 B 750 B
B z z z
500
- 250t = = = o o - -
0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 06 0.8 10 0.0 02 04 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Fluorescence Intensity (a. u.) Fluorescence Intensity (a.u.) Fluorescence Intensity (a.u.) Fluorescence Intensity (a. u.)

Figure 2: (a) Evolution of both the APRHO distribution (red) and the Fmoc-FFY self-assembly
through ThT fluorescence emission (green) within an enzymatically active HPMC host hy-
drogel over time: t = 0 means before the deposition of the precursor peptide Fmoc-FFpY
solution on top of the host hydrogel; : ¢ =36 ,60 and 180 mean the time in min elapsed after
the Fmoc-FFpY solution deposition. (b) Cross-section profiles of the host hydrogel showing
the relative fluorescence intensity of APRHO and ThT at t = 0, 36, 60 and 180 min.
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Figure 3: (a) Schematics of the mechanism of Fmoc-FFY self-assembly maximum formation
within AP-HPMC hydrogel over time, going from ¢g to t4.(b) is showing the simulations of
relative concentration of AP (blue), precursor Fmoc-FFpY (orange), free hydrogelator Fmoc-
FFY (green) and self-assembled Fmoc-FFY (red) over time, corresponding to, t1, t2, t3 and

tq.
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Figure 4: (a) Cross-sectional and (b) surface view of the self-assembly profile where the high
concentration of Fmoc-FFpY (20 mg-mL~!) allows the formation of two maxima in the host

hydrogel.
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