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Introduction

Model to rationalize and predict the formation
of organic patterns originating from an
enzyme-assisted self-assembly Liesegang-like
process of peptides in a host hydrogely

£°°° Fatima Fneich,®" Timothée Boutfol,
*< and

Jean-Yves Runser,°°° Shahaji H. More,
Pierre Weiss, (29" Marc Schmutz, @2 ¢ Bernard Senger,?® Loic Jierry
Pierre Schaaf*@°°

Recently, we have investigated the enzyme-assisted self-assembly of precursor peptides diffusing in an
enzyme-containing host gel, leading to various self-assembly profiles within the gel. At high enzyme
concentrations, the reaction—diffusion self-assembly processes result in the formation of a continuous non-
monotonous peptide self-assembly profile. At low enzyme concentrations, they result in the formation of
individual self-assembled peptide microglobules and at intermediate enzyme concentrations both kinds of
self-assembled structures coexist. Herein, we develop a Liesegang-type model that considers four major
points: (i) the diffusion of the precursor peptides within the host gel, (i) the diffusion of the enzymes in the
gel, (i) the enzymatic transformation of the precursor peptides into the self-assembling ones and (iv) the
nucleation of these building blocks as the starting point of the self-assembly process. This process is treated
stochastically. Our model predicts most of the experimentally observed features and in particular (i) the
transition from a continuous to a microglobular pattern of self-assembled peptides through five types of
patterns by decreasing the enzyme concentration in the host hydrogel. (i) It also predicts that when the
precursor peptide concentration decreases, the enzyme concentration at which the continuous/
microglobules transition appears increases. (iii) Finally, it predicts that for peptides whose critical self-assembly
concentration in solution decreases, the peptide concentration at which the continuous-to-microglobular
transition decreases too. All these predictions are observed experimentally.

into contact with enzymes that transform the peptides into self-
assembling entities. When the concentration of these building

In 2004, Bing Xu introduced an approach commonly known as
enzyme-assisted self-assembly (EASA) which was mainly illu-
strated over the last two decades through the self-assembly
of short peptides or peptide-like sequences.’ It consists of a
biomimetic approach where peptide precursors are brought
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blocks exceeds a critical concentration (CC) characteristic of the
molecular structure of the precursor, the peptide self-assembly
starts leading to nanostructures. EASA processes taking place in
solution have received great attention and many of their
specific features were established, despite some fundamental
points still to address.> Of particular interest for the present
work, is the initiation of the peptide self-assembly by a nuclea-
tion mechanism requiring a concentration exceeding the CC of
the peptides as indicated above.>* Compared to other triggers
of peptide self-assembly, enzymes offer the possibility to spa-
tially control the self-assembly through their prior localization.
This localized EASA approach (called LEASA) was described for
the first time in 2009 by Ulijn and coworkers through the
covalent immobilization of enzymes onto a glass substrate,
resulting in the formation of self-assembled peptide nano-
structures growing exclusively in a bottom-up approach from
the substrate.* This 2D localization of the growth of peptide
self-assembly was used to design nanomaterials,” biomaterials
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coating,® magneto-sensitive materials,” catalytically active supported
hydrogels® as examples of applications.*® Since cells, organelles
or bacteria localize enzymes at interfaces in living systems, self-
assembly of peptides can thus be initiated at specific areas
resulting in impressive biomedical developments.*°

Reaction-diffusion processes to get patterned materials are
a powerful approach.'" However, spatiotemporal self-assembly
of organic building blocks in a 3D environment through reac-
tion-diffusion processes are still rare although emerging since
a few years. In a pioneer work published in 2017, the Eelkema
and van Esch groups have shown that two complemen-
tary precursor solutions diffusing one to the other through a
polymer hydrogel interact spontaneously, resulting in self-
assembled nanostructures and a patterning of the host polymer
hydrogel.” Various parameters can thus be used to finely tune
the self-assembled pattern features in a spatiotemporal way."?
These organic self-assembled nanostructures can also be locally
generated at the interface between two distinct hydrogel pieces
containing complementary precursors: in this case, the for-
mation of the self-assembling compounds at the interface leads
to nanofibril structures interpenetrating both hydrogel pieces
and playing thus the role of a glue between them."* Currently,
only a few contributions are dedicated to the behavior of self-
assembling species at gel-gel'” or at liquid-gel interfaces.*® It is
well known that protons are effective triggers of low-molecular-
weight hydrogelators self-assembly with both a spatial and
temporal resolution.”” Hermans and Besenius localized the
pH-triggered self-assembly of benzene-1,3,5-tricarboxamide on
the surface of poly(dimethylsiloxane) cubes soaked previously
in HCI to induce slow proton diffusion out of the material.'®
Recently, Smith and coworkers succeeded in designing dynamic
multi-domains of various self-assembled hydrogels: proton diffu-
sion from a reservoir located in a self-assembled gel directs
the self-assembly of a pH-responsive hydrogelator within this
self-assembled matrix'® or out of it.2° In addition, the control of
this proton diffusion allows to get patterned and shaped hydro-
gels. The nature of the proton source and the addition of agarose
impact the resulting 3D pattern in the host material.**

In 2019, we showed that the spatial control of the peptide
self-assembly process can also be performed in 3D using
EASA** by functionalizing the gels with free enzymes,” or
enzyme-grafted on silica nanoparticles, and then by letting
the precursor peptides diffuse within these enzyme-containing
host materials. One great difference between self-assembly
processes taking place in solution compared to those taking
place in gel is that the self-assembled structures are stuck in the
gel whereas this is only the case when a gelation point is
reached in solution. This strongly influences the outcome of
the reaction-diffusion self-assembly processes.

Previous experimental observations
and ongoing processes

In previous studies, we and others have investigated the tri-
peptide Fmoc-FFpY (Fmoc: fluoromethylmethoxycarbonyl,
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F: phenylalanine; Y: tyrosine; p: phosphate group)*>*° diffusing
into a silanized hydroxypropylmethylcellulose (Si-HPMC) host
gel that contains free alkaline phosphatase (AP) enzymes. In the
presence of AP, the precursor peptide Fmoc-FFpY transforms
into the hydrogelator peptide Fmoc-FFY that, above a critical
concentration, self-assembles into peptide aggregates. When
investigating carefully this precursor/hydrogelator system, we
found that it does not result in the formation of a monotonous
distribution of self-assembly but rather in a profile presenting
two or more self-assembly areas, spatially well defined.”” When
decreasing the enzyme concentration in the gel, the continuous
peptide self-assembly profile is gradually replaced by isolated
peptide self-assembled microglobules randomly distributed
over the gel.?® These features were explained by a mechanism
related to that involved in the inorganic patterning observed in
hydrogels and called Liesegang ring structures.”® As soon as a
precursor peptide solution is brought into contact with an
enzyme functionalized host gel, some enzymes diffuse out from
the host gel into the solution. These enzymes that have diffused
in the solution are transforming a part of the precursor pep-
tides into self-assembling species at the interface (Fig. 1, step a,
the blue line shows the self-assembling peptide concentration).
This is at the origin of the maximum of self-assembled peptides
observed at the gel/solution interface (Fig. 1, step b, green line).
However, precursor peptides from the solution do not all
transform into self-assembling species located at the interface.
Some of the precursors diffuse within the gel where they are
transformed by the enzymes still embedded in the gel. The self-
assembly of the hydrogelators requires locally a concentration
of about CC or more. As long as this concentration is insuffi-
cient within the host gel, these self-assembling species are
freely diffusing. Some of them diffuse towards the first self-
assembly maximum located at the gel/solution interface where
they are incorporated into the already formed self-assembled
peptide structure. This behavior creates a zone, in the gel,
around the gel/solution interface, which is depleted in self-
assembling species. Thus, in this zone, the concentration CC
can never be reached. Further from the interface (more in-
depth in the host hydrogel), the concentration of self-
assembling species increases due to its enzymatic production
from precursors. In this region, the critical concentration
CC can thus be reached and the self-assembly starts through
a nucleation and growth mechanism (Fig. 1, step c). This
phenomenon repeats deeper in the gel and results in a second
self-assembly maximum (Fig. 1, step d). This self-assembly area
grows and, similarly to the growth of the first maximum,
it induces a decrease of the concentration of self-assembling
species around it. When the initial concentration of precursor
peptides in the solution is high enough,’” some of these peptides
continue to diffuse even further into the gel and through a similar
process, a third self-assembly maximum can eventually be built
up deeper in the gel.

When a low enzyme concentration is initially present in
the host gel, some enzymes still diffuse into the solution.
As soon as the precursor peptide solution is deposited, the
contact of the Fmoc-FFpY peptide with this enzyme leads

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Schematic representation of typical Liesegang-like patterns observed from the diffusion of a precursor peptide within an enzyme-encapsulating
host gel.?”28 Two different pathways, steps (c)—(f), and steps (c/)=(f'), are shown according to the high or low enzyme concentration in the host gel,
respectively. The blue line corresponds to the self-assembling peptide concentration as a function of position from the top of the solution down to the
bottom of the gel. The green line corresponds to the self-assembled peptides concentration. The straight red line represents the CC of the self-
assembling peptide beyond which the self-assembly and then the patterning occurs.

again to a self-assembly maximum at the gel/solution interface
(Fig. 1, steps a, b). The difference with the case of a high
enzyme concentration distributed all over the volume of the
host gel is that the enzymatic transformation of precursor
peptides into self-assembling species is now slower (Fig. 1,
step ¢’). Although the self-assembly maximum at the gel/
solution interface acts again as a sink (or an “attractor’) for
the self-assembling species in its close vicinity, their concen-
tration presents again a maximum somewhere in the gel. But
now, the concentration at this maximum increases slowly with
time because of the lower concentration of enzymes. When it
approaches CC, density fluctuations initiate locally the self-
assembly process (Fig. 1, step d’). The slower the increase of
the hydrogelator concentration, the more likely a ‘“‘giant”
fluctuation has time to take place and to initiate locally the
self-assembly process (Fig. 1, step e’). This local self-assembly
then attracts the self-assembling species diffusing in its
surrounding environment, decreasing locally their concen-
tration and thus preventing further self-assembly around it.
When the rate of increase of the hydrogelator concentration is
small, there is enough time for a giant concentration fluctua-
tion to appear. This fluctuation generates one microglobule.
Peptides around this microglobule have time to diffuse
towards it and self-assemble onto it before new fluctuations
in its vicinity take place. This leads to a zone depleted in
hydrogelators (Fig. 1, step f’). In the case where the rate of
increase of the concentration of self-assembling peptides is
faster without being too fast, density fluctuations and small
self-assembled microglobules will appear simultaneously.
One then observes isolated microglobules in a continuous
self-assembled structure pattern.”® At high precursor concen-
trations, the increase of the hydrogelator concentration is so

This journal is © The Royal Society of Chemistry 2024

rapid that small fluctuations appear everywhere and initiate
the self-assembly, leading to the continuous self-assembly
pattern discussed above.

A schematic describing the different steps a to f/f’ (Fig. 1) of
the peptide (i.e. Fmoc-FFY) self-assembled pattern formation is
given in Fig. S1 of the ESL

Previously, we established a deterministic model based
on reaction-diffusion processes including many features of
the EASA process in host gels leading to continuous self-
assembly profiles using high enzyme concentration as men-
tioned above.?” Though, this model was unable to predict
the transition from the continuous to microglobular self-
assembled peptides area in the case of low enzyme concen-
tration embedded in the host gel. By extending the reaction-
diffusion model to take the stochastic nature of the self-
assembly initiation into account, we could explain the appear-
ance of microglobules in a homogeneous system in which the
concentration of self-assembling species grows uniformly in
space at a slow rate.”® For a high rate of self-assembling
species formation, the model predicts a continuous self-
assembly in space. But a single and general model that should
capture most of the experimental observations in the con-
tinuous self-assembly regime and predict the continuous-
microglobule transition had to be developed. This is done
in this paper. Experimental and simulated peptide self-
assembled patterns observed within the host hydrogel when
enzyme or precursor peptide concentration change are com-
pared and discussed. The robustness of the model is also
evaluated by changing the volume of the precursor peptide
solution deposited onto the enzyme-embedded host hydrogel
or the critical self-assembly concentration by changing the
nature of the peptide.
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Material and methods
Material

Alkaline phosphatase (AP) from bovine intestinal mucosa
(10 DEA units mg ™" protein, 160 kDa), para-nitrophenyl phos-
phate (PNPP), Hepes buffer and Thioflavine T (ThT) were
purchased from Sigma Aldrich. Sodium tetraborate anhydrous
(Borax) was supplied by Acros Organics. Fmoc-pY (99% purity,
natural chirality) was purchased from Iris Biotech. Fmoc-FFpY
and Fmoc-FFFpY (Fig. 2a) were synthesized according to
procedure described in ESL{ and their characterizations
were identical to that reported in a previous work (in case of
Fmoc-FFpY).*® AP*H© was prepared according to the literature
(RHO stands for rhodamine B).* HA (PrimaHyal®) M,
406000 g mol ', (polydispersity 1.574) was obtained from
Givaudan. Si-HPMC and Si-HA were prepared following the
described procedures.****

Finally, one can point out that we call these processes
“Liesegang-like” processes because they result from diffusion/
reaction processes involving a nucleation process that takes
place only when the CC of one of the compounds is attained.
However, there are also differences with the mechanism lead-
ing to “classical” Liesegang patterns. The EASA process relies
on the enzymatic transformation of its substrate but does not
involve the enzyme in the resulting product. In contrast in the
classical Liesegang process the two partners react and are
consumed.
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Fig. 2 (a) AP catalyzes the phosphate hydrolysis of the amphiphilic pre-

cursor peptides Fmoc-FFpY or Fmoc-FFFpY to their corresponding Fmoc-
FFY or Fmoc-FFFY self-assembled nanofibers, respectively. The blue color
highlights the hydrophilic part of the peptides. Typical TEM images of each
resulting nanostructures are given (white scale bars indicate 100 nm).
(b) 3D (left) and sectional drawing (right) of the Teflon mold containing the
AP-HPMC host gel (cyan colour) and the peptide solution (green colour)
deposited on its top.
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Methods

Preparation of 1.5% w/v AP-HPMC and diffusion of Fmoc-
FFpY or Fmoc-FFFpY within the host hydrogel. Silanized hydro-
xypropylmethylcellulose (Si-HPMC) was prepared according
to reported methods.”> HPMC hydrogels were obtained after
mixing 100 pL of a Si-HPMC solution at 3% w/v in NaOH 0.1 M
and pH 12.9 with 100 pL of HEPES buffer at pH 3.6 under
mechanical stirring. The gelation occurred at room tempera-
ture. The encapsulation of AP or rhodamine-labeled AP (AP*"°)
in these gels is done by dissolving AP or AP*'® in the HEPES
buffer before mixing it with Si-HPMC solution at 3% w/v. For
the Fmoc-FFpY diffusion tests, after 48 h gelation, 50 pL of
Fmoc-FFpY solution (at the desired concentration in borax
buffer 25 mM, pH 9.5) was added on top. These 50 pL diffused
into the host hydrogel for 24 h before further investigations.

Preparation of 3% w/v Si-HA and diffusion of Fmoc-FFpY
within the host hydrogel. Silanized hyaluronic acid (Si-HA) was
prepared according to reported methods.*® Briefly, HA hydro-
gels were obtained after mixing 160 pL of a Si-HA solution at
3.75% w/v in NaOH 0.1 M and pH 12.9 with 40 pL of HEPES
buffer at pH 2.1 under mechanical stirring. The gelation
occurred at room temperature and led to a hydrogel at
3% wi/v of final Si-HA concentration, having 15-76 nm of mesh
size. The encapsulation of AP in these gels is done by dissolving
AP in the HEPES buffer before mixing it with the Si-HA solution
at 3.75% w/v. For the Fmoc-FFpY diffusion tests, after 48 h
gelation, 50 pL of Fmoc-FFpY solution (at 2 mg mL ™" in borax
buffer 25 mM, pH 9.5) was added on top. These 50 L diffused
into the host hydrogel for 24 h before further investigations
(revelation of self-assembly by CLSM in particular, was ensured
by addition of a solution of ThT (0.1 mg mL ™" in borax buffer)
on top of the hydrogel 2 h before imaging).

Monitoring by confocal laser scanning microscopy (CLSM).
Host hydrogels were prepared in 10-mm diameter Teflon molds
(Fig. 2b) by mixing 100 pL of Si-HPMC solution at 3% w/v in
NaOH (0.1 M, pH 12.9) with 100 pL of HEPES ((4-(2-hydroxy-
ethyl)-1-piperazineethanesulfonic acid)) buffer at pH 3.6
through mechanical stirring. The gelation process takes place
for 48 h. The encapsulation of AP (AP or a mixture of AP and
APRM© called AP/AP®Y) in these host hydrogels was ensured by
dissolving AP in HEPES buffer. The reticulation process took
place over 48 h and resulted in a host hydrogel containing AP
(AP-HPMC or AP®MO-HPMC) ready for further experiments.
At this point 50 uL of Fmoc-FFpY (at the desired concentration)
were added on top of the host hydrogel. This solution of
peptide stayed in contact with the host hydrogel for 24 h at
room temperature, and the interface with the hydrogel never
dried. The revelation of self-assembly by confocal imaging was
ensured by addition of a solution of ThT (0.1 mg mL ™" in borax
buffer) on top of the hydrogel 2 h before imaging.?® In the case
of kinetic experiments, ThT was also dissolved in HEPES buffer
prior to the construction of the host hydrogel. Confocal laser
scanning microscopy (CLSM) images were captured with a Zeiss
LSM 710 microscope using a EC Plan-Neofluar 10x/0.3 objec-
tive. The fluorescence of rhodamine B was measured with an
excitation wavelength of 561 nm and emission wavelength

This journal is © The Royal Society of Chemistry 2024
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between 565 and 700 nm. The fluorescence of Thioflavine T was
measured with excitation by an argon laser with a cut-off
dichroic mirror at 458 nm and an emission band-pass filter
between 460 and 550 nm.

Transmission electron microscopy (TEM). First, supramole-
cular hydrogels based on self-assembled Fmoc-FFY and Fmoc-
FFFY nanofibers were prepared as follows: 50 pL solution of AP
at 3 mg mL ™" in borax buffer (25 mM, pH 9.5 from sodium
tetraborate anhydrous in ultrapure water), 50 pL solution of
Fmoc-FFpY or Fmoc-FFEpY at 15 mg mL ™' in borax buffer and
finally 50 pL of borax buffer solution were mixed together and
then vortexed for 5 s. Then, samples were kept without stirring
at room temperature. Once hydrogels are observed, they are
vortexed to get a solution, diluted with borax buffer up to
500 times. 20 pL of the diluted solution was dropped off on a
shelf and observed using a TEM Technai G2 microscope after
negative staining. To make the observations, 5 pL of each
solution (i.e. Fmoc-FFY or Fmoc-FFFY) were deposited onto a
freshly glow discharged carbon-covered grid (400 mesh). The
solution was left for 1 min and the grid was negatively stained
with 5 pL of uranyl acetate (2% in water) for another minute
and finally dried using a filter paper. The grids were observed at
200 kv with a Tecnai G2 (FEI) microscope. Images were
acquired with a camera Eagle 2k (FEI) ssCCD camera.

Determination of the critical concentration (CC) of self-
assembly. To determine the CC for the self-assembly of Fmoc-
FFY and Fmoc-FFFY generated in situ in presence of AP from
their corresponding phosphorylated precursors Fmoc-FFpY and
Fmoc-FFFpY, respectively, a fluorescence monitoring was done
over time using an automated multiplate reader (FLX-Xenius,
SAFAS, Monaco). First, we prepared two concentration series of
both precursor peptides Fmoc-FFpY and Fmoc-FFFpY ranging
respectively from 1 mg mL ™" (1.3 mM) to 1.95 x 10> mg mL ™"
(2.5 x 107 mM) and from 1.2 mg mL™" (1.3 mM) to 2.34 x
10~* mg mL~" (2.5 x 10~* mM) (in 25 mM borax buffer, pH 9.5).
Then, we put 100 pL of each of these peptide solutions in a
96-well plate as well as 100 pL of a solution containing ThT at
0.01 mg mL ™' and AP at 0.5 mg mL ™" (in 25 mM borax buffer,
pH 9.5). Thus, we had in each well final ThT and AP concentra-
tions of 0.005 mg mL ™" and 0.25 mg mL™", respectively. The
final range of peptide concentrations was also divided by two
ranging from 6.5 x 10~ mM down to 6.5 x 10~* mM. Since
ThT becomes fluorescent in presence of B-sheet self-assembled
peptide structures,® it allowed us to determine the minimum
CC required for each dephosphorylated peptide, i.e. Fmoc-FFY
and Fmoc-FFFY, to self-assemble. Results are provided in
Fig. S2 in ESL{

Simulations. Simulations were performed using a home-
made computer code written in python. The script of the
program is given in ESI{ (Part 6). In this program, equations
described in the section “Mathematical model” are solved
using the finite element method.

Mathematical model. The model that we have developed
belongs to the family of “pre-nucleation” models.>* It relies on
reaction/diffusion reactions. The different processes going on
and their relationship with the model presented here below are

This journal is © The Royal Society of Chemistry 2024
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schematically represented in Fig. S1 of ESI.{ These were first
solved in a pure “deterministic” way by neglecting both fluc-
tuations and the stochastic nature of the chemical reactions
and nucleation process. However, since the mid 1990th it was
recognized that fluctuations in the diffusion processes and
stochasticity of the reactions have to be introduced to account
for all the observations. The first to introduce fluctuations into
their mathematical description were Chopard et al. who devel-
oped a cellular automata model.>*® Later, Antal et al. used a
kinetic Ising model to include noise through a probabilistic
description of the transition between discrete states of the
system.?” Lagzi introduced fluctuations into the diffusion term
and Grzybowski, Epstein and others accounted for the stochas-
ticity by including stochastic functions in the term corres-
ponding to the chemical reactions producing the precipitating
species.’®™*? By varying a parameter from 0 to 1 they could
tune the degree of stochasticity from purely deterministic to
purely probabilistic. We have chosen to introduce stochasti-
city through the term describing the nucleation process. This
allows to describe the transition from a continuous self-
assembly profile to an assembly of globules randomly distrib-
uted in the host gel.

The experiments are performed as follows: a host gel func-
tionalized with enzymes (i.e. AP-HPMC) is brought in contact
with a solution containing the peptide precursor (i.e. Fmoc-
FFpY) solution. In the following, the self-assembling peptides
are called hydrogelator peptides (i.e. Fmoc-FFY) as mentioned
before. We will note O, the axis perpendicular to the gel/
solution interface. The solution corresponds to x between
0 and x;, and the gel to x between x; and x;. We will denote
the concentration of precursor peptides cpp. The enzymes,
i.e. AP, are free to diffuse in the gel. We will denote the
concentration of free diffusing enzymes by cg. The initial
condition on the precursor peptides is that cpp(x, ¢ = 0) = cppo
for 0 < x < x; and cpp(x, t = 0) = 0 for x > x;. The initial enzyme
profile is defined by

ce(x,1=0) = cgo (1 — exp (—M)) (1)

X1

for 0 < x < x¢ and cg(x, t = 0) = 0 otherwise, with x, < x; and
x; > 0. This profile is somewhat arbitrary but should reflect the
experimental observations that when the precursor peptide
solution is brought in contact with the host hydrogel, some
enzymes are almost instantaneously present (at the time scale
of our observation) in the solution creating a depletion of
enzymes in the gel near the gel/solution interface (this corre-
sponds to x, < x;). The profile resembles a diffusion profile,
but the enzyme concentration nowhere reaches zero in the gel
(Fig. S3 in ESIt). Once the gel is brought in contact with the
precursor peptide solution, a set of diffusion-reaction pro-
cesses take place in the system which can be translated
mathematically into eqn (2)-(6):

anp

o = —kg(ce + cer) - cpp + DppAcpp (2
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Ocpu

- DpyAcpy + kg(ce + cer) - cpp
! 3)

— k- cp - 1(cpH) — Kas - CPH - CPA + Kad - CPA

oc
% = ka - CPH * I’(CPH) + kas * CPH * CPA — kad * CPA (4)
Ooc
8—;3 = DEACE — kca - CPA * CE + kcd * CEF (5)
Oc
a]iF = Kea - CPA * CE — Ked * CEF (6)

eqn (2) is relative to the diffusion of the precursor peptides
whose concentration is denoted by cpp and their disappear-
ance due to their enzymatic transformation into hydrogelator
peptides (Fig. 2a; concentration of hydrogelator: cpy). Dpp
represents the diffusion coefficient of the precursor peptides
and A represents the Laplace operator. kg represents the enzy-
matic activity constant. Experimentally it is observed that
enzymes diffuse in the gel. Such enzymes are called free
enzymes (cg). But enzymes also adsorb onto peptide self-
assemblies. These enzymes are assumed to be fix (cgg) as are
the Fmoc-FFY self-assemblies. Both free and bound enzymes
are assumed to have the same activity. Eqn (3) describes the
evolution of the concentration of hydrogelator peptides whose
diffusion coefficient is denoted by Dpy. Besides the diffusion
and enzymatic formation, when the concentration of hydro-
gelators exceeds the critical concentration CC, they form self-
assembled aggregates by a nucleation process. k, corresponds
to the constant of nucleation and r{cpy) is a stochastic function
characterizing the nucleation process. The stochasticity of this
function takes into account both the stochastic nature of the
nucleation process and hydrogelator peptide concentration
fluctuations. r{cpy) must be a function that is close to zero for
cpu < CC and that increases extremely rapidly when cpy
exceeds CC. The concentration of hydrogelators that are in an
aggregated form (in self-assemblies) is denoted by cps. Kas
represents the aggregation constant (addition of a peptide onto
an aggregate) and k.q is the disaggregation constant (removal of
a peptide from an aggregate). Eqn (4) corresponds to the
evolution of the peptide concentrations in self-assembled
aggregates. Because it is assumed that self-assembled aggre-
gates are fix in the host-gel, this equation does not contain a
diffusion term. Eqn (5) represents the evolution of the concen-
tration of free enzymes. Dg represents their diffusion coeffi-
cient, k., their adsorption constant onto the self-assembled
aggregates and k.q the desorption constant of adsorbed
enzymes on self-assemblies. The concentration of enzymes that
are adsorbed in the self-assembled aggregates is denoted as cgr
and its evolution is given by eqn (6). Because these adsorbed
enzymes are assumed not to diffuse there is no diffusion term
in eqn (6).

These equations were solved by a finite element method
both in space and time (Euler method). Moreover, to save
computer time, we restrained our simulations to two dimen-
sions. Compared to three dimensions, it does not change the
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physics of the problem in contrary to a one dimension problem
which could impact the resulting solutions. Indeed, in 1D every
point on the line divides space in two distinct domains which
is not the case in 2 or 3D. The details of the resolution of
eqn (2)-(6) are given in ESIt (Part 3). This model incorporates a
stochastic function r(cpy) which allows a transition from a
continuous profile to isolated microglobules when decreasing
the enzyme concentration in the host gel. The results presented
here were obtained by using the following rules defining r{cpy)-
Over the course of one iteration, i.e. one-time step 6¢, a number
u is randomly drawn from a uniform distribution on the
interval [0, 1]. Then, we calculate the number:

ot cpu — CC
= = > 7
z=- eXp< P ) 7)

where P; sets the sensitivity of z to cpy and 7 represents the time
unity. If u < z then r(cpy) = 1 otherwise r{cpy) = 0. Thereby, the
greater P;, the greater the likelihood of nucleation at low
concentration of hydrogelators compared to CC. This function
takes into account both the effect of cpy fluctuations on the
nucleation process and the stochastic nature of the nucleation
process itself. The exponential function is aimed at restituting
the very strong increase of the nucleation rate as soon as CC is
exceeded. However, the precise mathematical expression of z in
relation (7) is not of great importance to qualitatively account
for the observed trends as long as it is a function that is close to
zero for ¢py < CC and that increases sharply when cpy; > CC.
More details and results can be found in ESI{ (Fig. S6) con-
cerning this point.

Comparison between experimental peptide self-assembled
patterns and model predictions. This part is based on the
comparison of new experimental studies, or previously pub-
lished ones,””*® with the general model described above.
Hydroxypropylmethylcellulose (HPMC) hydrogel embedding
AP, called AP-HPMC, was prepared as described above in the
Material and methods section. First, the AP-HPMC host hydro-
gel was brought into contact with a solution of precursor
tripeptides Fmoc-FFpY. In solution, in contact with AP, these
amphiphilic phosphorylated tripeptides are enzymatically
hydrolyzed leading to self-assembled Fmoc-FFY nanofibers
(~5 nm diameter and several hundred micrometers long), as
observed by TEM (Fig. 2a and magnification in Fig. S4 in
ESIT).>>?® The self-assembly of Fmoc-FFY within the host gel
was visualized by bringing it in contact with Thioflavine T (ThT)
which, when excited at 458 nm, fluoresces in the green spectral
window observed by CLSM.*® The experimental setup that was
used is schematically shown in Fig. 2b.

The predictions of the model are sensitive to its parameters
as already mentioned by Chopard et al. in their modeling of
Liesegang patterns of inorganic systems: ‘“Liesegang patterns are
only obtained for a narrow range of parameters and a tedious
tuning is necessary to produce them”.*> The present model is
based on a former one that was fully deterministic but already
accounted for the non-monotonous self-assembly profile and
many parameters entering in the present model were already
present in the first one.>” We thus used these parameters as
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starting values for our simulations (Parts 4 and 5, ESI{). Our
chemical system is composed of two distinct media: the
solution and the gel. One can expect that the diffusion coeffi-
cients of the different species, the reaction constants (ka, kas,
Kkad, kg, kea, keq), the critical aggregation concentration CC and
the parameter P; are different in each medium. Experimentally
it is observed that, as soon as the gel is brought in contact with
the peptide solution, self-assembly starts in the solution at the
gel/solution interface. This can be due to a high pulse of
enzyme concentration into the solution during contact, to a
smaller critical aggregation concentration in the solution than
in the gel and/or to a higher enzymatic activity in the solution
than in the gel. By exploring the effect of varying multiple
parameters on the simulated self-assembly profile it appears
that it is crucial that the CC be significantly smaller in the
solution than in the gel (Fig. S6 in ESIt). We have thus set CC in
the solution to zero. Moreover, this effect can be enhanced by
assuming that the enzymatic constant kg is larger in the
solution than in the gel. We have assumed that kg is 5 times
larger in the solution than in the gel. All other parameters are
set equal in the solution and in the gel, in particular the
different diffusion coefficients.

For a given precursor peptide concentration and by varying
the enzyme concentration over four decades, our model is able
to reproduce the main features of the experimental observa-
tions: indeed, at high enzyme concentration (JAP] =1 mg mL ")
the self-assembly profile decreases monotonically from the gel/
solution interface towards the interior of the host gel (Fig. 3a).
We call this a profile of Type I. By decreasing the initial enzyme
concentration in the host gel ([AP] = 0.3 mg mL™") and still
keeping the Fmoc-FFpY concentration at 1.2 mg mL ', a
secondary self-assembly maximum appears close to the inter-
face inside the AP-HPMC host gel (Fig. 3b, Type II profile).
As we continue to decrease the enzyme concentration further
([AP] = 0.1-0.02 mg mL ") this secondary maximum migrates
from the interface into the AP-HPMC host gel (Fig. 3¢, Type III-i
profile). As we continue to decrease the enzyme concentration,
a minimum of self-assembly corresponding to the depletion
zone enlarges and becomes very low. Self-assembled Fmoc-FFY
peptide microglobules usually appear within the continuous
self-assembly profile in the host gel (Fig. 3d, Type III-ii profile).
Finally, when the enzyme concentration becomes very low ([AP] =
0.0025 mg mL~") only microglobules remain visible in the host
gel (Fig. 3e, Type IV).

The observation can be summarized as follows: at high
enzyme concentrations nucleation is fast and so results in
many nuclei in the zone where CC is reached. Thus, the system
on a large scale appears homogeneous over this zone. At low
enzyme concentrations, nucleation is slow, only few sites
develop, and due to stochasticity, they are randomly distributed
in space.

Thus, to sum-up, this evolution of the self-assembly profile
is observed experimentally and predicted by the model (Fig. 3a-e).
The model also predicts that, in the microglobule regime, there
exists a zone in the hydrogel after the interface that is devoid
of microglobules. This corresponds to the depletion zone in the
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Fig. 3 (left) Experimental CLSM monitoring of the Fmoc-FFY self-
assembled pattern revealed by ThT (green emission) within the AP-
HPMC gel and its corresponding measured cross-section profiles of the
fluorescence emission intensity of ThT (middle). The precursor peptide
Fmoc-FFpY concentration is kept at 1.2 mg mL™" and the AP concentration
in the host hydrogel is decreased from (a) 1 mg mL™%, to (b) 0.3 mg mL™%,
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to (c) 0.1 mg mL™? to (d) 0.02 mg mL™ and to (e) 0.0025 mg mL™™. The
modeled self-assembled pattern (called "Model”) based on our described
model is given on the right side of the corresponding experimental Type |,
I, 11-i. 1lI-ii and IV pictures. All the parameters used in the simulations are
provided in ESI,{ Part 3, Table S1.

continuous self-assembly regime. This too is observed experimen-
tally. One also observes that, in the microglobule regime (Fig. 3e,
Type IV), at an enzyme concentration close to the continuous/
microglobule transition, there are many microglogules. As one
decreases the enzyme concentration (always at fixed Fmoc-FEpY
concentration of 1.2 mg mL "), the number of microglobules per
picture decreases but their size increases. As the enzyme concen-
tration becomes even smaller than 0.0025 mg mL ™', one gets
images with very few, sometimes only one or even no microglo-
bule left. This is in accordance with the predictions of our model
as well (Fig. S5, ESIt).

In the Type II or III profile regime (Fig. 3b and c), by keeping
the enzyme concentration fixed ([AP] = 0.3 mg mL ') and
decreasing the Fmoc-FFpY concentration from 5, 2.5, 1.25 down
to 0.6 mg mL ™', one gets the experimental results shown in
Fig. 4a: the location of the second self-assembly maximum is
quite identical highlighting its independence from the peptide
concentration. The depletion zone between the two maxima
remains unchanged. Only the depth over which the second
maximum of self-assembled peptides extends is greater when
cpp is higher. These results are well reproduced by our model
at low peptide concentrations (Fig. 4b). But, at low peptide
concentrations, one is very sensitive to what happens in the

a. - Fmoc-FFpY(5) b.
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Fmoc-FFpY[1_25) o
—— Fmoc-FFpY(0_6]
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Fig. 4 (a) Experimentally recorded cross-section profiles measured
within the AP-HPMC host gel showing the spatial location of Fmoc-FFY
peptide self-assembly pattern thanks to the ThT fluorescence intensity
emission observed by CLSM. The concentration of the precursor peptide
Fmoc-FFpY is varied from 5 (blue curve), 2.5 (orange curve), 1.25 (green
curve) down to 0.6 (red curve) mg mL™ when the concentration of AP
embedded in the AP-HPMC host gel is kept constant at 1 mg mL™
(b) Simulated patterns obtained in the same conditions using equivalent
relative Fmoc-FFpY and AP (all the parameters used in the simulations are
provided in ESI,i Part 3, Table S1).
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Table 1 Enzyme concentration in the AP-HPMC host gel at which the
continuous/microglobule transition is experimentally observed for differ-
ent peptide concentrations.® It must be noted that all experiments were
performed with the same batches of peptides and enzymes

[Fmoc-FFpY] (mg mL™") 5 2 1
[AP] (ug mL ™) <1.2 1.2 5

solution and at the gel-solution interface. Actually, what hap-
pens in the solution is not intended to be well reproduced by
our model because of eventual convection phenomena occur-
ring at the solution/air interface and that are herein not taken
into account. Previous experimental results have shown that by
decreasing the Fmoc-FFpY concentration, one increases the
enzyme concentration at which the continuous/microglobule
transition takes place (Table 1). This trend is also well antici-
pated by our model.”®

We have also investigated the influence of the CC of the
peptide hydrogelator on the resulting experimental self-
assembled pattern, and its comparison with the simulated
pattern. The CC is a unique feature specific to the chemical
structure of the self-assembling entity considered. Thus, we
have designed a new precursor peptide, close to Fmoc-FFpY, by
adding a phenylalanine residue on the N-term part resulting in
the Fmoc-FFFpY precursor peptide (Fig. 2a). This compound is
still soluble in water and sensitive to the hydrolytic action of AP
leading to Fmoc-FFFY self-assembled nanofibers (8 nm dia-
meter) as observed by TEM (Fig. 2a and Fig. S4, ESIt). Because
of the more important hydrophobic part of Fmoc-FFFY com-
pared to Fmoc-FFY, its CC is roughly ten times lower, i.e. 2.5 pM
for Fmoc-FFFY and 20 pM for Fmoc-FFY (Fig. S2, ESIf). For a
Fmoc-FFFpY solution at 1 mg mL ™" diffusing through the AP-
HPMC host gel containing 0.012 mg mL ™" of AP, one observes a
self-assembled Fmoc-FFFY pattern of Type II (Fig. 5a). Type II is
characterized by a very narrow depletion zone and thus two self-
assembled peptide areas very close one to each other. A pattern
profile of Type III can be observed for a Fmoc-FFFpY solution
using less than 0.012 mg mL ™" of AP. Indeed, by decreasing the
enzyme concentration in the AP-HPMC host gel from 0.1, 0.05,
0.025, 0.012 down to 0.0012 mg mL ™!, we observed a slight, but
significant, shift of the second maximum in-depth in the
material, becoming less intense and finally resulting in the
appearance of microglobules (spikes present in the graph)
corresponding to a transition from the Type III-i to the Type
III-i profile, as simulated (Fig. 5b). For comparison, the same
continuous/microglobule transition takes place at an AP
concentration above 0.005 mg mL ™' for Fmoc-FFpY solution
(1 mg mL™"). These results indicate that when decreasing the
CC, the self-assembly profile sequence (profile Type I to profile
Type 1IV) is shifted towards lower enzyme concentrations. This
experimental observation is thus also predicted by our model.

All the experiments reported so far were performed by
adding a given volume of solution on top of the host gel of
constant volume. In order both to verify the influence of
the volume of solution and to evaluate the robustness of our
model, by keeping all the other parameters constant, we have

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (a) Experimentally recorded cross-section profiles measured within
the AP-HPMC host gel showing the spatial location of Fmoc-FFFY peptide
self-assembly pattern thanks to the ThT fluorescence intensity emission
observed by CLSM. The concentration of the precursor peptide Fmoc-
FFFpY solution is kept at 1 mg mL~%in each case, but the AP concentration
embedded in the host hydrogelis varied from 0.1, 0.05, 0.025, 0.012 down
to 0.0012 mg mL~%. (b) Simulated patterns obtained in the same conditions
using relative Fmoc-FFFpY and AP concentrations (all the parameters used
in the simulations are provided in ESI, Part 3, Table S1).

performed experiments by adding a volume of solution that is
twice that previously added in this study. Fig. 6a shows that this
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Fig. 6 (a) Experimentally recorded cross-section profiles measured
within the AP-HPMC host gel showing the spatial location of Fmoc-FFFY
peptide self-assembly pattern thanks to the ThT fluorescence intensity
emission observed by CLSM. The concentration of the precursor peptide
Fmoc-FFFpY solution is kept at 1 mg mL~t in each case, but the volume
solution is changed from 50, 100 up to 200 pL. The AP concentration
embedded in the AP-HPMC host gel is 0.1 mg mL™. (b) Simulated patterns
obtained in the same conditions using relative Fmoc-FFpY volume solu-
tions (all the parameters used in the simulations are provided in ESI,{ Part 3,
Table S1).
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does not change the extension of the depletion zone and the
location of the self-assembly maximum in the gel with respect
to the interface, as simulated (Fig. 6b).

Finally, we have also changed the chemical nature of the
host gel in order to verify that the observed self-assembly
profiles are not host-gel dependent. We replaced the cellulose-
based host gel (HPMC) by a hyaluronic acid (HA) based gel in
which HA was covalently reticulated in the same way as the HPMC
gel (see Material and methods section above). The same enzyme/
peptide was used and the AP enzymes were incorporated in the
HA in a similar way than in HPMC. We performed experiments at
high and low enzyme concentrations and recovered a continuous
self-assembly profile with two maxima and a depletion zone at
high enzyme concentration and self-assembly globules at low
enzyme concentration (see Part 5 in ESLt for more details).
This proves the independence of the observed features from the
host gel.

Influence of the different parameters of the model on the
peptide self-assembly profile. The model that we have devel-
oped relies on different parameters. Some of them were intro-
duced to directly account for experimental observation. This is
the case of the enzyme adsorption constant k., and of the
dephosphorylated peptide Fmoc-FFY ‘“desorption” constant
kaa. It is also the case of the initial enzyme distribution profile.
The self-assembly profiles shown above were obtained by a
tedious trying and error procedure and can certainly be opti-
mized. Yet, due to the large number of parameters and to the
time required to generate a self-assembly profile, it seems
impossible with conventional computer facilities to use an
optimization procedure to determine optimized parameters.
We now want to shortly discuss the influence of some of these
parameters on the resulting self-assembly profiles.

The model proposed in the present work contains several
parameters. The question arises as to whether their number
could be reduced while retaining the capability to capture the
most striking of the experimental observations namely the non-
monotonous self-assembly profile at high enzyme concen-
tration and the transition from a continuous to a globule
profile when the enzyme concentration is lowered? The profiles
shown above were all obtained by assuming that the critical
aggregation concentration (CC) is 0 in the solution and the
enzyme activity is 5 times higher in the solution than in the gel.
The constants k,q and k., were different from zero (see Part 4,
Table S1 in ESI, for the values of all these constants). From the
large numbers of trials performed in order to get a reasonable
set of parameters accounting qualitatively for the observed
features, it comes out that it is necessary that the CC be smaller
in the solution than in the gel. We have thus performed
simulations where CC remains equal to zero in the solution
but we put k.q = 0 and k., = 0 (no ‘“desorption” of peptides from
the self-assembled structure and no adsorption of enzymes on
the self-assembled structure). It appears that most of the
observed features are reproduced qualitatively (Fig. S6A, ESIT).
For low enzymes concentrations corresponding to profile
of Type III-i, it appears that the depletion zone is enlarged
when k., = 0.
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We have then repeated the simulations by setting the
enzyme activity equal in the solution and in the gel but we
kept CC = 0 in the solution (Fig. S6B, ESIT) (rx = 1). Here too,
one observes self-assembly profiles that are very close one from
each other over the entire enzyme concentration range when
the enzymatic activity is the same in the solution and in the gel
compared to the case where it is 5 times higher in the solution
than in the gel. One can nevertheless remark that the profiles are
slightly more “peaked” at the secondary maximum when kg is the
same in the solution and in the gel and thus reproduces slightly
less accurately the shape of the observed experimental profile.
However, because our model is not intended to reproduce the
exact shape of the self-assembly profiles but rather the main
observed features, one can conclude that the same enzymatic
reaction constant can be adopted in the solution and in the gel.

We have also increased the CC in the solution from zero up
to its value in the gel for a given value of the enzyme concen-
tration corresponding to a Type III profile. This was done by
taking the same enzymatic activity in the solution and in the
gel. It comes out that increasing the CC in the solution, all
other parameters remaining fix, decreases the extension of the
depletion zone which disappears when CC in solution becomes
very close to its value in the gel (Fig. S6C, ESIt). Remarkably the
self-assembly profile is not greatly affected after the depletion
zone in the gel.

Next, we have chosen the same value of CC in the solution
and in the gel and increased the enzyme activity in the solution
compared to that in the gel. No depletion zone is observed at
the gel/solution interface (Fig. S6D, ESIt). This shows that a
smaller value of CC in the solution than in the gel is necessary
to account for the depletion zone observed in the experimental
self-assembly profiles.

The nucleation process is characterized by a rapid increase
of the nucleation rate when the precursor concentration
exceeds a critical value. Even if nucleation theories predict
quite accurately the critical degree of supersaturation (here
CC) at which nucleation starts, they are usually far from
predicting accurately the nucleation rate. We thus assumed
that the exact mathematical form of the random function r(cpy)
is not crucial to predict qualitatively most of the observed self-
assembly features as long as its value increases rapidly when
the precursor concentration cpy approaches, then exceeds CC.
The random function 7{cpy), using eqn (7), was chosen because
its variation around CC can easily be tuned by the factor P;. The
effect of this parameter was investigated (Fig. S6E, ESIT).
Keeping all other parameters fix and decreasing P; makes the
self-assembly profile evolving from a Type III-i profile (for the
used parameters) to a profile of Type III-ii and finally a profile
presenting multiple self-assembly areas. It is interesting to note
the “unphysical” shape of these zones with a maximum at both
extremities. This feature is observed in fully deterministic
models developed to describe Liesegang patterns and shows
the importance of incorporating stochasticity in the Liesegang

models to account in correct way for the experimental results.**

. Ot/cpH\" . .
We also tested the random function —(—Cpé) . This function
T

is used in the non-classical nucleation theory to describe the
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nucleation of amyloid fibrils.** We have chosen n = 8 and n = 4.
Here we cannot set CC equal to 0 in the solution. We have thus
set it to 0.1 times its value in the gel. Two series of simulations
were run with n = 8: one with the same enzymatic activity in the
solution and in the gel (Fig. S6F, ESI{) and another series where
the enzymatic activity was 5 times higher in the solution than
in the gel (Fig. S6G, ESIt). With n = 4 simulations were run only
with an enzymatic activity 5 times higher in the solution than in
the gel. As shown in ESIT (Fig. S6F and G), with this random
function we also capture qualitatively the observed evolution of
the self-assembly profile as a function of the enzyme concen-
tration both with n = 8 and n = 4.

Conclusion

In summary, we have developed a robust model that predicts
the features of a chemical system composed of precursor
peptides diffusing within a host gel containing enzymes that
transform the precursors into hydrogelators. These hydrogela-
tors self-assemble when they reach a concentration close to the
critical concentration to form self-assemblies that are not able
to diffuse. This mechanism leads to self-assembled structures
ranging from continuous profiles to individual microglobules
that are predicted by the model. Our model relies on para-
meters related to diffusion coefficients, reaction constants,
initial concentrations of precursor peptide and enzyme. It takes
the stochastic nature of the nucleation process into account
which is essential to describe the continuous-to-microglobule
transition. Our model, and in particular the way how stochas-
ticity is introduced, can be extended to all systems where
reaction/diffusion/nucleation processes take place. In the
future, it would be of great interest to develop chemical systems
where most of the parameters entering the model could be
determined experimentally. Knowing the value of the para-
meters would allow to refine the random function to predict
more quantitatively the exact shape of the self-assembly profile.
Refining the random function would also give new information
on the initial steps of the nucleation process, a question still
under debate.
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