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ABSTRACT

Spatial localization of biocatalysts, such as enzymes, has recently proven to be an effective process
to direct supramolecular self-assemblies in a spatiotemporal way. In this work, silica nanoparticles
functionalized covalently by alkaline phosphatase (NPs@AP) induce the localized growth of self-
assembled peptide nanofibers from NPs by dephosphorylation of Fmoc-FFpY peptides (Fmoc:
Fluorenylmethyloxycarbonyl; F: phenylalanine; Y: tyrosine; p: phosphate group). The fibrillary
nanoarchitecture around NPs@AP underpins a homogeneous hydrogel which unexpectedly
undergoes a macroscopic shape change over time. This macroscopic change is due to a phase
separation leading to a dense phase (in NPs and nanofibers) in the center of the vial and surrounded
by a dilute one which still contains NPs and peptides self-assemblies. We thus hypothesize that
the phase separation is not a syneresis process. Such a change is only observed when the enzymes
are localized on the NPs. The dense phase contracts with time until reaching a constant volume
after several days. For a given phosphorylated peptide concentration, the dense phase contracts
faster when NPs@AP concentration is increased. For a given NPs@AP concentration, it condenses
faster when the peptide concentration increases. We hypothesize that the appearance of a dense
phase is not only due to attractive interactions between NPs@AP but also to the strong interaction

of self-assembled peptide nanofibers with the enzymes, covalently fixed on the NPs.



Introduction

In a highly simplified vision, living organisms can be considered as assemblies of multi-stimuli
responsive systems able to adapt to surrounding environmental changes. Stimulated by the
ambition to create artificial living matter,'® the research community has focused its investigations
toward the design of materials sensitive to external stimuli.” Mainly through bioinspired strategies,
this engagement has given rise to the so-called class of smart materials. Currently one main
challenge is to control this responsiveness in space and over time.'!> Along this route, spatial
localization of (bio)catalysts has recently proven to be an effective process to direct
supramolecular self-assemblies in a spatiotemporal way.!®?° Localization of (bio)catalysts in
space allows inducing the chemical switch from non-self-assembling entities into self-assembling
ones, leading to a spontaneous self-assembly process occurring exclusively and specifically near
the (bio)catalyst localization. Ulijn and co-workers have first shown that the immobilization of
thermolysin on a glass substrate followed by the contact with a mixture of Fmoc-L and LL
dipeptide (L=Leucine) allows the self-assembly nucleation of Fmoc-L, spatially controlled from
the enzymatically-active surface.?! This approach has been successfully used to entrap laminin
inside a localized hydrogel for therapeutic applications.”> Recent works using different
enzyme/peptide systems showed that by adsorbing the enzymes on multilayer films, the resulting
self-assembled nanoarchitecture can be tuned by playing on various parameters such as the enzyme
density,” the presence of a seeding layer’* or the glucose concentration for instance.? In 2018, the
group of van Esch showed that the growth of supramolecular fibers can be spatially localized at
the nanoscale by using negatively charged polystyrene nanoparticles facilitating the acid-catalyzed
formation of hydrogelators.?® The properties of the resulting gel (gelation time, mechanical

properties and network morphology) have been modified by the presence of nanoparticles. Wang



et al. described the development of core-shell nanogels using the self-assembly of a suitable
peptide on silica NPs previously functionalized by enzymes.?” Conte et al. reported also the
covalent grafting of enzymes onto magnetic nanoparticles (NPs) allowing the nucleation of self-
assembled nanofibers from the surface of NPs using a suitable hydrogelator precursor.?® The
resulting hydrogel could be macroscopically deformed through the simple external use of a magnet
placed near the vial-containing hydrogel. Permanent new shape was obtained after one month of
interaction with a magnetic field, resulting in a squeezing of the initial NP-based hydrogel,

separating it from water.
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Scheme 1. (a) Fmoc-FFpY dephosphorylation by AP leading to the gelator Fmoc-FFY. Schematic
representations of (b) Fmoc-FFY nanofibers (in blue) self-assembled from NP@AP by
dephosphorylation of Fmoc-FFpY leading to (¢) a hybrid supramolecular hydrogel undergoing a

phase separation over time.



Here, we report the design of a hybrid supramolecular hydrogel prepared from Fmoc-FFpY
tripeptide (F: phenylalanine, Y: tyrosine, p: phosphate group) and silica NPs functionalized
covalently by alkaline phosphatase (AP). AP transforms Fmoc-FFpY in Fmoc-FFY, an efficient
hydrogelator, able to self-assemble spontaneously and exclusively from the surface of NPs leading
to the formation of a homogeneous nanofibrous network (Scheme 1). Unexpectedly, the hybrid
supramolecular hydrogel undergoes a macroscopic change over time due to a phase separation
leading to one phase, in the center of the vial, denser in NPs and in peptide fibers than the other

surrounding phase.

Materials and Methods

Materials. Tetraethyl orthosilicate (TEOS), (3-glycidyloxypropyl) trimethoxysilane (GPMS),
phosphatase alkaline from bovine intestinal mucosa (AP) (10 DEA units/mg protein) and p-
Nitrophenyl Phosphate Liquid Substrate System (PNP) were provided by Sigma Aldrich. Sodium
tetraborate anhydrous (borax) and dry toluene were supplied by Acros Organics. Fmoc-FFpY was

purchased by PepMic, ammonium hydroxide by Carlo Erba and ethanol in VWR.

Synthesis and functionalization of silica nanoparticles. Silica nanoparticles (NPs) were
synthetized following the procedure described elsewhere.?*=*° Briefly, 80 mL of ethanol, 4.85 mL
of Milli-Q water and 3.6 mL of NH4OH were mixed in a two necks flask under mechanical stirring
(400 rpm) and heated up to 55°C. When the temperature is reached, 8 mL of ethanol and 3.1 mL
of TEOS, mixed in a separated vial, were added quickly to the previous solution and kept under
stirring for 5 h. In a second step in order to obtain larger nanoparticles from the first synthesis (~
80 nm), 10 mL of the NPs colloidal suspension were mixed with 70 mL ethanol, 13 mL Milli-Q

water and 7.5 mL of NH4OH in a two necks flask and heated again up to 55°C under mechanical



stirring (400 rpm). When the temperature is reached, a mixture of 10 mL of ethanol and 1 mL of
TEOS was added dropwise to the solution and kept under stirring for 5 h. Subsequently, the
solution was centrifuged (6000 rpm, 20 min) and the precipitate of NPs was washed three times
with ethanol by centrifugation (6000 rpm, 20 min). For the covalent immobilization of AP, 2.5 mL
of NPs were dried at 100°C under argon atmosphere for 2 h in a 50 mL flask. Then, 10 mL of
5%v/v GPMS in dry toluene were added to dry NPs. The suspension was sonicated for 10 min to
avoid aggregates and kept shaking at 720 rpm overnight at room temperature. The obtained epoxy-
functionalized NPs were centrifuged and the precipitate was firstly washed three times with
toluene to remove unbounded GPMS and subsequently, three times with ethanol to remove
toluene. The final NPs were dispersed in 1 mL of ethanol and subsequently added dropwise to an
aqueous solution of AP (1 mg.mL™"! in borax buffer (25 mM, pH = 9.5)) and kept shaking for 24h
at 4°C. Then, NPs were centrifuged and washed five times with borax buffer (25 mM, pH = 9.5)
to remove the unbounded enzyme. NPs@AP showed an activity equivalent to 30 units.mL™ with
a solid content of 5% (w/v). Finally, NPs@AP were redispersed in 1 mL borax buffer (25 mM, pH

=9.5) and stored at 4°C until needed.

Dynamic Light Scattering (DLS). DLS experiments were carried out in a Malvern Nanosizer ZS
with a measurement angle of 173° and collecting five spectra per sample at 25°C. To determine
the hydrodynamic diameter of NPs, 7 pL of as-prepared NPs (5% w/v) were diluted in 1.4 mL of
ethanol. Kinetic measurements were carried out by placing first in a plastic cuvette 7 pL of
NPs@AP (5% w/v) diluted in 400 pL borax buffer (25 mM, pH = 9.5) and then, 1 mL of Fmoc-
FFpY (0.1 and 1 mg.mL"! in borax buffer (25 mM, pH = 9.5)). Spectra were recorded at different

time intervals.



Transmission Electron Microscopy (TEM). TEM images were taken in a Technai G2 machine in
negative coloration. To determine the average size of NPs, 10 pL of a diluted solution of NPs in
ethanol were placed over a carbon-coated copper grid. To observe the peptide fibers, 5 pL of
NPs@AP (0.03% w/v) were dropped off on the grid followed by the addition of 5 uL of Fmoc-

FFpY (0.1 mg.mL" in borax buffer (25 mM, pH = 9.5) for 30 min before observation.

Infrared spectroscopy. The Fourier Transform Infrared (FTIR) experiments were performed on a
Vertex 70 spectrometer (Bruker, Germany) using DTGS detector. Spectra were recorded in the
Attenuated Total Reflection (ATR) mode by collecting 128 interferograms between 600 and 4000
cm at 2 em™ resolution, using Blackman-Harris three-term apodization and the standard Bruker
OPUS/IR software (version 7.5). For NPs and NPs@AP, 200 pL of each solution were dried before
recording the spectra. In the case of Fmoc-FFpY solution (10 mg.mL™") and Fmoc-FFY hydrogel,
obtained from a mixture of 1.25% w/v NPs@AP (eq. [AP] = 7.5 units.mL") and 1 mg.mL"! Fmoc-

FFpY, samples were prepared in deuterated water.

UV spectroscopy. The enzymatic activity of NPs@AP was determined by measuring the
absorbance at A =405 nm as a function of time using a microplate reader UV spectroscopy (FLX-
Xenius®, SAFAS, Monaco). PNP is a colourless substrate, by sequential enzymatic hydrolysis of
the phosphate substituent of PNP in presence of AP yields a yellow absorbance at A = 405 nm.
Incubation of 150 pL (at I mM in borax buffer) of PNP was performed for different concentrations
of AP in solution to determine the calibration curve, i.e. slope of the absorbance vs time as a
function of AP concentration. The slope obtained for NPs@AP solution in contact with PNP
allows to determine the concentration in AP. Concentration and volume used ensure a large excess

of substrate for the enzymatic reaction.



Fluorescence spectroscopy. All fluorescence spectra were recorded between 305-345 nm using
the microreader fluorescence spectroscopy (FLX-Xenius®, SAFAS, Monaco) at an excitation
wavelength of 290 nm and a specific 96 well-plate. 50 pL of NPs@AP (5% w/v) were put in
contact with 150 uL of 1 mg.mL"! Fmoc-FFpY solution to follow the formation of Fmoc excimer

due to Fmoc-FFY self-assembly.

Hydrogel formation. All solutions were prepared in borax buffer (25 mM, pH = 9.5). 150 pL of
Fmoc-FFpY were mixed with 50 pL of one of the following compounds: AP, NPs or NPs@AP in
vials. After 24, 48 and 72 h, inverted tube tests were carried out to determine the hydrogel

formation. Fmoc-G was used as control.

Scanning Electron Microscopy (SEM) and Cryo-SEM. To observe the morphology of the gels, a
specific cryo-holder and a cryo preparation chamber were designed and manufactured by the
mechanical facility of the Charles Sadron Institute.”> A piece of the gel was placed on the cryo-
holder to be quickly plunged into an ethane slush. As the sample is free standing over the holder,
the sample is rapidly frozen during the plunging by direct contact with the liquid ethane.
Subsequently, the sample is transferred into the Quorum PT 3010 chamber attached to the
microscope. There, the frozen sample is fractured with a razor blade. A slight etching at -90°C
may be performed to render the fibers more visible. The sample is eventually transferred in the

FEG-cryo SEM (Hitachi SU8010) and observed at 1kV at -150°C.

Analytic High-Performance Liquid chromatography (HPLC). HPLC was carried out with 1100
Series from Agilent technologies. The column is a Supelcosil ABZ + Plus with the following
dimensions 15 cm % 4.6 mm, 3 um. The eluent used for all analyses was acetonitrile/deionized

water in a ratio 90/10 in isocratic conditions, at 1 mL.min with a run time of 25 min.



Chromatograms were recorded by the software OpenLab Agilent 1100. The preparation of the
samples was carried out by diluting 90 pL of the corresponding phase of the “volcano”-like gels,
Phase A or Phase B, in 310 pL of acetonitrile. The resulting solution was filtered using a PTFE

0.2 pum filter before injection.

Circular dichroism (CD). CD spectra were recorded using a Jasco J-1100 spectropolarimeter with
a data pitch of 1 nm on the light wavelength. For measurements, 40 pL of the Phase A or Phase B
from the contracted “volcano”-like hydrogels, formed by contact of Fmoc-FFpY (1.0 mg.mL™)
with NPS@AP (1.25% w/v, eq. [AP] = 2.5 units.mL""), were placed between two quartz slides of

1 mm thickness.

Results and discussion

Self-assembly of peptide on NPs@AP in diluted solution. We first synthesized silica NPs with an
average size of 117.5 £ 6.1 nm and a hydrodynamic diameter of ~ 155 nm following a reported
procedure'? (Figure S1 in the Supporting Information, SI). Subsequently, AP was covalently
grafted on the surface of the silica NPs using an epoxy silane coupling agent, giving rise to
NPs@AP. The presence of AP on the silica NPs was first confirmed by FTIR spectroscopy (Figure
S2 in SI) showing a band centered at 1633 cm™ corresponding to the amine I band of AP. The
catalytic activity of NPs@AP was checked using p-Nitrophenyl Phosphate (PNP) as a model
substrate. After establishing the calibration curve of the enzyme free in solution (catalytic activity
vs AP concentration), the concentration of active AP grafted on NPs was determined before and
after several rinsing steps with the buffer (Figure S3 in SI). Several rinsing steps ensured that all
the enzymes were firmly fixed on the NPs. After five rinsing steps based on centrifugation and

resuspension cycles in the buffer, the supernatant showed no detectable enzymatic activity.



NPs@AP suspension with a solid content of 5% (w/v) was obtained with an equivalent activity in
AP between 10 and 30 units.mL"!, depending on the batch. Once the enzyme was localized on the
surface of the NPs, these were employed as catalytic supports for the localized growth of peptide
supramolecular hydrogels. For that purpose, the low molecular weight hydrogelator Fmoc-FFY
was generated in situ by enzymatic dephosphorylation of Fmoc-FFpY in presence NPs@AP

(Scheme 1a). All experiments were performed at room temperature (20°C).

The formation of self-assembled peptide networks over time around NPs@AP was first followed
by DLS using a NPs@AP solution diluted at 0.03% w/v (eq. [AP] = 0.2 units.mL"') and two
different concentrations in Fmoc-FFpY, 0.1 mg.mL"! (Figure 1a) and 1 mg.mL™"! (Figure S4 in SI).
These two peptide concentrations did not lead to a gel formation allowing DLS measurements. At
0.1 mg.mL"! of Fmoc-FFpY, the hydrodynamic diameter of NPs@AP increased roughly from 220
nm up to 260 nm after 7 h (Figure 1a). After 24 h, two different peaks were observed, one centered
at 705 nm and the other at 5 pm. The initial increase of the hydrodynamic diameter from 220 to
260 nm in 7 h should be due to the formation and growth of the nanofiber networks around the
NPs leading to the peak centered at 705 nm after 24 h. The peak centered at 5 um could be due to
the formation of nanogels constituted of several NPs surrounded by their fibrous peptide networks.
This effect is more pronounced in the case of a higher concentration of Fmoc-FFpY, 1 mg.mL"!
showing a faster increase of the hydrodynamic diameter of NPs@AP after the contact with Fmoc-
FFpY and a faster appearance of the second peak (Figure S4 in SI). It must be noticed that the
given sizes are obtained by applying the model of a Brownian sphere and thus should not be taken
as representing rigorously the size of the scattering object but only reflecting their average
hydrodynamic size. They nevertheless show a trend: the self-assembly leads to a continuous

increase of size of the particles indicating the formation of a network around the NPs.
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Figure 1. (a) Evolution of the hydrodynamic diameter, measured by DLS, as a function of time of
NPs@AP (0.03% w/v, eq. [AP] = 0.2 units.mL™") in contact with 0.1 mg.mL"! Fmoc-FFpY. (b)
Fluorescence emission spectra (Aex = 290 nm) of Fmoc-FFpY in the absence (black line) and in the
presence of NPs@AP (1.25% w/v, eq. [AP] = 7.5 units.mL™") after 4 h (green line) and 24 h (red
line). (c) TEM images of Fmoc-FFY fibers formed from NPs@AP after 1 h and (d) 4 h. The scale
bars represent 200 nm. The arrow in (c¢) highlights the nanofibers that grow in all directions from

NPs@AP.

The in situ formation of Fmoc-FFY and its resulting self-assembly was evidenced by the presence

of the Fmoc excimer signature, usually observed in peptide-based self-assemblies in water using
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fluorescence emission spectroscopy (Figure 1b).>* *! Fmoc-FFpY solution (¢ = 0) exhibits an
emission of fluorescence centered at 310 nm when excited at 290 nm due to the presence of the
aromatic Fmoc group. In the presence of NPs@AP (1.25% w/v, eq. [AP] = 7.5 units.mL™), a shift
of the fluorescence emission takes place over time, 314 nm after 4 h and 330 nm after 24 h, due to
the Fmoc excimer formation, indicating Fmoc-FFY self-assembly. Using the same AP
concentration in solution (7.5 units.mL™), the Fmoc excimer formation is faster when AP is located
on the surface of the silica NPs than when free in solution (Figure S5 in SI). In the latter case, a
slight shift up to 317 nm is observed after 24 h and it is necessary to wait until 48 h to observe the
shift at 330 nm. This can be due to a local enhancement of the enzyme concentration when

adsorbed on NPs, in agreement with previous reported work.?

The formation of the self-assembled peptide fibers from NPs@AP was also characterized by TEM
to observe the growth of the nanofibers from AP-coated NPs. Diluted concentration of NPs@AP,
i.e. 0.03%w/v (eq. [AP] = 0.2 units.mL™), was put in contact on a TEM grid followed by a drop
of Fmoc-FEpY (1 mg.mL™"). After 1 h and 4 h, the sample was dried before measurement. Several
micrometer long fibers (of 10 nm in diameter) were observed, often originating from the surfaces
of the NPs (Figures 1c and 1d). . An increase in the density of fibers is observed with time giving
rise to a denser network. No fibers were observed in areas without NPs supporting the idea that

fibers are formed only from AP-coated NPs

Hybrid supramolecular hydrogel obtained from NPs@AP concentrated solution. The formation
of Fmoc-FFY self-assembled hydrogels from NPs@AP was then studied by varying the quantity
of NPs@AP between 0.12 and 2.5% w/v (eq. AP concentration between 1 and 15 units.mL") while

keeping constant the peptide concentration at 1 mg.mL™'. Hydrogelation tests were performed in
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glass vials. After 24 h of contact between NPs@AP and Fmoc-FFpY at room temperature, the

inverted vial test was performed (Figure 2).

%w/v NPs@AP %w/v NPs@AP
0.12 0.25 0.62 1.25 2.5 0.12 0.25 0.62 1.25 2.5

1 2 3.7 7.5 15 1 2 3.7 7.5 15

AP (enzymatic units.mL™?) AP (enzymatic units.mL™?)

Figure 2. Inverted tube tests of Fmoc-FFpY (1 mg.mL™") in contact with different concentrations
of NPs@AP, with the equivalent in AP concentration, after (a) 1 day, (b) 2 days, (c¢) 3 days and

(d) 7 days.

No gelation was observed below 0.12% w/v of NPs@AP whereas gels formed above 0.25% w/v.
To prove that gelation comes from the dephosphorylation of Fmoc-FFpY in the presence of AP
located on the surface of the silica NPs, two experiments were carried out. Fmoc-FFpY (1 mg.mL"
1Y was put in contact with non-functionalized NPs (1.25% w/v), i.e. in the absence of grafted
enzymes. Fmoc-G (G: glycine), a peptide which does not self-assemble in the presence of AP, was
brought in contact with NPs@AP (1.25% w/v, eq. 7.5 units.mL"). After 24 h in both cases, no

gelation was observed (Figure S6 in SI) and NPs sedimented on the bottom of the vial. FTIR
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spectra of short peptides are sensitive to their secondary structure, especially in the amide I region
(1600-1700 cm™).3? In solution, Fmoc-FFpY spectrum shows a broad amide I band (CO-NH)
centered around 1645 cm™ which is commonly assigned to disordered amide groups. A broad
carboxylate (COQ") vibrational band is also visible at 1590 cm™ related to the deprotonated form
of the terminal carboxylic acid groups (Figure S7 in SI). The peak at 1685 cm™ is assigned to
carbamate moiety. In the case of Fmoc-FFY hydrogel formed with NPs@AP, we observed a shift
of the amide I band to lower frequency (1632 cm™) which is the signature of aggregation via
intermolecular hydrogen bonding, i.e. B-sheet structure.’® At the same time, the carboxylate and

carbamate peaks are shifted to higher frequencies, 1595 and 1687 cm!, respectively.

Unexpectedly, the hybrid hydrogels dropped down when the vials were inverted after few days
(Figure 2), happening faster when the NPs@AP concentration is increased. For example, the
falling down is observed after 7 days at 0.25% w/v NPs@AP and only 2 days at 2.5% w/v
suspension. This phenomenon is due to a phase separation in the vial which takes place over time,
leading to two phases: one phase appears highly opaque, white and centered in the vial (phase A)

and the other is transparent and colorless (phase B) surrounding phase A (Figure 3).

Figure 3. Hydrogel, obtained from a mixture of 1.25% w/v NPs@AP (eq. [AP] = 7.5 units.mL")
and 1 mg.mL"! Fmoc-FFpY, which underwent a phase separation after 2 days (a) observed in a

vial and (b) observed after its transfer in a petri dish.
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As can be seen on movie V1 in ESI, phases A and B look like the yellow and the white part of an
“egg”, the opaque and dense phase A being embedded in the transparent and viscous phase B.
Phase B behaves as the white part of an egg when manipulated with a spatula. This phase
separation leads to less adhesion between the initially (bulky) formed hydrogel and the walls of
the vial, resulting in its falling down when the vial is inverted. It must be noted that in the absence
of NPs a transparent hydrogel stable over two weeks is obtained using Fmoc-FFpY (1 mg.mL™)

and AP in solution (Figure S8 in SI).

The morphology of the gel obtained using 1.25% w/v of NPs@AP (eq. [AP] = 7.5 units.mL") was
visualized by cryo-SEM (Figures 4a and S9-10 in SI). After 24 h, a homogeneous density of the
fiber-network in the whole gel is observed. Thinner fibers have a diameter around 30 nm.
Magnification of the image allowed to distinguish isolated NPs in dark grey color with a perfectly
circular shape (Figure 4a right), similar to the size of isolated NPs@AP (Figure S11 in SI). NPs
play the role of crosslinking points within the 3D fibrous network and are present in the
entanglements in the whole hydrogel network. For comparison, cryo-SEM image of a gel obtained
without NPs, i.e. by mixing 5 mg.mL"' of Fmoc-FFpY and AP (10 units.mL™), show a
homogeneous fibrillary structure with non-circular holes (Figure S12 in SI). After 3 days allowing
the phase separation, the morphologies of phases A and B obtained from the “egg” like gel were

also observed (Figures 4b and S10 in SI).
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Figure 4. Cryo-SEM images of the Fmoc-FFY hydrogel, obtained from a mixture of 1.25% w/v
NPs@AP (eq. [AP] = 7.5 units.mL ") and 1 mg.mL"' Fmoc-FFpY, observed after (a) 24 h (left)
and zoom-in highlighting single nanoparticles with red arrows (right). (b) 2 days with the phase A

(left) and phase B (right) of the “egg”-like phase separation over time.

Phase A shows a higher density in Fmoc-FFY fibers and in NPs@AP with the presence of more
NPs aggregates in comparison to the bulky gel observed after 24 h. Phase B is characterized by a
much lower density of both nanofibers and NPs@AP, the density difference being even larger
when compared to the dense phase A. This is expected because of conservation of matter. These
observations justify the term "dense" and "dilute" to describe phases A and B. This is schematically

represented in scheme 1c.
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Keeping NPs@AP concentration fixed at 1.25% w/v (eq. [AP] = 7.5 units.mL™"), a faster phase

separation is obtained by decreasing the peptide concentration from 2.5 to 0.5 mg.mL"! (Figure 5).

Fmoc-FFpY (mg.mL?) Fmoc-FFpY (mg.mL?)
05 0.75 15 2.0 2.5 05 075 15 2.0 2.5

‘; % v.;:;.‘.q | ‘; »’4 ‘f ” ':‘ J
ACEVS

Figure 5. Inverted tube tests of NPs@AP (1.25% w/v, eq. [AP] = 7.5 units.mL™) in contact with

different concentrations of Fmoc-FFpY after (a) 1 day, (b) 2 days, (c) 3 days and (d) 7 days.

Two different batches of NPs@AP, with an enzymatic activity of 30 and 10 units.mL"' for a
suspension of 5% w/v, were used to follow the phase separation over time (Figure S13 and S14 in
SI). The volume of the dense phase shrunk, reaching a final shape after several days or weeks
depending upon the NPs batch used. For both NPs@AP activity, different shapes of phase A were
observed depending upon the volume of the solution of Fmoc-FFpY and NPs@AP in the vial
(Figure 6). An "egg-like" shape is observed for smaller gel volumes (200 pL) and a “volcano-like”
shape for larger ones (> 200 uL). By looking carefully to both shapes, the "egg-like" structure is
similar to the bottom part of a “volcano-like” structure. For small volumes, a "volcano-like" shape

cannot be formed due probably to the meniscus of liquid/air interface.
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Figure 6. Phase separation observed over time, when the vials are not inverted, of NPs@AP and
1 mg.mL"! Fmoc-FFpY mixture with (a) NPS@AP (2.5% w/v, eq. [AP] = 15 units.mL") and (b)

NPs@AP (1.25% w/v, eq. [AP] = 2.5 units.mL™).

To be more quantitative, we determined the ratio of the volume of phase A (Vi) with respect to the
total volume (Vo) of the solution as a function of time (Figure 7). Using the photographic pictures
obtained from 600 pL as initial volume obtained in Figures S13 and S14 (in SI), the area of phase
A was divided into thin slits of truncated cones, characterized by two characteristic radii.
Assuming a symmetrical shape of phase A, the volume of each truncated cones were determined
using the adequate mathematical formulae and then were added them up to obtain the volume of
phase A (for more details see SI). Hydrogels, obtained from 1 mg.mL"' Fmoc-FFpY mixed with
NPs@AP at 2.5% w/v (eq. [AP] = 15 units.mL"') and 1.25% w/v (eq [AP] = 2.5 units.mL"),

contracted until 40% of their initial volume after 10 and 20 days, respectively.

18



100 4 b 100 jan

80 80 |
m ||
T ﬁ s
® 604 \.\ g 60/ 'I-\
> 40 TTme et = 40- L
204 20+
0 T T T T T T L T T L T — 1 0 T T T T J ! J !
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 &C
Time (days) Time {days)

Figure 7. Evolution of the volume contraction of the hydrogels obtained in 600 uL of mixture
with (a) NPs@AP (2.5% w/v, eq. [AP] = 15 units.mL") mixed with 1 mg.mL"! Fmoc-FFpY and
(b) NPs@AP (1.25% w/v, eq [AP] = 2.5 units.mL™!) mixed with 1 mg.mL"' Fmoc-FFpY. The
volume contraction was calculated as the ratio of the volume of phase A (V) with respect to the

total volume of the solution (Vy).

To determine if the phase separation is only observed when the enzyme is grafted on the surface
of NPs, we performed experiments with gels obtained in the presence of non-functionalized NPs
with Fmoc-FFpY and AP (Figure S15 in SI). Fmoc-FFpY at 1 mg.mL™" and non-functionalized
NPs at 1.25% w/v were added to the AP solution at 7.5 units.mL"'. NPs sedimentation is observed
after two days which probably originates from NPs aggregation in a gel which is not dense enough
to avoid the sedimentation of these aggregates. We thus performed experiments by increasing the
enzyme concentration at 500 units.mL'. The obtained gel remains stable over weeks without any
indication of a phase separation. This indicates that the observed phase separation is intimately
related to the fact that the enzymes are covalently linked to the NPs and not just to the presence of

the NPs.
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What could be the origin of this phase separation? One can only speculate at this point about it.
First of all, one can ask if the observed phase separation is a syneresis process? Syneresis is a
contraction of a gel with expulsion of solvent (here water).’ It originates from the fact that the
solvent is not a good solvent for the gel material which leads to an increase of the density of
chain/chain interactions in the gel. Syneresis was already observed on peptides self-assembled
hydrogels.*>3® In our case the "dilute" phase (phase B) is not only constituted of water, as it should
be for syneresis, but also of supramolecular peptide self-assemblies and NPs. This is seen by the
highly viscous nature of the phase B of the “egg”-like structure (see Video SI) and its
characterization by cryo-SEM revealing the presence of NPs and fibers (Figure 4b left). Fibers
linked to NPs were also observed in Phase B of the “volcano-like” structure (Figure S16 in SI).
We further verified the presence of Fmoc-FFyP peptides in the "dense" (phase A) and the
"dilute"(phase B) phase of "volcano-like" structure using HPLC. The peptides are present in both
phases, with a much smaller concentration in phase B (Figure S17 in SI). The ratio of the peptide
concentration found in phase B over phase A is of the order of 6% (Table S1 in SI). The NPs
cannot be detected by HPLC because they were retained by the column. Finally, by performing
CD experiments on the "dilute" and "dense" phase, we observed a similar CD signal in both phases,
with much smaller intensity for phase B (Figure S18 in SI). There are two intense bands, a negative
one at 203 nm and a positive one at 228 nm both attributed to m — m interactions between phenyl
side chains.’’” Supramolecular hydrogels are dynamic entities where self-assembly and
disassembly of the peptide fibers take place constantly. Moreover, NPs have a tendency to attract
each other thanks to van der Waals forces and to aggregate over time when left in solution even

1'38

inside a gel.”® One can thus assume that such attraction between NPs takes also place in the gel

with time. Now it is known that the peptide fibers also interact with the enzymes®® and thus with
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the NPs covered by enzymes. These favorable interactions between the NPs and the fibers should
also favor a fiber network densification. This densification process of both the NPs and the peptide
fibers is then accompanied by a reduction of the peptide density at the periphery of the dense part
(Phase A) leading to the appearance of a dilute Phase B. Moreover, the NPs at the periphery of
phase A have less neighbors than those inside phase A and are thus less attracted by other particles.
These particles then diffuse to and from phase B. Such a phase separation is not observed when
the enzymes are not covalently fixed on the NPs indicating that the strong interaction between the
fibers and the NPs (through the enzymes here) is required for this phase separation to take place.

All these hypotheses have to be addressed in further studies in greater details.

Conclusion

We investigated peptide supramolecular hydrogels initiated at the surface of AP-coated silica NPs
through localized enzyme-assisted self-assembly processes. Using DLS and TEM we confirmed
the nucleation of self-assembled peptide nanofibers from the NPs surface. At adequate
concentrations of peptides Fmoc-FFpY and NPs@AP, the self-assembly process leads to the
formation of a hydrogel in the bulk. Such a supramolecular hydrogel evolves over time leading to
a phase separation different from syneresis: a core phase composed of high densities of peptide
nanofibers and aggregated NPs and an outer phase, with the consistency of a gel, with more diluted
peptide nanofibers and NPs. Such a phase separation requires the attachment of the enzymes on
the NPs. It is hypothesized that attraction between the NPs is at the origin of the phase change but
further studies are needed to get a clear picture of this morphological evolution, so far, to our
knowledge, never observed. The understanding and the control of both the spatial localization of
molecular self-assembly processes and their evolution over time leading to the design of nanometer

up to macroscopic scale chemical system is a sine qua none condition towards the development of
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highly complex materials such as artificial living matter. That is why we expect that our

contribution will interest a large part of the research community.

ASSOCIATED CONTENT

Supporting Information

The following files are available free of charge. TEM image and histogram of NPs, DLS spectrum
of NPs, ATR-FTIR spectra of NPs and NPs@AP, calibration curve of AP in solution and activity
of NPs@AP, DLS spectra of NPs@AP in the presence of Fmoc-FFpY, fluorescence spectra of AP
and Fmoc-FFpY, inverted tube tests of NPs mixed with Fmoc-FFpY and NPs@AP mixed with
Fmoc-G, inverted tube tests of AP at different concentrations mixed with Fmoc-FFpY, FTIR
spectra of Fmoc-FFpY and NPs@AP, Cryo-SEM images of NPs@AP/Fmoc-FFY hydrogel after
1 and 2 days and AP/Fmoc-FFY hydrogel, pictures of phase transition evolution over the time of
NPs@AP mixed with Fmoc-FFpY and non-functionalized NPs mixed with AP and Fmoc-FFpY

in solution, HPLC and CD spectra of phases A and B, volume calculation of phase A.
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