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ABSTRACT

Hydroxypropylmethylcellulose grafted with silanol groups (Si-HPMC) hydrogels are employed as
3D scaffolds to encapsulate phosphatase-modified silica nanoparticles (AP@NPs). Such hybrid
materials are catalytically active when enzyme susbtrates are diffusing through the material. Using
the enzyme-assisted self-assembly concept, the tripeptide Fmoc-FFY is generated in sifu in close
vicinity of AP@NPs thanks to the phosphate hydrolysis of the diffusing precursor Fmoc-FFpY.
The self-assembly of Fmoc-FFY is spatially concomitant to the presence of AP@NPs. In the Si-
HPMC host hydrogel, AP@NPs aggregate and thus limit their diffusion in the material. This
feature is used to localize at the micrometer scale the self-assembly within the material: AP@NPs
are injected in a defined 3D area within the Si-HPMC gel using an adapted microsyringe. The
diffusion of precursor Fmoc-FFpY toward this region leads to a Fmoc-FFY self-assembly
exclusively there, an impossible strategy using free AP. Thus, this work allows to spatially control
the enzyme-assisted self-assembly of peptides within host materials as an alternative approach for

the design of hierarchically structured materials.
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1. Introduction

Hydrogels, three-dimensional networks able to hold a large amount of water, receive great
attention for several applications, i.e., drug delivery, bio-immobilization, waste water treatment,
or sustainable energy storage, among others [1-5]. In this regard, the design of hydrogels with
controlled structures is a key role to modulate their final properties, which will in turn target their
application. Polymers have been widely employed for the fabrication of 3D networks with
different mesh size, swelling behavior, and mechanical properties. However, in some cases they
are lack of biological functionality, which can be overcome by the design of hybrid hydrogels

combining polymers and sequence-defined peptides [6-8].

Enzyme-assisted self-assembly (EASA) is an interesting approach for the transformation of low
molecular weight precursors into hydrogelators, which then self-assemble leading to a
supramolecular hydrogel [9-11]. Moreover, EASA allows the self-assembly localization where the
enzyme is spatially located, through the covalent grafting of suitable enzymes on a glass substrate
[12]. Thus, the self-assembly takes place in the spatial regions where both the precursors and the
enzymes are present simultaneously [13]. We and others have developed localized EASA (or
LEASA) on surfaces with various types of enzyme-triggered processes and on various kinds of
substrates whatever their shape and their size (planar surfaces, nanoparticles or porous structures)
[14-21]. Recently, it was reported that the self-assembly of precursors can be effective within a
host material such as polymer hydrogels. This was highlighted by van Esch [22, 23] and Smith
[24, 25] using protons as trigger of the precursor self-assembly within agarose or calcium alginate
hydrogels. Indeed, the diffusion of precursor compounds at a specific area within a proton-loaded
host gel directs the self-assembly process in the targeted area. Our group has shown that EASA

can be an interesting tool to initiate molecular self-assembly within polymeric host hydrogels
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containing an embedded enzyme as a trigger of peptides self-assembly [26], and modulate thus the
cell adhesion properties of the so-designed substrate [27]. Very recently, the diffusion of precursor
peptides within a host hydrogel has been shown to also induce the spontaneous micropatterning of
self-assembled peptides zones, highlighting the potential of LEASA for autonomous 3D
microstructuration of soft materials [28]. This is one aspect of particular relevance for the current
development of biomaterials [29]. However, in spite of these promising developments of a new
bottom-up approach to design structured functional materials, all works in this field suffers from
the diffusion of the triggers, i.e., enzymes or protons, in the material so that their localization in a
restricted area within the material is impossible. Compared to protons, enzymes can be covalently
immobilized within the host hydrogel through a covalent grafting along the constitutive polymer
chains of the material. This is usually performed by diffusion of chemically-modified enzymes
within a hydrophilic host gel. But this strategy is not without disadvantages [30-32]: First, polymer
hydrogels are prepared from few %w/v of polymer chains resulting in a low density of grafted
enzymes. Second, it is highly difficult to remove from the gel both the non-grafted enzymes and
potential secondary compounds coming from the enzyme grafting reaction. Herein we present an
alternative approach based on the use of encapsulated alkaline phosphatase-conjugated
nanoparticles (NPs@AP) in a silanized hydroxypropylmethylcellulose (Si-HPMC) host hydrogel.
We have studied the impact of the NPs@AP within the Si-HPMC gel and the resulting EASA of
Fmoc-FFY from the phosphorylated precursors Fmoc-FFpY diffusion through the host polymer
material (Scheme 1). In addition, the 3D localization of peptides self-assembly in a defined spatial
area of the Si-HPMC hydrogel (LEASA) is illustrated through the syringe injection of NPs@AP
within the precursor peptide contained-host material using confocal laser scanning microscopy

(CLSM) leading to complex microstructured patterns.
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Scheme 1. (a) Phosphate group hydrolysis of the precursor Fmoc-FFpY leading to the self-
assembling tripeptide Fmoc-FFY catalysed by NPs@AP. (b) Precursor solution of Fmoc-FFpY is
brought in contact with the host hydrogel containing NPs@AP. (¢c) Fmoc-FFpY diffuses inside the
material and is enzymatically transformed in Fmoc-FFY leading to localized Fmoc-FFY self-

assembly in close vicinity of NPs@AP.

2. Materials and Methods

2.1. Materials

Alkaline phosphatase from bovine intestinal mucosa (AP) (10 DEA units mg™! protein), para-
Nitrophenyl Phosphate Liquid Substrate System (PNP), tetraethyl orthosilicate (TEOS), (3-
glycidyloxypropyl), and trimethoxysilane (GPMS) were purchased from Sigma Aldrich. Dry
toluene and sodium tetraborate anhydrous (borax) were provided by Acros Organics, ammonium
hydroxide by Carlo Erba, and ethanol by VWR. Fmoc-FFpY (99% purity, natural chirality) was

provided by PepMic and its characterization was identical to a previous reported work [19].
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2.2. Synthesis of silica nanoparticles, NPs, NPs@AP, NPs@APRH0

Silica nanoparticles (NPs) and alkaline phosphatase immobilized nanoparticles (NPs@AP) were
synthetized according to the procedure described previously [33]. The same procedure was
employed for the covalent grafting of APRHO (AP was previously labelled with thodamine B
according to a reported procedure) [34] leading to NPs@APRHC, The average size of the
nanoparticles was obtained by transmission electron microscopy (TEM), ~120 nm, and dynamic

light scattering (DLS), ~135 nm.

2.3. Preparation of 1.5%w/v Si-HPMC hydrogels and Fmoc-FFpY diffusion in this host hydrogel
Triethoxypropyl-modified hydroxypropylmethylcellulose, called Si-HPMC, has been prepared
according to the reported procedure [35]. Si-HPMC hydrogels were prepared by mixing 100 pL
of Si-HPMC solution at 3%w/v in NaOH 0.1M and pH 12.9 with 100 pL of HEPES buffer at pH
3.6 in a vortex and let them gelate at room temperature. In the case of Si-HPMC with nanoparticles
embedded, i.e., Si-HPMC/NPs@AP, 20 uL of NPs or NPs@AP solutions were centrifuged at
13500 rpm for 10 min and redispersed in 100 pL of Si-HPMC solution at 3%w/v in NaOH 0.1M
and pH 12.9 by mechanical stirring. Then, 100 pL of HEPES buffer at pH 3.6 was added, vortexed
and let them gelate at room temperature. For the Fmoc-FFpY diffusion tests, after 48 hours
gelation, 100 uL of Fmoc-FFpY solution (2.5 mg mL! in borax buffer) was added on top, and let
in contact for 48 h at room temperature. For localized Fmoc-FFY self-assembly experiments, after
48h Si-HPMC gel formation, 1 pL of NPs or NPs@AP solutions (0.6 ug mL! in borax buffer 25
mM) was injected with a microsyringe through the lateral section of the Si-HPMC host hydrogel.
After the introduction of the beveled needle within the Si-HPMC hydrogel, the syringe was gently
retracted concomitantly of the application of a slight pressure on the plunger to release the

NPs@AP in microcracks formed.
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2.4. UV spectroscopy

The AP activity from NPs@AP embedded inside the Si-HPMC hydrogels was measured in an UV
spectroscopy microplate reader (FLX-Xenius®, SAFAS, Monaco). Samples were incubated with
200 uL of para-nitrophenylphosphate (PNP) at 1 mM in borax buffer, which yields a yellow colour

with absorbance at A = 405 nm due to para-nitrophenol formation.

2.5. Infrared spectroscopy

"'at 2 cm! resolution using a Vertex 70

Infrared spectra were recorded from 800 to 4000 cm
spectrometer (Bruker, Germany), a DTGS detector, and the software Bruker OPUS/IR (version

7.5).

2.6. Fluorescence spectroscopy
Samples were prepared in a special 96 well plate and fluorescence spectra were recorded with a
microreader fluorescence spectroscope (FLX-Xenius®, SAFAS, Monaco) using an excitation

wavelength of 290 nm.

2.7. Rheology measurements

Hydrogels were prepared in Teflon molds of 10 mm diameter by mixing 100 puL of Si-HPMC
solution at 3%w/v in NaOH 0.1M and pH 12.9 with 100 uL of HEPES buffer at pH 3.6 in a vortex
and let them gelate at room temperature. In the case of Si-HPMC with nanoparticles embedded,
20 uL of NPs@AP solution were centrifuged at 13500 rpm for 10 min and redispersed in 100 uLL
of Si-HPMC solution at 3%w/v in NaOH 0.1M and pH 12.9 by mechanical stirring. Then, 100 pL
of HEPES buffer at pH 3.6 was added, vortexed and let them gelate at room temperature. After
different gelation times, dynamic oscillatory rheology was carried out in a Kinexus Malvern

rheometer at 25°C. A stainless stell sandblasted plate geometry of 10 mm diameter was employed,
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and a gap of 2 mm was fixed. Strain sweeps, from 0.01% to 100%, were performed at 1 Hz, and

frequency sweeps, from 0.01 Hz to 10 Hz, were carried out at 0.1% strain.

2.8. Confocal laser scanning microscopy (CLSM)

50 pL of Si-HPMC solution at 3%w/v in NaOH 0.1M and pH 12.9 was mixed with 50 pL of
HEPES buffer at pH 3.6 in a vortex and let them gelate at room temperature for 48 hours in Teflon
molds of 10 mm diameter. In the case of Si-HPMC with nanoparticles embedded, 10 pL of
NPs@AP with a 10 %v/v NPs@APRHO (APRHO - AP labelled with rhodamine B was prepared
according to a reported procedure) [34] was centrifuged at 13500 rpm for 10 min and redispersed
in 50 pL of Si-HPMC solution at 3%w/v in NaOH 0.1M and pH 12.9 by mechanical stirring. Then,
50 uL of HEPES buffer at pH 3.6 was added, vortexed and let them gelate at room temperature.
After 48 h gel formation, 50 pL of Fmoc-FFpY (2.5 mg mL™") containing Thioflavin T (0.45 mg
mL") was brought in contact with Si-HPMC hydrogels for 48 h at room temperature. Confocal
laser scanning microscopy was performed with a Zeiss LSM 710 microscope using two objectives,
an EC Plan-Neofluar 10x/0.3 and a Plan-Apochromat 20x/0.8 M27. The fluorescence emission of
rhodamine between 566 and 703 nm was measured after excitation at 561 nm, whereas the peptide
self-assembly using Thioflavine T (0.45 mg mL™") was visualized between 493 and 548 nm after
excitation at 488 nm with an argon laser. The setup for samples preparation and measurement is

shown in the Fig. S9.

2.9. Cryo-Scanning Electron Microscopy (Cryo-SEM)
A slight piece of Si-HPMC or Si-HPMC/NPs@AP gel was immersed in liquid ethane and fixed in
a cryo-holder plunged into a nitrogen bath as described previously [36]. Then, the holder was

placed into the cryo preparation chamber of the Quorum PT 3010 equipment under vacuum,
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fractured with a razor blade, and transferred to the FEG-cryoSEM (Hitachi SU8010) to be observed

at 1kV and -150°C.

3. Results and discussion

Si-HPMC hydrogel is an interesting biomaterial since it is fully biocompatible, and cells can live
in a quiescent state during three weeks at least [35]. It is a chemical hydrogel based on siloxane
bonds crosslinking between triethoxysilane-modified cellulose chains [37]. For our study, a
1.5%w/v Si-HPMC hydrogel was investigated. As model system of EASA, we have used the
following couple composed of the precursor peptide Fmoc-FFpY [14, 38] and NPs@AP prepared
according to a reported procedure [33] (Scheme 1a). The NPs@AP have an average diameter of
120 nm and all traces of unbounded AP have been removed (Fig. S1 in supporting information).
Recently, we have shown that NPs@AP can effectively trigger the Fmoc-FFY self-assembly in
solution which exhibits antimicrobial properties [39]. The presence of 0.1% NPs@AP does not
preclude the gelation of the Si-HPMC host hydrogel as shown by the inverted tube test picture
given in Fig. 1a and Fig. S2. The hydrogel obtained is slightly light grey due to the presence of
NPs@AP, compared to the translucent naked Si-HPMC gel, ie., without NPs@AP. The
morphology of this hybrid hydrogel was analysed by cryo-SEM (Fig. 1b) observing the presence
of clusters of micrometre-size nanoparticles within the fibrillar network of the Si-HPMC gel

network.

10
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Fig. 1. (a) Inverted tube tests of Si-HPMC and Si-HPMC/NPs@AP gels after 24h. (b) Typical

cryo-SEM image of Si-HPMC/NPs@AP.

The hydrogel formation was studied by oscillatory dynamic rheological measurements (Fig. S3).
The elastic modulus of Si-HPMC host hydrogels (G’ = 108 + 13 Pa) is higher than the loss modulus
(G’ =81 Pa) over all frequency range, corroborating the gel formation after 24 hours (Fig. S3a)
and its mechanical stability over the time. For Si-HPMC host hydrogels with entrapped NPs@AP,
even if G’ (123 + 27 Pa) is higher than G*” (10 + 2 Pa) after 24 hours hydrogel formation (Fig.
S3b), the elastic modulus increases up to G* = 185 + 14 Pa (respect to G’ = 10 = 1 Pa) after 48
hours to remain then stable (Fig. S3c). Therefore, the incorporation of NPs@AP enhances the
mechanical properties of the host hydrogels. In both cases, the hydrogels show a linear viscoelastic
regime up to 60% strain (Fig. S3d-e). We determined if AP is still active when NPs@AP are
encapsulated inside the Si-HPMC hydrogel. For that purpose, the hydrogel Si-HPMC/NPs@AP
was brought in contact with a solution of para-nitrophenyl phosphate (PNP) which is transformed
in para-nitrophenol (Amax = 405 nm) by NPs@AP embedded in the gel (Fig. S4). The catalytic

activity of NPs@AP inside the Si-HPMC hydrogels is equivalent to ~0.3 pg mL™' of AP
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concentration free in solution. This enzyme activity is stable over 48 hours at least. Next, Si-
HPMC/NPs@AP hydrogel was brought in contact with a solution of Fmoc-FFpY (100 uL of 2.5
mg mL! in borax buffer 25 mM) that diffuses throughout the host hydrogel and self-assembles by
enzymatic dephosphorylation caused by NPs@AP located inside the Si-HPMC hydrogel (Scheme
1b,c). The Fmoc-FFpY diffusion does not produce any increase of the elastic modulus of the Si-
HPMC/NPs@AP hydrogel (G” = 185 + 19 Pa) (Fig. 2a and Fig. S5). However, it has an impact on
the shear-thinning behaviour of these hydrogels, decreasing the linear viscoelastic regime region.
G’ remains constant and higher than G’ up to a critical deformation, yo = 40 %, where G’ starts
to decrease until reaching the crossover point of G’ and G’’, moment at which takes place the
change from the gel-like state to the sol-like one (Fig. 2b). Interestingly, a different rheological
behavior is observed when Fmoc-FFpY forms part of the hydrogel network. G” ~ 10 Pa remains
constant up to 2% strain and then starts to increase reaching a maximum of 90 Pa at 30% strain
followed by a decrease. This fact is indicative of a weak-strain hardening behavior related to the

energy dissipation of a complex structure breakage [40].

a b
= 2101 s 10%
o =
=~ 1801 T 102 h‘W‘“‘.immmmmmmums-
; 10 ?
3 150 A= v AAA’K?%
S 120 E e
e 1 = v vV
= h 101-s§@§g@§ﬁ@§§§§%%%§% MR @ﬁ 500e°”
(90 O
T 601 T 100
S (@]
a2 30- <
ED 0- ZD -1 T T T T
Si-HPMC Si-HPMC/ Si-HPMC/ Si-HPMC/ 0,01 0,1 1 10 100

NPs@AP NPs@AP/ NPs@AP/ % Strain
borax Fmoc-FFpY

12



10

11

12

13

14

15

16

17

18

19

20

21

22

23

Fig. 2. Elastic modulus (G’) and loss modulus (G’’) of Si-HPMC (black) and Si-HPMC/NPs@AP
(red) gels, and Si-HPMC/NPs@AP gels in contact with borax (blue) or Fmoc-FFpY (green) (a)

obtained from frequency sweeps at 1 Hz, and (b) as function of % strain.

The Fmoc-FFY self-assembly within the Si-HPMC gel was proven by attenuated total reflection
Fourier transformed infrared (ATR-FTIR) spectroscopy. ATR-FTIR spectra of Si-HPMC gels
containing either non-functionalized nanoparticles (NPs), named as Si-HPMC/NPs, or NPs@AP,
were recorded 48h after contact with the Fmoc-FFpY solution (Fig. 3a). In the case of Si-
HPMC/NPs (black curve), a broad amide I band is observed in the range of 1575 — 1725 cm™! that
is commonly the signature of disordered amide groups (Fig. S6) [41]. For Si-HPMC/NPs@AP the
appearance of a band at 1640 cm™ is characteristic of aggregation via intermolecular hydrogen
bonding attributed to the B-sheet structure (Fig. 3a, red line) [14, 42, 43]. The band at 1688 cm™ is
assigned to carbamates and consistent with a B-sheet structure and a possible anti-parallel
arrangement [44]. The band centered at 1605 cm™! is attributed to the deprotonated form of the
terminal carboxylic acid groups [33, 45]. In addition to this, the excimer formation of Fmoc
moieties from Fmoc-peptide self-assembly was monitored by fluorescence spectroscopy [26, 45].
When Si-HPMC/NPs are brought into contact with Fmoc-FFpY solution, a fluorescence emission
band at 317 nm due to Fmoc moieties is observed (Fig. 3b). The same emission band is observed
in the case of Si-HPMC hydrogels in contact with Fmoc-FFpY and without NPs embedded (Fig.
S7). However, when NPs@AP are embedded inside the Si-HPMC hydrogels leading to Si-
HPMC/NPs@AP, the Fmoc-FFY self-assembly takes place and a red-shift of this maximum from
317 nm towards 327 nm is observed due to Fmoc excimers formation, which is characteristic of

Fmoc-FFY self-assembly [33].
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Fig. 3. (a) ATR-FTIR and (b) fluorescence emission intensity (Aex=290 nm) spectra of Si-HPMC
hydrogels with naked NPs (red curve) and NPs@AP (black curve) after 48 h contact with Fmoc-

FFpY (2.5 mg mL™).

The supramolecular peptide self-assembly of free Fmoc-FFY within the Si-HPMC/NPs@AP host
hydrogel was also visualized by confocal laser scanning microscopy (CLSM) employing
Thioflavine T (ThT), a non-fluorescent probe which becomes green fluorescent when in presence
of B-sheets structures [46]. NPs@APRHO incorporating 10% of rhodamine-labelled AP (APRHO,
AP labelled with rhodamine B) were used to localize the AP-modified NPs, i.e. NPs@APRHO, in
the Si-HPMC hydrogel. At the micrometer scale, the distribution of NPs@APR!O in the host
material is not perfectly homogeneous (Fig. 4a) probably due to the propensity of these so-
modified nanoparticles to aggregate as observed previously by cryo-SEM (Fig. 1b and S8). CLSM
images show clusters (several hundred micrometre size) of NPs@AP explaining the turbidity of
the resulting gel (Fig. 1b). We have first determined the mobility of the NPs@APRHO in the host
gel by using fluorescence recovery after photobleaching (FRAP) measurements (Fig. S9 and Fig.
S10). We found that only 11% of the particles are mobile in the gel. Because the pore size of Si-

HPMC gel (~70 nm) is smaller than the NPs@AP aggregates and since all AP are covalently
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bounded to the NPs, this mobility should be due to the low proportion of the smaller size NPs@AP.
The diffusion of Fmoc-FFpY through the Si-HPMC/NPs@APR!C hydrogel gives rise to Fmoc-
FFY self-assembly revealed by the presence of ThT (Fig. 4b). The green fluorescence emission of
this dye highlights the presence of Fmoc-FFY self-assembly which corresponds perfectly to the
localization of NPs@APRHO, As a control experiment, Si-HPMC/ThT hydrogels without any
embedded nanoparticles were brought in contact with Fmoc-FFpY precursors and no fluorescence
was detected (Fig. S11). It was also verified that almost no NPs@APRHO diffuse inside the Si-
HPMC hydrogel when deposited on top of it (Fig. S12). The very slight diffusion of NPs@APRHO
within Si-HPMC is in agreement with the 11% of mobile nanoparticles determined by FRAP
measurements previously. However, the presence of clusters of NPs@APRO before the gelation
of Si-HPMC results in a gradient of NPs@APRO distribution increasing from the bottom to the
top of the host hydrogel (Fig. 4c). This is due to partial sedimentation of the NPs during the
gelation. When gelation is over, the distribution of NPs@AP is fixed. Then, it is observed that
when a solution of Fmoc-FFpY is diffusing through this Si-HPMC/NPs@APRHO, the distribution
profile of the Fmoc-FFY self-assembly (Fig. 4c) follows quite nicely the NPs@APRHO distribution.
We noticed also a very slight diffusion of NPs@APRHC at the interface between Si-HPMC
hydrogel and Fmoc-FFpY solution, leading there to a maximum of Fmoc-FFY self-assembly. This
might be due to diffusion of isolated and smaller NPs@APRH that could constitute the 11% of

diffusing NPs, as mentioned above.
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Fig. 4. (a) Confocal images, red (left) and green (right) channels of Si-HPMC hydrogels with
NPs@AP embedded and distributed all around the host hydrogel. (b) Distribution profile of
NPs@APRHO (red) and Fmoc-FFY self-assembly (green) observed by CLSM after the precursor

peptide diffusion of Fmoc-FFpY solution within a 1.6 mm thick Si-HPMC/NPs@APRHO material.

To induce the peptide self-assembly at a targeted spatial area in the host hydrogel, 1 pL of
NPs@APRO (0.6 ug mL! in borax buffer 25 mM) was injected with an adequate microsyringe

through the Si-HPMC host hydrogel (Fig. 5a, 1*' step) and monitored by CLSM. Subsequently, 50
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uL of Fmoc-FFpY (2.5 mg mL™! in borax buffer 25 mM) was deposited on top of the material and
let diffuse throughout the whole Si-HPMC hydrogel (Fig. 5a, 2" step) for 24 hours: a localized
green fluorescence is observed specifically in the hydrogel region in contact with the NPs@APRHO
solution (Fig. 5b and S13). It thus reveals the specific spatial localization of Fmoc-FFY self-
assembly due to the quasi non-diffusion of the NPs@APRHC within the Si-HPMC hydrogel.
Indeed, when 1 uL of a solution of free APRHO (0.6 pg mL™! in borax buffer 25 mM) was injected
with a syringe in a middle point of the Si-HPMC hydrogel, a homogeneous red fluorescence

observed (Fig. S14a) proves that APRMO diffuses quickly throughout the Si-HPMC hydrogel,

giving rise to a homogenous green fluorescence (Fig. S14b) due to the Fmoc-FFY self-assembly.

£y

o/
SN

15t step

Fig. 5. (a) Scheme of the injection of NPs@AP at a targeted spatial area within the Si-HPMC host
gel (1% step) and subsequent Fmoc-FFpY diffusion leading to localized peptide self-assembly (2"
step). (b) Confocal images, red (left), green (center) and merged (right) channels of Si-HPMC

hydrogels with NPs@APRHO localized in a specific area of the host hydrogel, after 48 h contact
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with Fmoc-FFpY (2.5 mg mL") in presence of 1 mg mL™' ThT. The microcrack shape in the Si-

HPMC hydrogel has been created by bevelled needle.

4. Conclusions

The design of hierarchical biomaterials allows to get closer and closer to the internal structure of
tissues or organs. Indeed, living matter presents non-homogeneous distributions of chemical
entities and such spatial organisation is essential to ensure its function. Thus, mimicking this
structuring within biocompatible polymer hydrogels is currently a hot topic. Recent work based
on the concept of enzyme-assisted self-assembly has shown that the formation of self-assembling
zones within chemical hydrogels can be controlled not only spatially but also temporally. The
deposition of a solution of precursor peptides on the surface of the hydrogel, which contains a
suitable enzyme, results in a self-assembled zone exclusively where the solution is deposited.
However, this deposition also leads to diffusion of the enzyme from the host hydrogel to the
precursor peptide drop, which greatly alters the width and density of the self-assembled zone
within the hydrogel. To circumvent this problem, this work demonstrates that the simple use of
enzymes supported by silica nanoparticles almost fully immobilises these enzymes in the gel.
Furthermore, the use of a microsyringe allows the injection of very small amounts of supported
enzymes into the materials, leading to spatially resolved self-assembly on the micrometre scale.
We hope that these developments will be useful for the design of more complex and thus more

efficient biomaterials.
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