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ABSTRACT: This paper investigates self-sorting and triggered
assembly of multicomponent gels that combine sorbitol-based low-
molecular-weight gelator (LMWG) DBS-CONHNH2 and peptide-
based LMWG Nap-FF, with the assembly of Nap-FF being
triggered either using glucono-δ-lactone (GdL) to lower pH or
CaCl2. Changing triggers alters the way Nap-FF assembles on the
molecular scale either as its acid form or its calcium salt, leading to
different nanoscale networks and rheological behaviors. The choice
of trigger impacts the properties of the two-component gels formed
with DBS-CONHNH2. Using either trigger, the LMWGs self-sort
on the molecular level into their own distinct assemblies. However,
when using a GdL trigger, the sheet-like Nap-FF assemblies
encourage DBS-CONHNH2 assembly, with the two assemblies interacting with one another on a network level as a result of
interactions between the acylhydrazide and the carboxylic acid. Conversely, when using a CaCl2 trigger, the two fibrillar assemblies
are independent of one another on the network level, with the carboxylic acid being bound to calcium in the form of its carboxylate
salt, and unable to interact with DBS-CONHNH2. As such, GdL-triggering leads to molecular-level self-sorting and network-level
coassembly, while CaCl2-triggering leads to both molecular-level and network-level self-sorting. Injecting the CaCl2 trigger into a
preformed DBS-CONHNH2 gel, followed by its diffusion, creates dynamic, evolving, spatially-resolved self-sorted multicomponent
gels, with stiffnesses differing by 2 orders of magnitude in different domains. Given the mild, biocompatible nature of CaCl2, it is
suggested that this calcium ion diffusion approach to spatiotemporally resolved patterning of multidomain gels may have future
relevance in cell-based studies.

■ INTRODUCTION

Supramolecular gels based on low-molecular-weight gelators
(LMWGs) that self-assemble through noncovalent interactions
to immobilize bulk solvents even at relatively low loadings are
an important class of nanomaterial.1−3 By programming
molecular structure, it is possible to impact the mode of
assembly, which can be triggered by a variety of different
processes.4,5 Gels have a wide range of applications, from
catalysis and environmental remediation to drug delivery and
tissue engineering, meaning that in addition to fundamental
interest in self-assembly pathways, they have potential in next-
generation technologies.1,6−9

Given that self-assembly is a simple, bottom-up fabrication
method, it is straightforward to create multicomponent gels by
mixing LMWGs.10−12 In such multicomponent systems, self-
sorting occurs when individual gelators independently
assemble into their own individual nanostructures; coassembly
means individual LMWGs assemble with one another into a
new combined nanostructure, and disruptive assembly means
the two LMWGs limit one another’s ability to self-assemble.
Self-sorting is of particular use because it allows gels to be

programmed by the molecular structures of the LMWGs, with
each gelator expressing its own properties in the final
material.13−22 Importantly, however, consideration should
also be made beyond the molecular-level assembly process.
For example, although a system may self-sort on the molecular
scale, the resulting fibers may preferentially self-interact,
interact with one another, or form no specific interactions at
all. Each outcome can lead to gels with different micro-
structures and properties. Such studies are of very high
potential value, as they help understand a hierarchical assembly
level that is difficult to probe, but as yet, they have only been
rarely performed.23−25 Understanding multicomponent assem-
bly across all length scales and moving beyond a simple focus
on molecular-level assembly remains an important, largely
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unmet challenge in supramolecular gel science.26 It is evident
that by controlling each level of the hierarchical assembly
process, it should be possible to gain a greater degree of
control over multicomponent gel-phase materials.
We became interested in assembling gelators with divergent

chemical structures with a longer-term interest in developing
biologically relevant multicomponent materials. Specifically, we
want to endow our stem cell-compatible sugar-based gelator,
DBS-CONHNH2 (Figure 1),27−29 with additional functions.
We have previously combined this LMWG with pH-responsive
DBS-COOH;30 however, the pKa of DBS-COOH is 5.4, and
assembly only occurs below this pH value, which is not ideal
for biological applications. With the long-term goal of raising
the stability of the second network in biological media, a
literature survey identified peptide-based gelator Nap-FF
(Figure 1A), which has a pKa value of 6.8, as a potentially
interesting LMWG to combine with DBS-CONHNH2.

31,32

The pKa of Nap-FF is higher than the typical C-terminus of a
peptide due to hydrophobically driven self-assembly.33,34

Peptide gelators of this type are well understood through the
careful work of a number of researchers.35−41 In particular,
Adams and co-workers have characterized multicomponent
systems, gaining understanding across multiple length
scales.42−45 However, a combination of this peptide LMWG
with other gelators having very different chemical structures
remains rare. We also noted that the assembly of this class of
peptide gel could be triggered by calcium ions,46−51 not
possible for our own acid-functionalized LMWG (DBS-
COOH) and realized that this opened new possibilities in
terms of gel patterning that might be relevant in biological
systems. Furthermore, calcium ions had not previously been
used to trigger multicomponent gel systems.
We therefore targeted multicomponent systems based on

DBS-CONHNH2/Nap-FF (Figure 1B) and aimed to compare
and contrast the use of H+ and Ca2+ to trigger assembly,
understanding how the two LMWGs impacted on one
another’s assembly and how using different triggers impacted

on multicomponent assembly. Furthermore, we wanted to
explore the considerable potential of Ca2+ to create patterned
gels (Figure 1c). There has been emerging interest in shaping
and patterning supramolecular gels,52,53 and diffusion can be
an effective way of achieving dynamic patterning.54,55 For
example, some studies have used H+ diffusion to trigger gel
assembly with spatial and temporal resolution.56−61 We
previously achieved spatiotemporally resolved patterning of
DBS-COOH and DBS-CONHNH2 based on acid diffu-
sion.62−64 We reasoned that replacing DBS-COOH with
Nap-FF may not only raise the pKa value to useful levels but
also enable calcium ion diffusion to direct gel assembly,
offering a potentially biocompatible method for generating
patterned multidomain materials with potential future
applications in tissue engineering.

■ EXPERIMENTAL SECTION

Materials and General Methods. Chemicals were purchased
from standard chemical suppliers for synthesis and analysis. Nap-FF
was synthesized from 1-naphthol by applying a stepwise protocol, as
previously described by Adams and co-workers.31,65,66 DBS-
CONHNH2 was prepared through a simple two-step synthesis, as
described in our previous reports.27 Characterization data were in
agreement with previous reports. 1H NMR spectra were recorded on a
Jeol 400 spectrometer (1H 400 MHz). Samples were prepared as
solutions in deuterated NMR solvents (DMSO-d6 or D2O), and
chemical shifts (δ) are quoted in parts per million (ppm) referenced
to residual solvent. A Bruker 500 (1H 500 MHz) was used for kinetics
experiments. IR spectra were recorded on a PerkinElmer Spectrum
Two FT-IR spectrometer. Fluorescence spectra were recorded using a
Hitachi F-4500 fluorescence spectrophotometer. Circular dichroism
(CD) measurements were carried out using a Jasco J-1500
spectrophotometer. Transmission electron microscopy (TEM) images
were recorded on a FEI Tecnai 12 G2 fitted with a CCD camera.
Scanning electron microscopy (SEM) images were obtained from a
Jeol JSM 6490LV scanning electron microscope. Tgel values were
obtained by tube inversion using a high-precision thermoregulated oil
bath. Rheological measurements were recorded using a Malvern

Figure 1. (a) Structures of LMWGs investigated in this paper, DBS-CONHNH2 and Nap-FF. (b) Schematic of multicomponent assembly
triggered by a heat/cool cycle to assemble DBS-CONHNH2 combined with either H+ or Ca2+ to assemble Nap-FF, with the choice of trigger
leading to different outcomes. (c) Schematic showing the use of injected Ca2+ as a diffusing trigger to assemble Nap-FF within a preformed network
of DBS-CONHNH2.
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Instruments Kinexus Pro+ rheometer fitted with a 20 mm parallel
plate geometry.

Gel Fabrication. DBS-CONHNH2 Gels. DBS-CONHNH2 (3 mg,
0.3 wt %/vol) was suspended in water (1 mL). The mixture was
sonicated and then heated with a heat gun until complete dissolution.
This was left undisturbed overnight to allow gel formation.
Nap-FF Hydrogel via pH-Switching. A known mass of Nap-FF was

weighed into a sample vial. A solution of NaOH (0.5 M, 1.3 equiv)
and water (1 mL total volume) was added. The suspension was
sonicated until complete dissolution, and the pH of the gelator
solution was measured to be around 10. This solution was transferred
into another vial containing glucono-δ-lactone (GdL, 8 mg, 0.8 wt
%/vol), followed by shaking. Samples were left undisturbed overnight
to allow gel formation.
Nap-FF Hydrogels via Calcium Addition. A known mass of Nap-

FF was weighed into a sample vial. A solution of NaOH (0.5 M, 1.3
equiv) and water (1 mL total volume) was added. The suspension was
sonicated until complete dissolution, and the pH of the gelator
solution was measured to be around 10. The solution was transferred
to a new sample vial containing CaCl2 solution (5 wt %/vol, 0.07 mL)
as quickly as possible to aid mixing and then left to stand to form a
gel.
DBS-CONHNH2/ Nap-FF Hydrogels via pH-Switching. A known

mass of DBS-CONHNH2 (0.15 or 0.3 wt %/vol) was weighed into a
vial, and different concentrations of the basified Nap-FF solution
described above (0.15, 0.3, or 0.5 wt %/vol, 1 mL) were then added.
The mixture was sonicated for 5 min and then heated with a heat gun
until complete dissolution. The hot solution was transferred into
another vial containing GdL (8 mg, 0.8 wt %/vol) and left
undisturbed overnight to allow gel formation.
DBS-CONHNH2/Nap-FF Hydrogels via Calcium Addition. A

known mass of DBS-CONHNH2 (0.15 or 0.3 wt %/vol) was
weighed into a vial, and different concentrations of the basified Nap-
FF solution described above (0.15, 0.3, or 0.5 wt %/vol, 1 mL final
total volume) were then added. The mixture was sonicated for 5 min
and then heated with a heat gun until complete dissolution. The hot
solution was then transferred to a vial containing CaCl2 (5 wt %/vol,
70 μL) and then left to stand to form a gel.
Patterning DBS-CONHNH2/Nap-FF Hydrogels via Calcium

Diffusion. (i) Gel preparation in a Petri dish: Nap-FF (19 mg, 0.3
wt %/vol, 6.5 mL total) was dissolved in NaOH (0.5 M, 1.3 equiv)
and water. The Nap-FF solution was mixed with DBS-CONHNH2

(19 mg, 0.3 wt %/vol) and bromothymol blue or thymol blue (10 μL,
1% in EtOH). The mixture was sonicated, heated, and poured into a
Petri dish (3.5 cm diameter). This was allowed to cool and left
overnight, giving a gel thickness of ca. 0.7 cm. A CaCl2 solution (15
μL, 2 M = 0.03 mmol) or water (15 μL) was injected using a glass
syringe, with a lab jack being used to raise and lower the Petri dish.
(ii) Gel preparation in a tray: Nap-FF (36 mg, 0.3 wt %/vol, 12 mL
total) was dissolved in NaOH (0.5 M, 1.3 equiv) and water. The Nap-
FF solution (6 mL, 0.3 wt %/vol) was added into two vials that each
contained DBS-CONHNH2 (18 mg, 0.3 wt %/vol). The mixture was
sonicated, and each vial was simultaneously heated with a heat gun.
The hot solutions from both vials were then transferred into a 5 × 5
cm square tray. The tray was left undisturbed to cool overnight,
forming a gel with a thickness of 0.5 cm. A CaCl2 solution (10 μL, 3
M = 0.03 mmol or 10 μL, 6 M = 0.06 mmol) was injected using a
glass syringe, with a lab jack being used to raise and lower the tray.

Gel Analysis Procedures. NMR Studies of Nap-FF Gelation
Triggered via pH Change or Calcium Addition. A suspension of
Nap-FF (0.3 wt %/vol) in D2O (1 mL) was dissolved by the addition
of NaOD (30 μL, 0.5 M, 1.3 equiv) and then sonicated until complete
dissolution. The solution of Nap-FF was diluted with D2O to give the
desired concentrations. The solution (0.7 mL) was then transferred to
a vial containing MeCN (2 μL). The NMR spectrum of “mobile”
Nap-FF was then recorded. In addition, Nap-FF solution (0.15 wt
%/vol, 0.7 mL) was added to a vial containing GdL (5.6 mg, 0.8 wt
%/vol) and dimethylsulfoxide (DMSO) (2 μL). This was then
transferred to an NMR tube, and spectra were recorded after 24 h.
Alternatively, the mobile Nap-FF was added to an NMR tube

containing a calcium chloride solution (5 wt %/vol in D2O, 0.07 mL)
and DMSO (2 μL). After 24 h, the 1H NMR spectra were recorded.
NMR Studies of DBS-CONHNH2/Nap-FF Multicomponent Hydro-

gels. The “mobile” basified Nap-FF solution (0.15 or 0.10 wt %/vol)
was transferred to a vial containing DBS-CONHNH2 (0.15, 0.2% or
0.3 wt %/vol). The mixture was heated until complete dissolution.
DMSO (2 μL) and GdL (5.6 mg, 0.8 wt %/vol) were added into the
hot gelator solution (0.7 mL), and then this was transferred into an
NMR tube. After 24 h, the 1H NMR spectrum was recorded. For Ca-
triggered gelation, the hot solution of DBS-CONHNH2/Nap-FF was
transferred to an NMR tube containing a calcium chloride solution (5
wt %/vol in D2O, 0.07 mL) and DMSO (2 μL). The 1H NMR spectra
were recorded after 24 h.
NMR Studies of pH-Responsive DBS-CONHNH2/Nap-FF Multi-

component Hydrogels. Multicomponent gels (0.5 mL) induced by
GdL were prepared in NMR tubes, as described in the section above.
After 24 h, 1H NMR spectra of the multicomponent gels were
recorded. A solution of NaOD (40 μL, 0.5 M) was then added to the
top of the gel to disassemble the Nap-FF network, and after a further
period of time, a solution of GdL (8 mg in 0.1 mL D2O) was
subsequently added to reform the Nap-FF network. The 1H NMR
spectrum was recorded for each addition. The percentage of mobile
components was calculated by comparison of the integrals of Nap-FF
aromatic peaks (δ = 8.13 or 6.65 ppm) and DBS-CONHNH2 peak (δ
= 5.90 ppm) with that of the DMSO internal standard (δ = 2.74
ppm).
NMR Kinetic Studies of Nap-FF Gelation Triggered by a pH

Change or Calcium Addition. A suspension of Nap-FF (1.5 mg, 0.15
wt %/vol) in D2O (1 mL total) was dissolved by the addition of
NaOD (10 μL, 0.5 M) and then sonicated until complete dissolution.
The mobile Nap-FF (0.7 mL, 0.15 wt %/vol) was transferred to a vial
containing GdL (5.6 mg, 0.8 wt %/vol) and DMSO (1.4 μL),
followed by shaking. This was then quickly transferred to an NMR
tube. The NMR spectra of mobile Nap-FF were then recorded
immediately, every 10 min for 2 h, and every 30 min for 10 h.
Alternatively, the mobile Nap-FF (0.7 mL, 0.15 wt %/vol) was added
to an NMR tube containing a calcium chloride solution (5 wt %/vol
in D2O, 0.07 mL) and DMSO (1.4 μL). The NMR spectra were then
recorded at time intervals as described above.
NMR Kinetic Studies of DBS-CONHNH2/Nap-FF Triggered by a

pH Change or Calcium Addition. The “mobile” Nap-FF (0.7 mL,
0.15 wt %/vol) was transferred to the vial containing DBS-
CONHNH2 (2.1 mg). The mixture was heated until complete
dissolution. The hot gelator solution was added into DMSO (1.4 μL)
and GdL (5.6 mg, 0.8 wt %/vol), followed by shaking. This was then
quickly transferred to an NMR tube. The NMR spectra of mobile
Nap-FF were then recorded immediately, every 10 min for 2 h, and
every 30 min for 10. For Ca2+-triggered gelation, the hot solution of
DBS-CONHNH2/Nap-FF (0.7 mL, 0.3 wt %/vol of DBS-
CONHNH2 and 0.15 wt %/vol of Nap-FF) was transferred to an
NMR tube containing a calcium solution (5 wt %/vol in D2O, 0.07
mL) and DMSO (1.4 μL). The NMR spectra were then recorded at
time intervals as described above.
NMR Quantification of the Self-Assembly of Nap-FF Triggered

by CaCl2 Diffusion. The gel without an indicator was prepared in a
3.5 cm Petri dish as described previously, but using D2O and NaOD.
A CaCl2 solution prepared in D2O (15 μL, 2 M = 0.03 mmol) was
injected into the middle of the dish. At 1 h, 3 h, 6 h, and 24 h, an
aliquot (100 μL) of gel was taken at different distances (0−5.8 mm,
5.8−11.6 mm, and 11.6−17.5 mm) from the injection point using a
cut plastic syringe and then gently transferred to a vial containing
D2O (0.6 mL). DMSO (2 μL) was added as an internal standard.
After that, this was transferred to an NMR tube with the least possible
disturbance, and the 1H NMR spectrum was recorded. The
percentage of mobile component (Figure S12) was calculated by
comparison of the integrals of Nap-FF aromatic peak (δ = 8.16 ppm)
with that of the DMSO peak (δ = 2.71 ppm).
Fluorescence Spectroscopy. To prepare the DBS-CONHNH2

hydrogel, a suspension of DBS-CONHNH2 (6 mg, 0.3 wt %/vol)
in water was sonicated and heated to a clear solution. The hot
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solution was then transferred to a cuvette with a path length of 10 mm
and allowed to form a gel overnight. For DBS-CONHNH2/Nap-FF
gel, a suspension of DBS-CONHNH2 (6 mg, 0.3 wt %/vol) in a
basified solution of Nap-FF (2 mL, 0.3 wt %/vol) was sonicated and
heated until dissolution. This solution was loaded into a cuvette
containing GdL (0.8 wt %/vol) and then allowed to form a gel
overnight. In the case of the multicomponent gel in which Nap-FF
was assembled by adding calcium chloride, the hot solution of DBS-
CONHNH2/Nap-FF was transferred to a cuvette containing aqueous
calcium chloride (5 wt %/vol, 0.140 mL) and then allowed to form a
gel overnight to give DBS-CONHNH2/Nap-FF (0.3 wt %/vol of
DBS-CONHNH2 and 0.3 wt %/vol of Nap-FF, final volume of 2 mL).
The fluorescence spectra of DBS-CONHNH2 and DBS-CONHNH2/
Nap-FF gels were recorded, exciting at a wavelength of 280 nm.
Time-Resolved Fluorescence Spectroscopy. Basified Nap-FF

solution (2 mL, 0.3 wt %/vol) was loaded into a cuvette of 10 mm
path length, and the first fluorescence spectrum was collected with
excitation at 280 nm. GdL (16 mg, 0.8 wt %/vol) was added. In the
case of calcium-induced gelation, the solution of calcium chloride (5
wt %/vol, 0.070 mL) was added. Emission spectra were measured
every 10 min for 2 h, and subsequently at 24 h at room temperature,
with excitation at 280 nm. The emission spectra were recorded
between 285 and 800 nm. The slit width of both excitation and
emission was set to 10 nm; scan speed was 240 nm/min.
Infrared Spectroscopy. Gels were prepared in vials by applying the

methods described above. The gels were dried in vacuum prior to
analysis. The xerogels were placed into the infrared spectropho-
tometer and IR spectra recorded from 4000 to 450 cm−1.
CD Spectroscopy. CD spectra were measured at 20 °C on a Jasco

J-1500 spectropolarimeter between 180 and 400 nm using the
following settings: data Pitch = 0.5 nm, bandwidth = 1.00 nm,
scanning mode = continuous, scan speed = 100 nm/min, and
accumulation = 2. A CD cuvette (quartz, path length 1 mm) was used.
CD Studies of DBS-CONHNH2. A known mass of DBS-CONHNH2

(1 mg) was weighed into a vial, and water (10 mL for 0.01 wt %/vol
or 5 mL for 0.02 wt %/vol) was then added. The mixture was

sonicated for 5 min and then heated with a heat gun until complete
dissolution. The solution (0.4 mL) was transferred to a CD cuvette
and left for 24 h before the spectra were recorded.
CD Studies of Nap-FF. Nap-FF (1.5 mg, 0.15 wt %/vol) was

suspended in NaOH (10 μL, 0.5 M) and pure water (1 mL total).
The suspension was sonicated until complete dissolution. The Nap-
FF solution (0.01 or 0.02 wt %/vol, 2 mL) was prepared by diluting
the Nap-FF solution (0.15 wt %/vol) with pure water. The Nap-FF
solution (0.01 or 0.02 wt %/vol, 0.4 mL) was then added to a vial
containing GdL (3.2 mg) or HCl (1M, 20 μL), followed by shaking.
This solution was then transferred to a CD cuvette and left for 24 h
before the spectra were recorded. Alternatively, the Nap-FF solution
(0.01 or 0.02 wt %/vol, 0.4 mL) was then added to a CD cuvette
containing CaCl2 (5 wt %/vol, 20 μL) and left for 24 h before the
spectra were recorded.
CD Studies of DBS-CONHNH2/Nap-FF. A Nap-FF solution (10 mL

of 0.01 wt %/vol or 5 mL of 0.02 wt %/vol) was added to a vial
containing DBS-CONHNH2 (1 mg), sonicated for 5 min, and heated
with a heat gun until complete dissolution. The hot gelator solution
(0.01 or 0.02 wt %/vol of each LMWGs, 0.4 mL) was transferred to a
vial containing GdL (3.2 mg) or HCl (1M, 20 μL), followed by
shaking, quickly transferred to a CD cuvette, and left for 24 h before
the spectra were recorded. Alternatively, the hot gelator solution (0.01
or 0.02 wt %/vol of each LMWGs, 0.4 mL) was transferred to a CD
cuvette containing CaCl2 (5 wt %/vol, 20 μL) and left for 24 h before
the spectra were recorded.
Time-Resolved CD Spectroscopy. All samples were prepared as

described above. 400 μL of the solution was transferred to a CD
cuvette, and the spectra were recorded immediately and then every 10
min for 2.5 h, and again at 24 h for GdL-induced assembly or every 10
min for 1.5 h, and then at 24 h for calcium-induced assembly.
Transmission Electron Microscopy (TEM). Gel samples in vials

were prepared as described above. For patterned gels, samples were
prepared in a glass tray as described above, and calcium chloride
solution (3 M, 10 μL) was injected into the preformed DBS-
CONHNH2 gel. After 2.5 h, the inner and outer domains were cut

Figure 2. (a) Molecular structure of deprotonated Nap-FF, scheme indicating how GdL or CaCl2 trigger gel formation in different ways, including
photographs of the Nap-FF gels formed by GdL or CaCl2 triggers. (b) IR spectra of Nap-FF xerogels formed with GdL or CaCl2 triggers. (c) TEM
image of Nap-FF triggered by GdL, scale bar = 100 nm. (d) SEM image of Nap-FF triggered by GdL, scale bar = 1 μm. (e) TEM image of Nap-FF
triggered by CaCl2; scale bar = 100 nm. (f) SEM image of Nap-FF triggered by CaCl2, scale bar = 1 μm.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.4c00183
Chem. Mater. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00183?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00183?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00183?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00183?fig=fig2&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c00183?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


using a bottomless vial and carefully transferred to a Petri dish. TEM
images were obtained by placing a small amount of each sample on a
copper grid. The excess sample was removed with filter paper and
allowed to set for 5 min. A negative stain (1% uranyl acetate) was
then added. Before images were taken, the samples were left to rest for
30 min. Fiber widths were measured from TEM images using ImageJ
Software.
Scanning Electron Microscopy (SEM). Samples were frozen by

immersion into slushy liquid nitrogen and then transferred to a
Polaron E5380 freeze drier unit and processed at −60 °C for about 4
h. The samples were then allowed to warm up slowly and mounted
onto SEM stubs. The mounted samples were sputter coated with 5
nm of gold−palladium and then imaged on Jeol JSM 6490LV SEM
operating at an accelerating voltage of 5 kV.
Thermal Stability. Gels were prepared as described above in 7 mL

vials (diameter = 2 cm, height = 6 cm) and left overnight, allowing gel
formation. They were placed in a high-precision thermoregulated oil
bath with an initial temperature of 25 °C. The temperature was then
increased by 1 °C/min until 100 °C. The gels were checked by the
tube inversion method every minute. The temperature (Tgel) was
recorded when the gel began to run down the side of the vial. These
experiments were repeated three times, and the average Tgel was
recorded. Errors are estimated at ±2 °C.
Rheology for Gels in Vials. Gels were prepared as described above

(1 mL volume), with the amount of GdL as a pH trigger being 0.8 wt
%/vol in a bottomless vial attached to a glass Petri dish and left
overnight to ensure complete gel formation. The gels were then
transferred and placed on the rheometer using a spatula. Measure-
ments were carried out at 25 °C using a 20 mm parallel plate and a
gap of 2.5 mm. Amplitude sweep was performed in the range of 0.01−

100% strain at a 1 Hz frequency. The frequency sweep was performed
between 0.1 and 100 Hz using a shear strain of 0.15%. For
reproducibility, experiments were repeated three times, and average
data were used to plot the graphs.
Rheology Studies for Gels Patterned by Calcium Diffusion. The

gel was prepared in a 5 × 5 cm tray as described above. A CaCl2
solution was injected into the tray with two injection points in bottom
left and top right corners. When the patterned gel domain had a
diameter ca. 2 cm (∼2.5 h), bottomless vials were used to cut the gel
at the inner domain and the outer domain. The cut gel was transferred
to Petri dishes and then to the rheometer. Measurements were carried
out as described above.

■ RESULTS AND DISCUSSION

The low-molecular-weight gelator (LMWG), DBS-
CONHNH2, was prepared by our well-established simple
two-step synthesis.27 Dipeptide LMWG, Nap-FF, was synthe-
sized using the published method starting from commercially
available 1-naphthol and applying standard peptide synthesis
methods. All molecules were fully characterized, with data in
agreement with previous studies.27,31,65,66 The formation of
Nap-FF hydrogels can be achieved using two different
approaches: (i) slowly lowering pH with glucono-δ-lactone
(GdL) or (ii) adding calcium ions to form the calcium salt.46,67

Although these gels have been reported before, we briefly
investigated each triggering approach to benchmark our later
results, before going onto compare their use in the formation
of multicomponent gels with DBS-CONHNH2.

Comparing Gel Formation from Nap-FF Using GdL or
CaCl2. Nap-FF formed translucent gels via pH-switching with
a GdL trigger (Figure 2a). The gels formed slowly as GdL
hydrolyzed and had a minimum gelation concentration
(MGC) of 0.06 wt %/vol, with a final pH value of 4.1. The
gels exhibited metastability over extended storage periods
(days), converting into a turbid gel. All gels were therefore
stored for a controlled period of time (12 h) prior to study.
This type of metastability has previously been discussed by

Adams and co-workers.65,68,69 In contrast, gels triggered by the
addition of aqueous calcium chloride (5 wt %/vol) rapidly gave
transparent hydrogels (Figure 2a), visually different from the
translucent gels triggered by GdL addition, with a final pH
value of ca. 7.0. Furthermore, the CaCl2-triggered Nap-FF
hydrogels appeared to be stable over time.
The assembly of Nap-FF was monitored in situ using 1H

NMR spectroscopy. The maximum amount of Nap-FF that
gave distinctive sharp peaks in the basic solution in the
aromatic region was 0.15 wt %/vol. Above this value, the peaks
broadened as a result of Nap-FF forming worm-like micelles,
consistent with previous reports.67,70 On addition of GdL or
CaCl2, the peaks for Nap-FF disappeared as the gel network
assembled (Figures S5 and S6). Molecules present in the
liquid-like solution phase exhibit sharp NMR peaks, whereas
those immobilized within solid-like gel assemblies are
broadened and not observable by NMR.71,72 More detailed
analysis indicated that with a GdL trigger, there was a rapid
assembly of Nap-FF, possibly caused by residual NaOH
inducing GdL hydrolysis, lowering the pH toward the pKa

value (6.8). After the initial burst, Nap-FF then assembled
continuously and more slowly, over several hours. With
calcium chloride (70 μL, 5 wt %/vol), the immobilization of
Nap-FF was faster than GdL-triggered assembly. This would
be expected, given that CaCl2-triggered assembly only relies on
mixing the two components and, unlike GdL, does not require
one of them to be activated by a reaction.
In fluorescence spectroscopy, exciting the naphthalene ring

of Nap-FF at 280 nm leads to an emission peak at 350 nm in
basic solution. When GdL was added, the peak showed a slight
red shift to 355 nm, and over time, a second peak at 380 nm
emerged along with a complex emission at higher wavelengths,
indicative of π−π stacking (Figure S13).73,74 The fluorescence
spectrum of Nap-FF triggered by CaCl2 addition was broadly
similar, with a new peak at ca. 380 nm emerging along with
complex peaks at higher wavelengths (Figure S14). Therefore,
there is evidence for π−π stacking of naphthalene units in each
case.
The IR spectrum of the GdL-triggered Nap-FF xerogel had a

C�O stretch at 1728 cm−1, consistent with protonation of the
terminal carboxylic acid, as well as sharp peaks at 3421 and
3297 cm−1 (Figure 2b). In contrast, CaCl2-triggered Nap-FF
did not have a carboxylic acid C�O stretch, with C�O
stretches only observed at lower wavenumbers, where they can
be assigned to amides and the deprotonated carboxylate
(Figure 2b). The N−H and O−H stretches were also
significantly broadened. These major differences prove that
the gels assemble from different species depending on the
triggering mechanism. On GdL-triggering, the terminal
carboxylate group is protonated, whereas, on calcium ion
addition, the terminal carboxylate instead forms calcium salt
bridges,67 with both mechanisms leading to gel formation.
Circular dichroism (CD) spectroscopy indicated that when

Nap-FF (0.01 wt %/vol) was mixed with GdL and left to stand
for 24 h, the CD spectrum displayed a positive band at ca. 240
nm corresponding to the π−π* transition of the aromatic
phenyl group (Figure S18).75 A large negative band at ca. 220
nm corresponds to GdL.76 In addition, there is a negative peak
at ca. 200 nm, which would suggest some fibers adopt random
coils.75 We also used HCl as an alternative acid source to
trigger assembly, removing the GdL signal from the CD
spectrum (Figure S19). This emphasized the large positive
peak (now centered at ca. 225 nm due to the removal of GdL)
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and the negative peak at ca. 200 nm remained. On triggering
with CaCl2, the CD spectrum of Nap-FF has a large positive
peak at 245 nm and a large negative peak at 210 nm (Figure
S20). The calcium-triggered CD spectrum is therefore
significantly different from that of the acid-triggered system,
suggesting a different nanoscale Nap-FF assembly mode (see
further discussion below).
Fiber growth kinetics were also followed by recording CD

spectra every 10 min for 2.5 h and at 24 h. On GdL addition to
Nap-FF (0.02 wt %/vol), the CD spectrum slowly evolved over
24 h into protonated assembled Nap-FF (Figure S21). On
addition of calcium ions, nanoscale assembly was rapid, with
the CD bands being present from the beginning of the
experiment, followed by a slight increase in ellipticity over time
(Figure S22).
Overall, the spectroscopic evidence makes clear that the

choice of trigger leads to two different modes of Nap-FF
assembly on the molecular scale, which occur with different
rates, both underpinned by π−π stacking of the aromatic
naphthalene units but with one based on carboxylic acid
protonation and the other by salt bridges, leading to different
nanoscale chiral organization.
Transmission electron microscopy (TEM) indicated that in

the basic solution, Nap-FF formed worm-like micelles, with
some spherical aggregates also being observed (Figure S23).
When assembled using GdL, Nap-FF formed β-sheets with a
fiber width of 5−25 nm (Figures 2c, S24, and S28). Scanning
electron microscopy (SEM) also indicated a sheet-like
assembled morphology (Figures 2d and S30). In contrast, for
calcium ion triggering, TEM indicated the formation of long
bundles with much better defined diameters of 5−10 nm
(Figures 2e, S25, and S28). It is often the case in
supramolecular gels that the morphologies visualized by
electron microscopy have dimensions larger than the molecular
scale.77 This is a result of the bundling of individual fibrils�
indeed fibril−fibril interactions play a key role in the
hierarchical assembly process of the overall gel. In this case,
the observed morphologies presumably result from calcium ion
bridges between long worm-like micelles.46,67 SEM imaging
indicated the formation of an interpenetrated fibrillar nano-
scale network for CaCl2-triggered Nap-FF (Figures 2f and
S31), different from the sheet-like assemblies visualized for
GdL-triggered Nap-FF.
On the macroscopic level, gel thermal stability was assessed

by tube inversion methodology. The Tgel value of Nap-FF (0.3
wt %/vol) triggered by GdL was ca. 68 °C, and for Nap-FF
(0.3 wt %/vol) triggered by CaCl2, it was 64 °C�relatively
similar values (Tables S1 and S2). In terms of rheological
performance, however, the G′ values of the GdL-triggered gel
(Figures S36 and S37) and the Ca2+-triggered gel (Figures S41
and S42) were 9770 and 2430 Pa, respectively, indicating that
triggering with CaCl2 gave rise to a softer gel. This is consistent
with the different morphologies observed by SEM, with the
sheet-like GdL-triggered network forming a stiffer matrix.
In summary (Table 1), Nap-FF forms effective gels with

both GdL and CaCl2 triggers. These gels have different
molecular-scale assembly modes and assembly kinetics, which
lead to different nanoscale networks and rheological behaviors.

Multicomponent Gels Triggered by GdL or CaCl2.
Having characterized Nap-FF gels formed with different
triggers, we then combined them with thermally responsive
DBS-CONHNH2. To form the GdL-triggered two-component
gel, a suspension of DBS-CONHNH2 was mixed with a basic

aqueous solution of Nap-FF, heated to dissolve DBS-
CONHNH2, transferred to a vial containing known quantities
of GdL (0.8 wt %/vol), and left overnight. A gel formed
relatively quickly as the DBS-CONHNH2 cooled. This gel then
slowly became more translucent as the Nap-FF assembled. To
form the CaCl2-triggered two-component gel, a suspension of
DBS-CONHNH2 was mixed with basic aqueous Nap-FF,
heated until it dissolved, transferred to a vial containing known
quantities of calcium chloride (70 μL, 5 wt %/vol), and left
overnight. A transparent gel formed relatively quickly.

1H NMR spectroscopy indicated that for the GdL-triggered
multicomponent gel, the 1H NMR peaks of DBS-CONHNH2

disappeared from the spectrum even at a concentration of 0.15
wt %/vol, well below its usual minimum gelation concentration
(MGC) of 0.28 wt %/vol (Figure S7). This indicates that
DBS-CONHNH2 is assembling into a solid-like network below
its normal MGC. This suggests that GdL-triggered assembly of
Nap-FF promotes DBS-CONHNH2 assembly. This could
result from a degree of molecular-scale coassembly or the two
networks supporting one another’s assembly on the nanoscale
(see below).
We then followed the assembly of the two gel networks over

time (Figure S9). Using a GdL trigger, >90% of the two
gelators were assembled into their networks, and the rate of
assembly of Nap-FF was similar to DBS-CONHNH2 (i.e., <1
min for most to assemble). Interestingly, Nap-FF was
immobilized faster in the presence of DBS-CONHNH2 than
it was on its own, presumably because the use of an increased
temperature to trigger the DBS-CONHNH2 hydrogel led to an
increased rate of GdL hydrolysis.
To determine whether the two networks could be

individually addressed, we investigated disassembly and
reassembly of the Nap-FF network in the presence of DBS-
CONHNH2 (Figure 3). First, NaOD (0.5 M, 40 μL) was
added on top of the multicomponent gel to deprotonate Nap-
FF. After 72 h, 1H NMR indicated that approximately 73% of
the Nap-FF network had been converted into the mobile
solution phase. Conversely, only slight solubilization of DBS-
CONHNH2 (ca. 7%) was observed. This suggests a degree of
self-sorting on the molecular scale between LMWGs�if they
were coassembled at the molecular level, the base-induced
disassembly of Nap-FF would cause DBS-CONHNH2 to also
disassemble.78 The Nap-FF was then reassembled via
subsequent acidification by adding GdL (8 mg in 0.1 mL
D2O), resulting in 100% of Nap-FF network reformation (5
days). This process took extended periods of time for diffusion
of triggers due to the small diameter of the NMR tube. In
summary, the assembly and disassembly of the Nap-FF
network in the presence of assembled DBS-CONHNH2

indicates that on the molecular scale, the LMWGs assemble
mostly independently of one another.
For the CaCl2-triggered gel, when Nap-FF (0.15 wt %/vol)

was combined with DBS-CONHNH2 (0.3 wt %/vol) and
CaCl2, the two gelators both assembled very quickly, with

Table 1. Summary of Difference between GdL-Triggered
Assembly and CaCl2-Triggered Assembly

GdL-triggered gel CaCl2-triggered gel

slower assembly kinetics faster assembly kinetics

CO2H-based gel CO2
−
···Ca2+-based gel

sheet-like assembly (5−25 nm) bundle assembly (5−10 nm)

stiffer gel (G′ = 9770 Pa) softer gel (G′ = 2430 Pa)
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some evidence that assembly was complete for Nap-FF more
quickly than for DBS-CONHNH2, although the time scales
were too fast to resolve this by NMR (Figures S8 and S10).
Nap-FF was immobilized faster in the presence of DBS-
CONHNH2 than in its absence, which we assign to the use of
heating in the multicomponent system accelerating mixing and
calcium binding.
Using CD spectroscopy, we could see that the multi-

component gels with both GdL and CaCl2 triggers had CD
spectra that were approximately the sum of the CD spectra for
the individual assembled gels, consistent with a model in which
the two LMWGs form assemblies that are largely self-sorted on
the molecular scale (Figures S18−S20).
Fiber growth kinetics were followed by recording CD

spectra every 10 min for 2.5 h and at 24 h. After GdL addition
to DBS-CONHNH2/Nap-FF (0.02 wt %/vol each), the
evolution of the CD spectrum (Figure S21) was slower than
in the absence of DBS-CONHNH2. Nonetheless, over time,
the expected end-point was reached, in which the CD
spectrum appeared as a combination of individual spectra.
For CaCl2 triggering (Figure S22), the kinetics of nanofiber
formation were faster and were similar in the presence or
absence of DBS-CONHNH2. All of these processes are
kinetically slower than the NMR study described above
because the system is significantly below the MGC.
Fluorescence spectroscopy of GdL-triggered multicompo-

nent Nap-FF/DBS-CONHNH2 gels indicated an emission
peak at 380 nm (Figure S13). However, the expected peak for
DBS-CONHNH2 at 350 nm was not observed. This is
consistent with emission being primarily from self-assembled
Nap-FF and suggests that some energy transfer from DBS-
CONHNH2 to Nap-FF takes place. For the CaCl2-triggered

multicomponent gel, the fluorescence spectrum was similar but
with a slightly lower intensity (Figure S14).
Infrared spectroscopy indicated that for the GdL-triggered

gel, the spectrum broadly corresponded to an overlap of the
two individual spectra (Figure S15). However, the peak
assigned to the C�O of the terminal COOH group of Nap-FF
showed a shift of the O−H stretch shifted from ca. 3298 to
3288 cm−1 and also some small changes in the C�O stretch at
higher Nap-FF concentrations. This suggests noncovalent
interactions between the −COOH and −CONHNH2 groups
in these multicomponent xerogels. Although NMR makes clear
that on the molecular level, the components are largely
independent and can be separately assembled and disas-
sembled; IR therefore suggests that interactions between these
functional groups might be responsible for fiber−fiber
interactions at the nanoscale level. These would encourage
DBS-CONHNH2 to assemble even below its MGC, as
observed with GdL-triggering. In the case of the CaCl2-
triggered gel, the IR spectrum of the multicomponent system
was equivalent to the sum of the individual components
(Figures S16 and S17). This indicates, in agreement with the
other studies, that when using calcium triggering, the two
components self-sort into nanoscale networks that are
essentially independent of one another.
TEM studies on the GdL-triggered multicomponent gel

(Figures 4a, S26, and S28) indicated a combination of the β-
sheets (5−25 nm) of Nap-FF (Figure 2c) and the long twisted
nanofibers (5−30 nm), consistent with DBS-CONHNH2

(TEM imaging of DBS-CONHNH2 alone confirming this
assignment has been published previously).27,79 This observa-
tion therefore directly supports self-sorting at the molecular
level, with the two gelators each forming their own
independent nanoscale morphologies. Interestingly, however,
when using SEM to visualize the network-level assembly,
although sheet-like Nap-FF assemblies were observed, they
were more densely packed and interlinked, suggestive of a
supporting, interactive role being played by DBS-CONHNH2

(Figures 4c and S32). This is consistent with the view that
although on the molecular level, these gelators self-sort into
their own assemblies, on the network level, there are
interactions between them. For the CaCl2-triggered gels,
TEM visualized two different thicknesses of fiber (Figures
4b, S27, and S28). Based on the imaging of these two gelators
when taken individually, we can assign the thinner fibers (5−

10 nm) as being distinctive of CaCl2-triggered Nap-FF (Figure
2e) and the thicker fibers (15−30 nm) as corresponding to
DBS-CONHNH2 (TEM imaging of DBS-CONHNH2 alone
has been previously reported).27,79 TEM imaging of these
multicomponent systems therefore provides clear evidence of
orthogonal self-sorted assembly.
SEM imaging demonstrated the presence of branched

entangled nanofibers interpenetrated with one another�
differences between fibers could not easily be visualized by
SEM owing to their similarity (Figure 4d); however unlike
when using a GdL trigger, there was no evidence of nanoscale
network-level interactions between them.
The thermal stability of the GdL- and CaCl2-triggered

multicomponent gels (0.3 wt %/vol of each component) was
>100 °C, indicating enhanced thermal stability and suggesting
that in both cases, the two systems combine at the network
level to yield a material with enhanced thermal stability
(Tables S1 and S2). However, when creating multicomponent
gels using DBS-CONHNH2 below its MGC (0.15 wt %/vol of

Figure 3. 1H NMR spectra of GdL-triggered DBS-CONHNH2/Nap-
FF gel (0.3 wt %/vol of DBS-CONHNH2 and 0.15 wt %/vol of Nap-
FF) after NaOD addition leading to Nap-FF disassembly and
subsequent GdL addition to reassemble the Nap-FF network.
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each component), the GdL-triggered system has significantly
greater thermal stability (74 °C) than the CaCl2-triggered
system (56 °C). This, once again, supports the view that when
triggered by GdL, Nap-FF can support/promote the assembly
of DBS-CONHNH2, whereas when triggered by CaCl2, it
cannot.
Rheology (Table 2) found that for the GdL-triggered two-

component gel (0.3 wt %/vol of each gelator), the G′ value
was 7500 Pa�intermediate between DBS-CONHNH2 (940
Pa) and GdL-triggered Nap-FF (9770 Pa) (Figure S39). This
suggests a combination of rheological properties of the two

networks reflecting their mutual interaction to form a new
sample-spanning material. Relatively stiff gels (G′ = 2450 Pa)
were still formed even when DBS-CONHNH2 was below its
MGC (both components 0.15 wt %/vol) (Figure S38). On
increasing Nap-FF loading to 0.5%, the gels became stiffer and
resistance to shear (yield stress) decreased (Figure S40),
consistent with the presence of a larger number of more rigid
self-assembled sheet-like nanostructures within the gel.
When triggered by CaCl2, the two-component gel had a G′

value of 5870 Pa, above the individual G′ values for DBS-
CONHNH2 (940 Pa) and CaCl2-triggered Nap-FF (2430 Pa),

Figure 4. (a) TEM image of Nap-FF/DBS-CONHNH2 triggered by GdL: black arrow highlights Nap-FF, white arrow highlights DBS-
CONHNH2, and scale bar = 50 nm; (b) TEM image of Nap-FF/DBS-CONHNH2 triggered by CaCl2, black arrow highlights Nap-FF, white arrow
highlights DBS-CONHNH2, and scale bar = 100 nm; (c) SEM image of Nap-FF/DBS-CONHNH2 triggered by GdL, scale bar = 1 μm; and (d)
SEM image of Nap-FF/DBS-CONHNH2 triggered by CaCl2, scale bar = 1 μm.

Table 2. Rheological Performance of Gels as Determined via Amplitude Sweep at 25 °C Using a 20 mm Parallel Plate and a
Gap of 2.5 mm at a Frequency of 1 Hz

gel trigger Nap-FF loading (%) DBS-CONHNH2 loading (%) G′/Pa G′′/Pa yield stress (%) (G′ = G′′)

DBS-CONHNH2 0.3 940 75 5.1

Nap-FF GdL 0.3 9770 700 6.4

Nap-FF GdL 0.5 15,140 1270 5.0

two-component GdL 0.15 0.15 2445 145 10.1

two-component GdL 0.3 0.3 7495 730 10.1

two-component GdL 0.5 0.3 26,230 2085 4.0

Nap-FF CaCl2 0.3 2430 240 10.0

Nap-FF CaCl2 0.5 6195 700 12.6

two-component CaCl2 0.15 0.15 815 95 12.7

two-component CaCl2 0.3 0.3 5870 710 13.1

two-component CaCl2 0.5 0.3 10,640 1240 17.6
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suggestive of a combination of the two independent networks
to form an interpenetrated gel (Figures S43−S45). However, it
was below the G′ value of the equivalent GdL-triggered
multicomponent gel, in agreement with the lower thermal
stability and the different nanoscale morphology observed by
TEM. Using GdL gives a β-sheet type assembly which would
reasonably be expected to be stiffer than the bundles of fibrils
produced by CaCl2. However, all of the CaCl2-triggered
hydrogels were more resistant to strain, consistent with the less
rigid, more adaptive nanostructure.
In summary, therefore (Figure 5), the multicomponent

system differs depending on whether it is triggered by GdL or

CaCl2. In both cases, it would appear that the LMWGs self-sort
on the molecular level into their nanoscale assemblies.
However, the sheet-like Nap-FF assemblies induced by GdL
encourage the assembly of DBS-CONHNH2 below its MGC,
and the two assemblies interact with one another on a network
level as a result of hydrogen bond interactions between the
acylhydrazide and the carboxylic acid. Conversely, when using
a CaCl2 trigger, the two networks are independent of one
another on the network level�the carboxylic acid is bound to
calcium in the form of its carboxylate salt, and therefore it
cannot interact with DBS-CONHNH2. In this way, the
molecular structures that underpin gel assembly are able to
dictate the type of self-sorting that takes place.

Patterning Dynamic Multidomain Gels via Ca2+

Diffusion. Having gained an understanding of this multi-
component system, we then moved onto shaping and
patterning it. Previously, we have explored patterning multi-
component gels by acid diffusion,62−64 demonstrating it is a
powerful approach to generating dynamic multidomain gels
with evolving and/or transient spatially resolved characteristics.
Although studies in which H+ diffusion is used to trigger
gelation are increasingly common,56−64 very few studies have
investigated the diffusion of other active species in order to
trigger gel formation.54,55,80−82 Having demonstrated that
CaCl2 was an effective alternative trigger for multicomponent
systems, yielding fully characterized self-sorted multicompo-
nent gels across all length scales, we next decided to explore
whether calcium ions could be used as a mild, diffusible trigger
to pattern these multicomponent gels. The goal was to achieve
spatial and temporal control of Nap-FF assembly by diffusing
CaCl2 within a preformed DBS-CONHNH2 matrix.
For the initial studies, Nap-FF (0.3 wt %/vol) in water (6.5

mL total volume) was dissolved in NaOH (0.5 M, 1.3 equiv)
and then transferred to a 14 mL vial containing DBS-
CONHNH2 (0.3 wt %/vol) in the presence of bromothymol

blue as an indicator. The mixture was subsequently heated to
fully dissolve the DBS-CONHNH2, giving a clear blue
solution. The hot solution was transferred to a 3.5 cm Petri
dish and allowed to cool to room temperature. After the DBS-
CONHNH2 gel was formed, we used an optimized process to
inject calcium chloride into the gel. To inject a CaCl2 solution
(2 M, 15 μL), the position of the gel in the Petri dish was
controlled by a lab jack while the calcium ion solution loaded
in a glass syringe was injected (Figure 1c). This technique left a
loading puncture mark equal to the needle size, with all of the
solution going into the gel, and no leakage back out onto the
gel surface. This achieves CaCl2 loading with minimal
disruption to the gel matrix�a significant improvement on
our previous diffusion work, which instead cut reservoirs into
the preformed gel to load diffusing species.62,63

After the solution of CaCl2 was injected into the preformed
network of DBS-CONHNH2 that contains the basic solution
of Nap-FF, a yellow-green ring expanded from the injection
point over time, indicating slight pH lowering on diffusion of
calcium ions (Figure S1). There was no color change when the
same amount of water was injected instead of calcium chloride
solution (Figure S2). Changing the pH-indicator to thymol
blue gave a clearer visual observation of the calcium ion
diffusion process (Figures S3 and S4). We assumed that the
growth of this ring indicated the formation of Nap-FF network,
as the calcium ions cross-link carboxylate groups, forming the
Nap-FF network. However, beyond the indicated color change,
we could not actually observe the Nap-FF gel being assembled
in the preformed DBS-CONHNH2. The appearance of a
slightly opaque region was noted, but it was not clear enough
for well-defined visual observation. This is perhaps not
surprising given that (as described above) the calcium-
triggered Nap-FF gel is relatively transparent (unlike the H+-
triggered gel, which has considerable translucency). We
therefore went on to perform experiments without the
indicator present to emphasize visual changes associated with
triggering Nap-FF and enable other experimental approaches
to understanding patterning.
We first turned to 1H NMR to confirm self-assembly was

taking place. Aliquots of the gel (100 μL) were sampled at
three distances from the injection point (0−5.8 mm, 5.8−11.6
mm, and 11.6−17.5 mm) using a cut plastic syringe, and
transferred, with minimal disruption, to an NMR tube. DMSO
was added as internal standard and the samples analyzed by 1H
NMR (Figures 6a, S11, and S12). Independent studies were
performed in triplicate, and averages were reported. In the
“inner” two regions, from the injection site out to a radius of
11.6 mm, 90−95% of Nap-FF became immobilized within the
supporting DBS-CONHNH2 matrix at 1−3 h and was
therefore not visible in the NMR spectrum. However, in the
“outer” region at a further distance of 11.6−17.5 mm from the
injection site, Nap-FF was mostly mobile after the first hour,
and the percentage of assembled Nap-FF then increased to ca.
20% after 3 h, 30% after 6 h, and 48% after 24 h. It is thus clear
that CaCl2 diffuses through the existing DBS-CONHNH2 gel
and induces the gelation of Nap-FF over a period of hours.
Interestingly, over 24 h, as the calcium continues to diffuse
outward and starts to equalize its concentration across the
Petri dish, the cross-linking density and immobilized gelator in
the inner regions close to the injection site begin to decrease
(to ca. 75%). This indicates that the assemblies formed by
calcium cross-linking are not kinetically or thermodynamically
trapped and are responsive, continuing to exchange calcium

Figure 5. Schematic diagram summarizing the different assembly
modes of multicomponent gels depending on the choice of trigger.
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with the surrounding medium giving rise to a highly dynamic
Nap-FF network.
TEM was also used to study the nanoscale structure of the

inner and outer domain gels. Gel samples (12 mL, 0.3 wt
%/vol of each LMWG) were prepared in 5 × 5 cm square glass
trays, and the CaCl2 solution (0.06 or 0.03 mmol) was injected
to initiate Nap-FF assembly in opposite corners (Figure 7a).
The gels were left for 2.5 h before samples from the inner and
outer parts were cut using a bottomless vial. The outer and

inner gel samples were handled in the same way to allow for
comparison. TEM images of the outer domain (Figures 6b and
S29) indicate the presence of micelles of Nap-FF. However,
within the inner domain (Figures 6c and S29), which has been
exposed to the diffusing CaCl2, these micelles have
disappeared, and Nap-FF nanofibers are instead observed, in
the presence of helical DBS-CONHNH2 fibers. SEM imaging
indicated fibrillar networks (Figures S34 and S35).
The mechanical properties of the gels produced by diffusion

were also tested on gel samples prepared in 5 × 5 cm square
glass trays as described above and analyzed by rheology using a
20 mm parallel plate geometry (Figure 7b). The G′ value of
the sample from the inner part that had been exposed to Ca2+

was ca. 11400 Pa (0.03 mmol CaCl2 injection) and ca. 10250
Pa (0.06 mmol CaCl2 injection), within error of one another
(Figures S46 and S47). These G′ values are higher than for the
multicomponent gel prepared in standard vials. It is important
to note that the fabrication method is different here in that the
DBS-CONHNH2 is pre-existing, and the Nap-FF is cross-
linked by calcium at room temperature, via diffusion. This
should lead to slower and more complete assembly of the Nap-
FF via calcium cross-linking. Most importantly, the outer parts
which had not been exposed to calcium were very much softer,
with a G′ value of only 260 Pa (Figure S48). The G′ value
between domains therefore differs by almost 2 orders of
magnitude. In this way, calcium diffusion is able to drive very
large changes in gel stiffness, creating dynamic multidomain
materials that can evolve and adapt their rheological properties
over a period of hours (Figure 8).
In summary, therefore, the diffusion of calcium ions through

a preformed gel of DBS-CONHNH2 is a simple methodology
that allows the assembly of Nap-FF to be switched on with
both temporal and spatial resolution. As the second network
assembles in response to the diffusing Ca2+ trigger, the stiffness
of the gel (G′ value) increases by a factor of ca. 50, creating
materials in which different domains have different physical
properties as they evolve over time.

■ CONCLUSIONS

In conclusion, we have studied multicomponent gels based on
Nap-FF and DBS-CONHNH2, with Nap-FF assembly being

Figure 6. (a) Graph indicating the % of Nap-FF immobilized over
time after injection of CaCl2 solution (0.03 mmol) into a preformed
DBS-CONHNH2 gel, as measured by sampling and 1H NMR
spectroscopy, N = 3, mean reported. TEM images of (b) outer and
(c) inner parts, scale bar = 500 nm in each case.

Figure 7. (a) Photographs of the DBS-CONHNH2/Nap-FF gel for rheology prepared in a 5 × 5 cm tray with two injection points in bottom left
and top right corners. Aliquots of the inner region (within red circles where Nap-FF assembly can just be visualized) and outer parts were cut using
bottomless vials and analyzed by TEM or rheology. (b) Table and bar chart representing the rheological data from the experimental setup in panel
(a). N = 3, mean reported.
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triggered either using GdL or CaCl2. Changing triggers alters
the way in which Nap-FF assembles on the molecular scale,
which leads to different nanoscale networks and different
rheological behaviors. The choice of trigger also directs the
properties of the two-component gels. In both cases, the
LMWGs self-sort on the molecular level into their nanoscale
assemblies. However, the sheet-like Nap-FF carboxylic acid
assemblies induced by GdL encourage the assembly of DBS-
CONHNH2. The two assemblies appear to interact with one
another on a network level as a result of hydrogen bond
interactions between the acylhydrazide and the carboxylic acid.
Conversely, when using a CaCl2 trigger, the two networks are
independent of one another on the network level, presumably
because the carboxylic acid is bound to calcium in the form of
its carboxylate salt and therefore cannot interact with DBS-
CONHNH2. As such, GdL-triggering leads to molecular-level
self-sorting and network-level coassembly, while CaCl2-
triggering leads to both molecular-level and network-level
self-sorting.
By injecting calcium chloride into a preformed DBS-

CONHNH2 gel and using it as a diffusing trigger for Nap-
FF assembly, we demonstrated that spatially resolved gels
could result. These patterned multidomain gels had stiffnesses
differing by 2 orders of magnitude depending on whether or
not they had been exposed to the Ca2+ trigger. Furthermore,
the patterned domains evolved over time, showing transient
behavior, as the trigger diffused and ultimately began to
equilibrate through the system. Given the mild, biocompatible
nature of CaCl2, it is suggested that this approach may have
future relevance in cell-based studies in terms of patterning gels
in a dynamic way to interact with growing tissue. Work toward
this target is currently in progress.
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