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the cis- and trans-isomers using light. 
Since the trans-form formed gels while the 
cis-isomer did not, cycling between the iso-
mers allowed sol-to-gel-to-sol transitions. 
By introducing a template and selectively 
gelling only part of a system, reversible 
patterns were created, showing spatially-
controlled gel formation.[7a] Photomasks 
and light can also be used to form gradual 
gradients.[5d] By slowly moving the photo
mask while irradiating, different gradi-

ents in stiffness of an acrylamide/bis-acrylamide gel could be 
achieved. Other work focusses on using microfluidic channels 
to form gradients.[8]

Although gradients have been formed within gels, there 
is generally little discussion as to the timescale over which these 
gradients persist. There are a few exceptions. When forming 
gels with a concentration gradient, Karpiak et al. noted a time 
dependence; the initial gradient in concentration created within 
the gel became more continuous and gradual, instead of having 
disjointed layers, attributed to diffusion between layers.[9] A 
similar effect was shown when proton diffusion was used to 
form gels using an acid-triggered gel.[10] By adding drops of acid 
to one side of a cell containing the gelator solution at high pH 
and a pH indicator, it was possible to see the change in pH as 
the acid diffused through the cell.

We focus here on gels formed by the self-assembly of a 
functionalized dipeptide (diphenylalanine conjugated at the 
N-terminus to a naphthalene moiety, 2NapFF, Figure  1a). As 
described previously, 2NapFF forms homogeneous gels when 
an acid is added to a solution of 2NapFF at high pH and gels 
at low pH.[11] Anticipating the need for restricted diffusion in 
this work, we chose 2NapFF on the basis of the formation of 
the persistent micelles at high pH. The hydrolysis of glucono-δ-
lactone (GdL) to gluconic acid is an effective method of forming 
homogeneous gels with gelators such as 2NapFF.[12] For this 
gelator, micellar structures are formed at high pH.[11b] These 
are protonated as the pH is lowered, resulting in a network of 
fibers.[11b]

Photoacid generators (PAGs) can also be used to lower 
the pH. While PAGs have been used to form gels with 
related dipeptides, the use of diphenyliodonium nitrate as 
a PAG to trigger gelation of a solution 2NapFF was unsuc-
cessful.[13] Here, we show that the PAG 2-(4-methoxystyryl)-
4,6-bis(trichloromethyl)-1,3,5-triazine (MBTT)[14] can be used to 
form gels with 2NapFF with controllable transient gradients in 
stiffness.

Initially, we focus on the homogeneous gels formed with 
GdL (Figure 1b). Since GdL is mixed with the solution and dis-
solves before hydrolysis occurs, a uniform pH change occurs 
to give homogeneous gels as we have described previously.[12] 

The self-assembly of low molecular weight gelators in water usually produces 
homogeneous hydrogels. However, homogeneous gels are not always desired. 
Using a photoacid generator, it is shown how to form gels with a transient 
gradient in stiffness, proved using cavitation and bulk rheology. Small-angle 
neutron scattering is used to show that the gels formed by photoacid are the 
result of the same structures as when using a conventional pH trigger. Pat-
terned gels can also be formed, again with transient differences in stiffness.

Supramolecular hydrogels are formed by trapping water within 
a network.[1] The network consists of low molecular weight gela-
tors that self-assemble when a stimulus is applied. Such net-
works are held together through physical cross-links created 
by weak, non-covalent interactions such as hydrogen bonds, 
hydrophobic interactions, and π–π stacking and so generally 
result in reversible gels.[2,3] As the networks are formed via 
self-assembly, it can be hard to control how the fibers form and 
cross-link. Hence, it can be difficult to spatially control the gel 
networks, which requires that we can direct assembly over the 
various length scales associated with a network.[4]

Preparing gels with a gradient in properties has potential 
uses, with controlled heterogeneity leading to many possible 
applications, including in tissue engineering where there can 
be a benefit from forming gels with a gradient of stiffness, 
mimicking the various tissue stiffnesses present in the body.[5] 
Different organs and tissues vary in stiffness, as do cancerous 
tissues which are stiffer than healthy tissue.[5d,e] Varying stiff-
ness also affects cell adhesion and morphology.[5d]

A number of methods have been developed to prepare gels 
with gradients of properties, including gradients of stiffness[5c,d] 
and of concentration.[6] A common method is to use light to con-
trol gelation and form gradients.[7] For example, Murata et  al. 
used a cholesterol-based gelator, which could be cycled between 
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GdL concentrations of 4, 8, and 16 mg mL−1 were used to create 
2NapFF gels which were analyzed using bulk rheology and cavi-
tation rheology, a localized technique which can probe homoge-
neous and heterogeneous material at localized points in their 
native environments.[15] Here, an air bubble develops within the 
gel and the mechanical properties can be probed by the pres-
sure that can be withstood before failure. The bulk rheology data 
for gels formed using GdL are very similar (Figure 1c), with no 
appreciable difference in stiffness or strength when using dif-
ferent concentrations of GdL. This is consistent with previous 
results.[16] Varying the concentration of GdL varies the kinetics 
of gelation with higher concentrations of GdL resulting in gels 
more quickly. However, the final G′ and G″ values obtained 
from bulk rheology are similar.[16,17] There were small changes 
in the strain at which the gels break, with the gels becoming 
slightly stronger as the concentration of GdL increased.

Cavitation rheology (Figure 1d) allows us to compare the rhe-
ological data at points within the same gel and hence determine 
gel homogeneity.[15a,c] We used cavitation rheology to probe the 
gels at different depths. As expected from our previous work 
on dipeptide gels using cavitation rheology,[15c] the critical pres-
sure increases linearly with depth for these gels. Increasing the 
amount of GdL in the system results in a decrease in the final 
pH (Table S1, Supporting Information) and an increase in the 
critical pressure values at each needle depth. For gels prepared 
with 16  mg mL−1 GdL, no data could be collected at 2.5  mm 
as the critical pressure values were greater than our cavita-
tion rheometer could measure (above 30 000 Pa). The constant 
values for the bulk rheology but increasing values for the cavi-
tation rheology can be explained by the differences in length 
scale that are being probed. Cavitation rheology measures more 

local properties compared to bulk rheology and so these data 
imply that there are differences at this length scale that average 
out when the bulk rheology is measured. The critical pressures 
can be related to cavitation modulus and to those measured by 
rheology as described elsewhere,[15] but the key points we focus 
on here are best seen from the differences in trend as opposed 
to focusing on absolute values.

We then moved to using the PAG MBTT to decrease the 
pH. Adding the PAG as a hydrophobic additive to a solution 
of 2NapFF at high pH might be expected to interact with or 
affect the self-assembly of the dipeptide. Indeed, at high pH, 
the addition of MBTT induces a structural change compared to 
2NapFF[11b] alone as shown by small-angle neutron scattering. 
Hollow tubes are formed at high pH, with a lower radius than 
the hollow tubes formed by 2NapFF alone.[11b] This shows that 
the presence of the hydrophobic additive affects the molecular 
packing at high pH, presumably by being incorporated into the 
micellar structures at high pH. However, on decreasing the pH, 
there is no difference in structure when 2NapFF is gelled by 
using the PAG and UV irradiation or by GdL. In both cases, 
the data could be fitted to an elliptical cylinder combined with 
a power law to take into account the scattering at low Q (the 
scattering vector) (Figure S10 and Table S2, Supporting Infor-
mation). It is possible that the decomposition products from 
irradiation of the photoacid[14] could conceptually react with 
the 2NapFF. We have no data to suggest that this is the case 
and note that the similarity in structures in the gel state when 
gelled using GdL or the photoacid implies that this does not 
occur. The structural change induced by adding the PAG also 
results in a slight change in the apparent pKa of the 2NapFF 
(Figure S11, Supporting Information).

Figure 1.  a) Structure of 2NapFF; b) GdL-triggered 2NapFF gel. An air bubble can be seen underneath the gel, formed when moving the gel onto a 
microscope slide for imaging. Scale bar represents 1 cm; c) bulk rheology (storage modulus shown by circles, and break point shown by squares) and 
d) cavitation rheology of gels formed using various GdL concentrations: 4 mg mL−1 GdL (black), 8 mg mL−1 GdL (purple), and 16 mg mL−1 GdL (grey). 
Error bars show the standard deviation between the samples, except for break point which does not have error bars. For the data in (c), the error bars 
are smaller than the data points. Measurements were performed in triplicate.
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Irradiating a solution of the 2NapFF containing MBTT at 
365 nm resulted in a change in the pH and triggers gelation. 
We optimized the system (Figure S12, Supporting Information) 
such that 1.5 molar equivalents of MBTT were used as relative 
to 2NapFF. Irradiation for 4 h or longer resulted in gel forma-
tion. The gels were formed in molds, and at least 6 h irradiation 
was required to be able to form gels of sufficient robustness to 
be removed from the mold. Even at 6 h, removal from the mold 
caused some damage (Figure 2a). The weaker gels could how-
ever still be probed via cavitation rheology without removing 
from the mold.

Compared to the gels formed with GdL, the cavitation rheology 
shows a different trend for the gels formed with the PAG. Gels 
formed after 4 h of irradiation show a decreasing critical pressure 
with increasing needle depth using cavitation rheology (Figure 
S13, Supporting Information). These data can be explained by 
the formation of a gradient within the gel. The gels are formed 
by irradiation from the top. Hence, the change in pH, and there-
fore gelation, will begin at the top of the gel, with the bottom 
of the sample receiving less irradiation and hence will not reach 
such a low pH. We note that determining the percentage of the 
2NapFF that is assembled into fibers and gel network as opposed 
to in the micellar aggregates is very difficult. Even NMR spectros-
copy of the micellar aggregates at high pH (where the 2NapFF is 
most mobile) can only detect around 20% of the expected value[11] 
due to the persistence time in the micelles.

At longer irradiation times, for example, 6 h (Figure 2), the 
critical pressure values as measured by cavitation rheology 
remain relatively constant when increasing needle depth. A 

homogeneous gel would show an increase in the critical pres-
sure with depth as for the GdL gels (see above), so these data 
show again that there is a gradient within the gel. These gels 
are however stiffer than those formed after 4 h of irradiation. 
After 7 or 8 h of irradiation (Figures S15 and S16, Supporting 
Information), the cavitation rheology data are similar to that for 
the homogeneous GdL gels, with critical pressure increasing 
with increasing needle depth. The critical pressures measured 
for the gels after 8 h irradiation are greater than those for the 
gel formed after 7 h. In all cases, we assume that the gradient 
is a result of light penetration as opposed to an inhomogeneous 
distribution of PAG throughout the sample; no gradient in the 
color is observed pre-gelation for example, which would be 
expected if mixing were non-uniform.

Interestingly, there is an aging effect. The data described 
above are for measurements on gels immediately after the ces-
sation of irradiation. If the gels formed after 6–8 h of irradia-
tion are allowed to stand overnight before being measured, the 
gels show data similar to that for the homogenous GdL gels, 
with the critical pressure increasing with depth. The gradients 
of stiffness produced are therefore only temporary, with proton 
diffusion leading to an equilibration in pH overnight and hence 
the initial gradient is lost (Table S3, Supporting Information).

Using a combination of both GdL and MBTT, it is possible to 
photopattern gels. We consider a photo-patterned gel as a gra-
dient gel with a steep gradient between the photo-patterned sec-
tions. Previous work has described photo-patterning of multi-
component systems,[18] whereby either one or both components 
are induced to gel. Here, we show photo-patterning using only 

Figure 2.  a) Picture of MBTT gel removed straight away from its mold after 6 h UV exposure. Since the gel is very weak at the bottom at this point, 
some damage occurs on removal from the mold and hence the liquid around the gel; b) Picture of MBTT gel kept in its mold overnight and removed 
the day following 6 h UV exposure. Scale bars represent 1 cm. c) Bulk (storage modulus shown by circles, and break point shown by squares) and d) 
cavitation rheology of gels formed using MBTT and 6 h of UV exposure. Black data points represent measurements taken straight after UV exposure 
and red data points represent measurements taken the day following UV exposure. Error bars show the standard deviation between the samples, except 
for break point which does not have error bars. Measurements were performed in triplicate.
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Figure 3.  a–d) Photo-patterned gels formed using MBTT and GdL, showing patterns. e–h) Each photo-patterned gel was measured using cavitation 
(left) and bulk (right) rheology (storage modulus shown by circles, and break point shown by squares). The data in (e) corresponds to pattern (a); the 
data in (f) to pattern (b); the data in (g) to pattern (c); and the data in (h) to pattern (d). Black data points represent measurements taken straight 
after UV exposure and red data points represent measurements taken the day following UV exposure. Error bars show the standard deviation between 
the samples, except for break point which does not have error bars. Measurements were performed in triplicate. Scale bars represent 1 cm.
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a single gelator and two pH triggers. To achieve this, we first 
use the minimum amount of GdL to induce gelation, tuning 
the amount of GdL used to form a gel, but one where the gel 
moduli are expected to increase significantly when the pH is 
further decreased (Figure S17, Supporting Information). At this 
point, a gel network will be formed, and we expect all 2NapFF 
will be assembled, but there will still be a significant degree of 
charge on the structures. As such, a further pH decrease results 
in the gel becoming stiffer.[16] Using 2.5 mg mL−1 of GdL results 
in homogeneous gels where G′ and G″ are different by an order 
of magnitude. We then utilize MBTT by irradiating selected 
regions of the soft GdL triggered gel.

To create a pattern, a photomask was used to block UV radia-
tion to selected parts of the weak gel formed using GdL (example 
patterns shown in Figure  3). The sections not covered by the 
photomask were irradiated for 1 h and became darker in color. 
Cavitation rheology, as a localized technique, was used to probe 
sections of the sample at different points (points 1 and 2 in 
Figure 3a–d). The cavitation rheology data, Figure 3 (left), show 
the difference in critical pressures obtained when probing a sec-
tion of irradiated and non-irradiated gel. For a control gel with 
no UV radiation (Figure  3e), each point measured within this 
pattern gave very similar critical pressure values. The final pH of 
these control samples was found to be 4.6. For gels where a sec-
tion was irradiated, patterns (b)–(d) the sections of gel that had 
been irradiated gave higher critical pressure values than those 
covered by the mask (Figure 3f–h). This shows that the further 
decrease in the pH leads to the gel becoming stiffer where the 
gel has been irradiated. As expected from the data using MBTT 
alone, the pH of the samples and hence the rheology became 
homogeneous with time, leading to similar critical pressure 
values at each point after approximately 16 h (Figure 3, cavitation 
rheology data). All patterned samples had an average pH differ-
ence of 0.3 across the irradiated and non-irradiated sections and 
when left overnight, all samples were found to have the same 
pH throughout (Table S4, Supporting Information).

To conclude, we have shown how we can form supramole
cular hydrogels with a tunable gradient of stiffness. We can 
create a gradual gradient when forming a gel using MBTT 
and also a change of stiffness within photo-patterned gels 
formed using a combination of GdL and MBTT. The gradients 
created are temporary, and when left overnight, gels become 
homogeneous. This is due to the diffusion of protons over time, 
which results in a homogenous pH and stiffness. These methods 
therefore allow us to prepare new types of gel and should open 
up opportunities in a number of areas. While we acknowledge 
that using the current pH range and photoinitiator may pre-
clude biological applications, the concept could be applied using 
a different system. We further imagine that this concept could 
be used to control diffusion gradients across gels by either or 
both controlling pH and network gradients. This could be used 
to allow reactions in localized sites and the gradual diffusion of 
the products across the whole gel for example.
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