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The importance of the self-assembly process to control
mechanical properties of low molecular
weight hydrogels

Jaclyn Raeburn, Andre Zamith Cardoso and Dave J. Adams*

Hydrogels can be formed by the self-assembly of certain small molecules in water. Self-assembly occurs

via non-covalent interactions. The self-assembly leads to the formation of fibrous structures which form

the matrix of the gel. The mechanical properties of the gels arise from the properties of the fibres

themselves (thickness, persistence length etc.), the number and type of cross-links and also how the fibres

are distributed in space (the microstructure). We discuss here the effect of assembling the molecules

under different conditions, i.e. the self-assembly process. There is sufficient literature showing that how

the molecules are assembled can have a significant effect on the properties of the resulting gels.

Key learning points
� Hydrogels can be formed as certain small molecules self-assemble in water.
� A range of methods can be used to self-assemble the molecules, including heat–cool cycles, solvent-mediated approaches, pH switches and enzymatic
cleavage of bonds depending on the gelator.
� The self-assembly process can strongly affect the mechanical properties of the resulting gels.
� The different mechanical properties arise from differences in nanostructure and/or microstructure of the gels.

Introduction

Hydrogels are widely useful materials, with applications in
foods, cosmetics and medicine amongst others. Hydrogels
can be formed from cross-linked polymer networks or by
biopolymers such as gelatin or pectin.1

An alternative strategy to prepare hydrogels is via the self-
assembly of small molecules (low molecular weight gelators,
LMWG) into one-dimensional structures, which entangle
to form the matrix of the gel (Fig. 1).2–4 Supramolecular
hydrogels formed from LMWG tend to have very different
mechanical properties to those of polymeric or biopolymer
gels. For example, the gels tend to break at relatively low
strains.5 The gels are also often reversible, for example melting
and re-forming on warming and cooling respectively. These
properties mean that hydrogels formed from LMWG have
different advantages and disadvantages over polymeric or
biopolymer hydrogels and there is significant current interest
in these materials.

Design of LMWG

There are a large number of LMWG that have been described.
A number of reviews highlight the diversity in molecular

Fig. 1 Schematic showing the self-assembly of a gelator leading to a fibrous
network and self-supporting gel.
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structure of LMWG.2–4,6,7 Example LMWG include molecules
from classes such as bile salts, functionalised sugars, oligo-
peptides, surfactant-like molecules and dendrimers. Chirality
is a common feature.8 LMWG that form hydrogels are generally
composed of hydrophilic regions, which ensure compatibility
with water, and hydrophobic regions which drive the self-
assembly of the LMWG in water. Beyond this, despite this
diversity in molecular structure, there is a limited understanding
of the supramolecular design rules for LMWG. Many LMWG are
discovered by accident and then further examples discovered by
small changes in structure around known LMWG. However, it is
common for very small changes in molecular structure to result
in a LMWG becoming a non-gelator.9 This is poorly understood,
although there are recent reports linking the molecular structure
to dissolution enthalpies.10 Nonetheless, serendipity and library-
based approaches are often used to discover new gelators.9

Gelation by LMWG

For gelation, a network of fibres needs to be formed. This
occurs via multiple hierarchical assembly from molecule to

network (Fig. 2). First, as mentioned above, the molecular
interactions must drive self-assembly, which controls the
nanostructure. This nanostructure must favour formation of
one-dimensional fibres over other possible structures. The self-
assembly into such one-dimensional structures, as opposed to
crystallisation, is driven by a balance of forces. Assembly is
driven by one-dimensional non-covalent interactions such as
hydrogen-bonding and p-stacking. These interactions direct the
assembly, but are of course weak in water. Assembly in water is
therefore driven by hydrophobic forces. The packing of LMWG
in the fibres is also a poorly understood area. Some examples
exist where the packing has been suggested,11,12 but it is
generally difficult to access data due to the lack of scattering
from the gel phase from many systems meaning that X-ray
scattering approaches are often difficult. Most scattering data is
collected from dried gel samples.

Gelation requires the formation of a continuous network
structure. Hence, cross-links between the fibres are needed.
These cross-links can either arise from entanglement of fibres
or by branching of fibres. These cross-links are of course non-
covalent in nature, which means that the gels are reversible.

Fig. 2 Schematic showing the different levels of assembly leading to gelation. The process can affect all levels of the assembly. The molecular structure can be
changed but the emergent phenomena resulting from those changes have been so far difficult to predict and control. The three different molecular packing models
illustrate possible variability in packing of the molecules. Microstructure can be dramatically different even though the molecular packing may be very similar. The final
dynamic equilibrium of the nanostructure and macrostructure properties can also be varied.
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Key factors that determine the mechanical properties of a
hydrogel are the average thickness and mechanical properties
of the fibres themselves, the degree of branching (i.e. the
distance between the cross-linking points), the type of cross-
link and the microstructure (i.e. how the fibres are distributed
at a larger length scale).3 These properties are to some degree
controlled by the molecular structure, since the primary assem-
bly is governed by the intermolecular interactions programmed
into the molecule. It is much less clear how to control the
degree of cross-linking, although it has been shown that fibre
branching can be controlled in related organogels by additives,
which affect the number of nucleation sites.13 Controlling the
microstructure can have a significant effect on the properties of
the gels, although again it is often unclear how to control this.
Clearly the properties of the gels control how effective they are
for specific applications. Rheology is an effective means of
characterising gels.14 However, there is a relative paucity of
rheological characterisation of hydrogels formed from LMWG,
with the ubiquitous image of an inverted vial being signifi-
cantly more prevalent. This means that it is difficult to correlate
mechanical properties of hydrogels with the molecular struc-
ture or even perhaps class of LMWG. As a result, linking the
molecular structure of a LMWG to the mechanical properties of
the resulting hydrogels is poorly understood.

Importance of process

However, there is possibly an even more important level of
complexity which is in our opinion often ignored. This is the
process by which the self-assembly of the LMWG is carried out
to give the hydrogel. To prepare gels from LMWG, a trigger of
some kind is required. Often this is simply a heat–cool cycle.
Heating solubilises the LMWG. On cooling, the LMWG are no
longer soluble and so self-assemble (instead of precipitating or
crystallising as would most commonly be expected). This
occurs due to one of the important parameters of a LMWG, a
relatively high hydrophobicity, Other triggers have also been
reported. These include (1) changes in pH (the LMWG have
significantly higher solubility at one pH over another),15 (2) a
change in solvent polarity (the LMWG have a high solubility in
a water-miscible organic solvent, but a low solubility in water)16

and (3) the use of an enzyme to cleave a functional group from a
pro-gelator, thereby significantly reducing the solubility of the
molecule in water.17 Fig. 3 schematically shows how a single
precursor could have different process-dependant pathways of
assembly. In all of this, the formation of fibres can be thought
of as a consequence of inhibited crystallisation or precipita-
tion18 and, as such, may not represent the thermodynamic
minimum, but rather a kinetically trapped structure, e.g. State 2b
in Fig. 3.

In all of these cases, the process therefore is a means to go
from a ‘highly-soluble’ environment to a ‘poorly-soluble’
environment and, as such, it is highly likely that this will be
strongly kinetically dependent. For example, the process will
control nucleation processes and growth rates, both of which
will control the microstructure of the gel phase. As noted above,

this is expected to directly translate into differences in mecha-
nical properties. It is less clear whether the process will control
the nanostructure, which might be thought to be determined
by the molecular structure, which should control the inter-
molecular interactions and hence drive the assembly. In some
cases, the assembly in a gel phase has been described as being
under thermodynamic control.19 However, there are also
reports showing that crystallisation from the gel phase of the
gelator is possible, with the packing in the gel fibres and in the
crystals being different.20 It has also been shown that an
enzymatic formation of a gel resulted in kinetically trapped
states in some cases, which were able to convert to more
thermodynamically favoured states after a further heat–cool
cycle.21 This clearly demonstrates that for some examples at
least, the fibre phase is not the thermodynamic minimum.

In general, reports of individual LMWG tend to report the
use of a single trigger or assembly protocol to form the gels. We
contend that changing the self-assembly process for a specific
LMWG will have a profound effect on the self-assembly path-
way, the kinetics of assembly and as a result will directly affect
the mechanical properties of the resulting hydrogels. Inher-
ently, the process of assembly is potentially at least as impor-
tant as the molecular structure of the LMWG. The mechanical
properties of a hydrogel are clearly of paramount importance
and can affect the suitability to a proposed application. For
example, the mechanical strength of a gel has been shown to
affect the survival of different cell types and growth of cultured
cells.22 The relevance of the mechanical properties is crucial
not only for the cellular mechanical microenvironment stabi-
lity, but also for quantifying and controlling the functionality of
the microstructure, for example in stem cell engineering appli-
cations. Control over the density of available binding points in
the hydrogel matrix represents a major milestone for stem cell
differentiation.

In this tutorial review, we exemplify the importance of
process on the supramolecular self-assembly of a small number
of LMWG. As mentioned, there is a scarcity of rheological data
for many of the gels reported in the literature (as an introduction,
Yan and Pochan have written an excellent review detailing
rheological analysis of hydrogels23). We have therefore focussed

Fig. 3 Gelation can be thought of as a kinetically trapped state, rather than the
thermodynamic minimum. The process of assembly may result in different path-
ways being followed.
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this tutorial review on three specific LMWG for which there
have been a number of detailed reports (Fmoc-tyrosine
(FmocY), Fmoc-diphenylalanine (FmocFF) and MAX1, Fig. 4).

We concentrate on discussing how the process affects the
outcome of the self-assembly and additionally discuss what
the direct consequences of these changes in process are on the
mechanical properties of the gels. Due to the nature of this
tutorial review, we cannot of course be completely comprehensive
in describing all possible LMWG. However, we suggest that the
broad observations that a change in process can affect the
observed mechanical properties will be conceptually similar
across all classes of LMWG. The importance of process has
been highlighted for specific organogelators13 and it is likely
that many of the concepts discussed there are also important
for hydrogels. We highlight that the importance of process on
the outcome of self-assembly has been discussed for other
unrelated systems such as block copolymer assembly, again a
case where the process is a means to go from a ‘highly-soluble’
environment to a ‘poorly-soluble’ environment.24

Fmoc-tyrosine

FmocY is an interesting example of a LWMG and is a commer-
cially available N-protected amino acid. There are two ways to
form a hydrogel using FmocY (Fig. 5). The first is to dephos-
phorylate FmocY-phosphate. The second is to adjust the pH of
a solution of FmocY from high pH to a lower pH. Both of these
methods have been reported and it is clear from the results that
the methods lead to gels at different pH and that the mecha-
nical properties of the gels are different depending on how
gelation is carried out.

Dephosphorylation of FmocY-phosphate

FmocY was first shown to form gels in 2004 by Yang et al.25

Here, the gelation was achieved by the addition of an enzyme to
dephosphorylate FmocY-phosphate. This resulted in the initi-
ally soluble phosphate becoming insoluble and assembling
into nanofibres. This gelation occurred at pH 9.6 at 37 1C.
The turbid gel had a storage modulus (G0) of approximately
1000 Pa and a loss modulus (G00) of approximately 300 Pa at
FmocY concentrations of 1.9 wt%. Later work by the same
group showed that the same process at pH 6 and 37 1C resulted
in a gel with a G0 of 4000 Pa and a G00 of 1000 Pa at a
concentration of 1.55 wt%.26 In light of later results, it is
perhaps not surprising that the gels have higher moduli at
pH values closer to the pKa of FmocY (see below). Interestingly,
the circular dichroism and fluorescence data also are slightly
different at the two different pH values. Circular dichroism
(CD) is often used to monitor the secondary structure of
peptides. However, for these systems, the chiral orientation of
the Fmoc groups are the main contributor to the CD due to the
high extinction coefficients of these groups. The CD signals are
stronger at the lower pH and there are slight changes in the
peak intensities. More specifically, there is a significantly
stronger peak at 275 nm at lower pH. Fluorescence has been
used to monitor the stacking the Fmoc groups in these and
similar systems. At pH 9.6, a slight red shift was observed on
gelation, with a low intensity broad peak at 450 nm observed,
attributed to stacking of multiple fluorenyl groups. At lower pH,
there were more pronounced broad peaks centered at 420 and
450 nm, implying that multiple fluorenyl groups aggregate via
p-stacking. This suggests that there may be differences in
packing at the molecular level at the different pH values that
perhaps translate directly into differences in the mechanical
properties.

Thornton et al. used the same dephosphorylation process to
form gels from FmocY at pH 7.4, again at 37 1C and a
concentration of 1.55 wt% (Fig. 5).27 They showed that varying
the amount of enzyme added affected the rate of dephosphoryl-
ation and hence the rate of gelation. This directly translated

Fig. 4 Structures of the three gelators discussed in this review. (a) FmocY.
(b) FmocFF. (c) MAX1, V = valine, K = lysine.

Fig. 5 FmocY can form a hydrogel by either (left) enzymatic formation of
FmocY or (right) via a pH switch.
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into differences in rheological properties. Using 10 U mL�1, the
gelation time was 60–120 minutes. G0 was found to be 34� 13 kPa.
Using 1 U mL�1, the gelation time was 120–240 minutes, with
the resulting gels having lower moduli (G0 = 9 � 8 kPa). For
these systems at pH 7.4, the CD data appears similar to that
at pH 6, but the fluorescence data is more similar to that at
pH 9.6. However, by Scanning Electron Microscopy (SEM), the
fibre diameters were similar in all cases, implying that
the rheological properties were not due to differences in the
assembled structures themselves, but presumably due to differ-
ences in the degree of cross-linking.

Schnepp et al. prepared gels at pH 9.6 and 37 1C at a
concentration of 1.55 wt%.28 These gels had higher moduli
than reported previously (G0 > 105 Pa). It is not clear why this is
the case, but may be due to the kinetics of gelation as discussed
above. No CD or fluorescence data is available to compare to
the previously described data for molecular level packing.
Passive diffusion of calcium ions into the gels resulted in
mineralisation and further increases in rheological properties.
Later, Mann’s group showed that cerium oxide nanoparticles
could be used as catalysts to dephosphorylate the phosphate
group.29 This was carried out at pH 10.2, but at room tempera-
ture (Fig. 6).

The rheological properties were again high, G0 = 2 � 104 Pa,
G00 = 4 � 103 Pa. Interestingly, there were a number of
differences between the gels formed by enzyme dephosphoryla-
tion and those where cerium oxide nanoparticles were used.
The minimum concentration of FmocY needed to form a gel
was significantly lower when the nanoparticles were used as
catalyst. The enzyme-induced hydrogels were found to be softer
and less viscous; they also displayed a considerable degree of
structural deformation at much lower shear stress values than
the gels formed using the nanoparticles. Finally, the melting
points for the gels formed using enzymes were 40 1C lower than
those formed using the nanoparticles. It was suggested that
this may be due to the nanoparticles becoming entrapped in
the network or could be due to the assembly mechanism itself.
Using the nanoparticles, flat, ribbon-like structures were
imaged in the gel as opposed to the fibres found for the

enzyme-triggered gels. Also, the gels were found to be trans-
parent when the nanoparticles were used, implying a different
size range of self-assembled structures when compared to the
turbid enzyme-triggered gels.

pH triggered gelation of FmocY

In all of the above, the gelator is always described as being
FmocY. However, for the majority of the examples above, the
solution pH is above the expected pKa of the terminal carboxylic
acid. Although not specifically reported to the best of our
knowledge, a pH titration suggests that the pKa is approxi-
mately 5.5.30 Whilst the pKa is likely to be affected by the
concentration of FmocY used, the presence of salts and temp-
erature (as shown for other systems),31 it is likely that the
gelator is the carboxylate salt of FmocY in at least some cases
described above. Hydrogels can also be prepared from FmocY
using a pH-trigger (Fig. 5). Here, a solution at high pH (where
the FmocY is solubilised by the deprotonated carboxylate
group) is initially prepared. Interestingly, this might be
expected to give a gel from the results of the enzyme-triggered
gels above. The fact that FmocY forms a free-flowing solution
under these conditions as opposed to a gel may be due to the
presence of the buffers which are used for the enzyme and
nanoparticle catalysed gelations. Recent results have shown
that the presence of salts can induce gelation in solutions of
similar molecules.32,33 We showed that the addition of a range
of salts can result in gel formation for naphthalene–dipeptide
LMWG systems which have the appropriate worm-like micelle
structure.34 Roy et al. have shown for Fmoc-tyrosine-leucine
(FmocYL) that the degree of order and rheological properties of
the gels formed by dispersion of FmocYL at pH 8 are strongly
affected by the addition of salts.33 The properties could be
linked to the Hofmeister series, with different salts resulting in
the formation of different nanostructures. Fibres were formed
in the presence of kosmotropes (water-structuring salts) whilst
spherical structures were formed with the chaotropes (water-
breaking salts). Later work from the same group reported the
enzymatic formation of gels from FmocYL.21 Again, the
presence of salts was shown to be important, not only affecting
the assembly of the gelator, but also the enzyme performance.
Hence, the effect of salts is in our opinion an important point
that has been insufficiently discussed. Nonetheless, to induce a
gel by pH change, the pH of the FmocY solution is then lowered
to give a gel. This was first reported by Thornton et al. where the
pH was reduced from 9.6 to 7.4, again at 1.55 wt%.27 This pH is
above the apparent pKa,30 but as noted above, this may be due
to the higher concentration used (the pKa was determined at
approximately 1 wt%). Gelation occurred quickly (in 5 minutes).
However, the rheological properties (G0 = 0.6 � 0.1 kPa) were
lower than for the enzyme-mediated gelation discussed above.
This quick gelation therefore did not lead to improved rheolo-
gical properties (this is opposite to what was found with the
enzyme, see above). However, here the fibre widths were found
to be greater than for the enzyme-triggered gels, implying that
the local self-assembly is different.

Fig. 6 (a) Self-supporting hydrogel formed by the dephosphorylation of FmocY-
phosphate using cerium oxide nanoparticles. (b) Unstained Transmission Electron
Microscopy (TEM) micrographs of FmocY hydrogel network of semi-rigid nano-
filaments. Scale bar = 500 nm. Figure from ref. 29.
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Later work also discussed the use of a pH-trigger. Sutton
et al. used a lower concentration of FmocY (0.97 wt%) and
adjusted the pH from 8.2 to 4.7.35 To adjust the pH, glucono-d-
lactone (GdL) was used, which hydrolyses to gluconic acid. This
results in a significantly slower pH change as compared to
mineral acid which can lead to profound changes in gel proper-
ties.36 As at higher pH, long fibrillar structures were formed,
resulting this time in a transparent self-supporting gel. The
rheological properties were higher than for the gels prepared at
higher pH, with G0 = 2 � 104 Pa and G00 = 3 � 103 Pa, despite the
overall concentration of FmocY being lower. These gels
were found to break however at low strain (about 0.01%).
Aufderhorst-Roberts et al. later examined this process on the
micron-scale using microrheology.30 They showed that the
addition of GdL resulted in assembly below the pKa of FmocY.
At this stage, clusters started to form, with gelation occurring as
the cluster size increased via a percolation transition. Their
data implies that the final overall degree of network hetero-
geneity is low in these systems.

Fmoc-diphenylalanine

A related LMWG to FmocY is FmocFF. This LMWG has been
widely reported and gelation can be induced again in a number
of ways. Firstly, again a pH-trigger can be used. Second, a
change in the solvent quality has been used. Finally, the
addition of certain salts to a solution of FmocFF at high pH
results in gel formation. FmocFF has been shown to form gels
at physiological pH. Again, it is clear from the published data
that the method of assembly and the exact conditions used
have a profound effect on the mechanical properties of the
resulting gels.

pH triggered gelation of FmocFF

As for FmocY, gels can be prepared from FmocFF solutions by
adjusting the pH of the solution. The first report describes
increasing the pH of a solution to above pH 8.0, followed by the
addition of concentrated hydrochloric acid to reduce the pH
again.37 It is important to note that mixing was used as the HCl
was added in aliquots (see below for a discussion around
mixing effects). The mechanical properties of the resulting gels
were not reported, although gels prepared at concentrations of
between 0.22 and 1.07 wt% were described as ‘‘weak, flowing’’
gels. Later work from the same group reported a transparent gel
at a concentration of 1.07 wt% formed by the same method.11

The rheological properties were reported, with the gel having a
G0 of 104 Pa and G00 being approximately one order of magni-
tude less, as expected for a gel. A model for the self-assembly
was built from IR, CD, X-ray scattering and fluorescence data
suggesting b-sheets formed between the dipeptides and
p-stacking between the Fmoc groups being important. In
2009, Tang et al. reported that FmocFF has two apparent pKa

values, with the self-assembled structures formed and resulting
properties of the system being strongly pH dependent.38

A modified method was used to assemble FmocFF here.
After HCl addition, the samples were heated to 75–80 1C for one
minute, homogenised and then stored at 4 1C for 12 hours.
Heating and cooling cycles were also used during the pKa

measurements. The two reported apparent pKa values were
approximately 9.9 and 5.7 (Fig. 7, top) and are related to
defined structural transitions resulting from peptide self-
assembly. At pH values above the highest pKa value, thin fibres
were observed by TEM (we later suggested that these are
actually worm-like micelles39 on the basis of the shear-thinning
behaviour at high pH). Below this first pKa, an entangled
network was imaged. At pH 9.0, the rheological properties were
very low, with G0 being approximately 1 Pa (Fig. 7, bottom). At
lower pH (7.6), the rheological properties were even weaker.
The authors attributed the discrepancy between this data and
their previous reports11 to the presence of kinetically trapped
aggregates giving higher moduli. The hypothesis was that the
heating of the samples and the storage at 4 1C resulted in
significantly more homogeneous systems. At lower pH, below

Fig. 7 (top) Titration curves of FmocFF at 0.01, 0.1, 1, 5, and 10 mmol L�1.
(bottom) Rheological data for FmocFF samples at 10 mmol L�1 at pH 9.0 (below
apparent pKa 1) and at pH 7.6 (above apparent pKa). Reprinted with permission
from ref. 38. Copyright 2009 American Chemical Society.
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the second apparent pKa, rigid, rod-like ribbons were formed,
leading to precipitation and phase separation.

As noted for FmocY, the presence of salts may well lead to
differences in assembled structure. In fact, it has been reported
that the addition of calcium salts to a solution of FmocFF at
high pH results in gel formation (G0 = 10.5 kPa).32 FmocFF has
been examined for cell culturing, where the presence of salts is
necessary. Jayawarna et al. described one method of forming
the gels in the presence of cell culturing medium by preparing a
solution of FmocFF at high pH with sonication and vortexing
used to mix the solutions.40 Diffusion of standard cell medium
(Dulbecco’s Modified Eagle Medium, DMEM) through a semi-
permeable membrane was found to lower the pH to 7.5 and
result in gel formation. At a concentration of 1.07 wt% and a
temperature of 25 1C, FmocFF was found to form a gel with a G0

of 21.2 kPa, with G00 being 4.8 times lower. These data were
shown to be reproducible via repeat measurements. Under
these conditions, FmocFF was reported to form fibres with a
thickness of 54 � 19 nm, which differs from that reported in
water at the same pH.38 This implies that the presence of the
salts is affecting the assembled structure of FmocFF. In line
with this, the IR data showed differences compared to the
data11 in the absence of salts. With no salt, the IR showed
strong peaks at 1625 cm�1 and 1687 cm�1.11,38 In the presence
of the buffer, the IR showed a broad peak between 1630 and
1640 cm�1, with a lower intensity peak at 1690 cm�1.

Another report centred around cell culturing describes the
use of a pH adjustment from 10.0 to 7.2 to form a gel.41 For
rheological analysis, FmocFF solutions were mixed with
DMEM. The reported G0 was 1.9 kPa, lower than for the
previous report.40 This may be due to the reported fast gelation
as opposed for the slow diffusion method used before.40 Again,
slight differences in the IR data was observed, with peaks of
approximately equal intensity at around 1635 cm�1 and 1690 cm�1.
All the IR data suggests that the different methods of self-assembly
and the presence of salts may be affecting the secondary structure
of the assembled aggregates.

The effect of mixing method on the assembly and mecha-
nical properties of the gels has been shown to be marked.42

Gels were formed using a pH adjustment to pH 6.0 and then the
samples heated to 37 1C. On adding HCl to adjust the pH, two
different mixing methods were used. First, a ‘high-shear’
approach was used where mixing was carried out using a vortex
mixer. Alternatively, a ‘low-shear’ approach was used where
mixing was carried out by hand or using an orbital mixer. The
mechanical properties were found to be very dependent on the
mixing used. The values of G0 were lower for the high-shear
mixed samples and the values of tan d (defined as G00/G0) higher.
Differences were also found by creep studies. The rheological
data implies that the high-shear samples have a lower density
of cross-links or a different type of interconnection between
fibres. AFM and nanoindentation studies showed that the high-
shear samples contained a large amount of fibrils and stiff,
wide ribbons, whereas the low-shear contained softer, less
polydisperse ribbons. The authors hypothesised that low shear
altered the mode of aggregation. This is a clear demonstration

of how the process of assembly can affect the outcome, with the
authors highlighting that ‘‘mixing/agitation procedures are
likely to be largely depend on the operator’’ and hence the
rheological data presented were qualitative.

We later investigated the rheological properties of FmocFF
gels by a number of methods at a concentration of 0.5 wt%.39

Our data implies that FmocFF has a single pKa, rather than the
two reported previously. This single pKa value is indicative of a
different assembly process to the situation above, where two
distinct apparent pKas were observed, and is possibly due to
their being only one distinct structural re-arrangement. This
difference may be due to the fact that heat–cool cycles were not
used during the measurements. We showed that gels were
formed below this apparent pKa. Using HCl to adjust the pH,
self-supporting gels were formed below a pH of 7.0. Rheological
analysis showed that the gels were weak until a pH of 6.0,
although significantly higher G0 and G00 were found as com-
pared to the results of Tang et al. where a heat–cool cycle was
used.38 G0 increased further between pH 6.0 and pH 5.0, before
becoming approximately constant at 104 Pa. In line with pre-
vious work, mixing was shown to be really important. If no
mixing was used (i.e. a FmocFF solution simply added to a
solution of HCl), the gels had higher moduli than when vortex
mixing was used. However, this was only really noticeable for
the stiffer gels; above pH 6.0, the values of G0 and G00 were very
similar for both mixing methods. As discussed above, the slow
hydrolysis of GdL can also be used to adjust the pH. We also
examined this method to form gels from FmocFF. Here, a
similar profile was observed to an unmixed HCl system, with
weak gels (G0 o 1000 Pa) formed between pH 7.0 and pH 6.0,
whereupon the moduli increased until becoming relatively
constant at approximately 104 Pa below pH 5.0.

A pH switch method with GdL has been used by Berillo et al.
to form macroporous cryogels from FmocFF.43 Here, the GdL
was added to slowly adjust the pH, and the sample then imme-
diately placed at �12 1C. This results in freeze-concentration of
the gelator, with ice crystals concentrating the solute in the
non-frozen phase. The self-assembly of the FmocFF occurs in
the thin non-frozen sections of the sample, resulting in the
formation of a macroporous cryogel (Fig. 8A). A salt (K2SO4) was
added in some cases to depress the freezing point of water, thus
increasing the volume available for the gelation. The final pH
was 3.0–4.0. Rheologically, the cryogels were found to have a
higher G0 of 800–900 Pa as compared to a hydrogel (formed at
room temperature as opposed to �12 1C), which had a G0 of
approximately 700 Pa. However, the cryogels failed at a lower
strain than the hydrogels. The cryogels are macroporous due to
the presence of the ice crystals during the self-assembly pro-
cess, with the pore walls being formed from densely packed
fibres of FmocFF (Fig. 8B).

Another method to self-assemble FmocFF in ultra-thin films
was described by Braun and Cardoso.12 Here, FmocFF was self-
assembled in liquid marbles and also at a liquid–air aqueous
interface. In the former case, the self-assembled membrane was
formed at the liquid–air interface on a liquid marbles stabilised
by L. clavatum spores. In the second case, a TEM copper grid
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was used to probe and characterise the ultra-thin membrane
and test the mechanism of liquid–air interfacial triggered
gelation. The pH change leading to self-assembly was induced
by using an atmosphere of carbon dioxide. Using a gas to
change the pH resulted in gelation occurring in a confined
environment at the liquid–air interface. The resulting micro-
structure was the formation of a thin membrane (Fig. 8C). The
thickness of the membrane could be controlled by the time of
exposure to carbon dioxide and the relative humidity. As for
where the cryogel described above, the confinement of a
hydrogel membrane consisted of densely packed fibres
(Fig. 8D). This method allowed a further understanding of the
crystallographic structure of the FmocFF fibres by using
electron diffraction experiments on almost a single FmocFF
fibre. A typical packing of 4.8 Å was found along the fiber axis
and an additional 23 Å in the perpendicular axis was assigned
to the fiber thickness, conflicting with the previously proposed
helical model11 and leading to a alternative molecular packing
model of the FmocFF system, a columnar packing model. This
data, along with the IR data described above may imply that the
molecular packing is affected by the process of assembly.

Solvent-mediated gelation of FmocFF

Gels can also be prepared from FmocFF by adjusting the
solvent quality. When water on an aqueous buffer is added to
a solution of FmocFF in a suitable organic solvent, a gel can be
formed in some cases. This was first reported in 2006 by Mahler
et al.16 Transparent, self-supporting gels were formed by the
addition of water to a solution of FmocFF in hexafluoroiso-
propanol (HFIP) (Fig. 9a). Two concentrations of FmocFF in

HFIP were examined (100 mg mL�1 and 25 mg mL�1), which
translates into gels with different ratios of water to HFIP. These
gels were reported to be stable across a range of temperatures,
pH and in the presence of urea and guanidinium hydro-
chloride. These gels could also be injected through a needle
and maintain structure (Fig. 9b). Fibrils with diameters ranging
from 10 to 100 nm were imaged, forming the gel matrix.
Interestingly, the IR data differed from that reported for gels
formed by the pH-triggered method. A significant peak at 1658 cm�1

was observed, which is not present for the pH trigger.38 The
data was still interpreted as arising from b-sheets formed
between the dipeptides. The rheological data showed G0 being
approximately 2 � 104 Pa for a concentration of 0.5 wt%,
although the amount of HFIP present was not reported. Similar
data were obtained if acetone was used in place of HFIP.

Liebmann et al. later showed that DMSO could be used in
place of HFIP.44 Phosphate-buffered saline (PBS) was used in
place of water. No rheological data was given, but it was
reported that the amount of DMSO in the final materials
affected stability. When a solution of FmocFF in DMSO at a
concentration of 100 mg mL�1 was diluted with PBS to give a
final FmocFF concentration of 0.5 wt% (i.e. a DMSO : H2O ratio
of 5 : 95), the material was unstable. However, a soft gel was
formed when a solution in DMSO at 25 mg mL�1 was diluted to
the same FmocFF concentration. Hence, an increased amount
of DMSO results in a more stable gel. Replacing PBS with
another buffer (minimum essential medium, MEM) however
resulted in an unstable material.

Orbach et al. also showed that gels could be formed on
addition of water to a solution of FmocFF in DMSO.45 FmocFF
gels formed in this way were reported to be stable from pH 3.0
to pH 12.0. The gels form quickly, with the rheological proper-
ties being stable after approximately 700 seconds (G0 = 104 Pa).
Fibre diameters were reported to be 10–30 nm in diameter.

Fig. 8 (A) SEM image of dried cryogel formed from FmocFF after a process of
freeze-drying. (B) A higher magnification SEM of (A). (C) SEM image of an ultra-
thin membrane (50 nm) self-assembled at the liquid–air interface of spore
indentations. (D) A higher magnification image of (C) showing one indentation
in a spore with visual observation of highly dense individual FmocFF ribbons
fibres. (A) and (B) were modified from ref. 43. Copyright 2012 with permission
from Elsevier. (C) and (D) were modified from ref. 12. Copyright 2012 with
permission from Elsevier.

Fig. 9 (a) Hydrogel formed from FmocFF by adding water to a solution of
FmocFF in HFIP. (b) The hydrogel can be extruded through a needle and maintain
structure. (c) TEM of fibrils which form the gel matrix. (d) HR-SEM of fibrils
forming the matrix. Figure modified from ref. 16 with permission from John Wiley
and Sons.
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An interesting observation was that there was a transition in the
optical properties as the gel formed. On water addition, a turbid
solution was formed, which then clarified to result in a trans-
parent hydrogel. This is very different to what occurs when a pH
switch is used where no such transition occurs. This shows that
the aggregation process must be different between the pH
switch and solvent-switch approaches. Later, the same group
showed that the kinetics of this transition was both concen-
tration- and temperature-dependent.46 The authors hypo-
thesised that this turbidity change was due to a restructuring
of an initial self-assembled structure from many irregular
aggregates to highly ordered structures. We showed for a
closely related LMWG (FmocLG, Fmoc-leucine-glycine) that a
similar turbidity change occurs.34 Here, the turbid solution was
found to contain highly regular spherical aggregates. It did not
appear that the fibres nucleated from these spheres, but the
exact nature of these structures is unclear.

We later showed that the rheological properties of gels
formed from FmocFF by addition of aqueous solutions to a
DMSO solution of the gelator were dependent both on the pH
of the medium and the volume fraction of DMSO.39 Adding
water to a solution of FmocFF resulted in a gel with a pH of 4.0,
presumably due to the weak acidity of FmocFF. As for the gels
formed via a pH switch method (see above), the rheological
properties were low at pH 7 (achieved by adding a buffer). At pH 5
and below, significantly stiffer gels (G0 > 104 Pa) were formed,
similar to the data achieved with a pH-switch. As suggested by
the work of Liebmann et al.,44 the rheological data was depen-
dent on the buffer used, with variations observed between
buffers. We also showed that the volume fraction of DMSO in
the gels was an important factor. G0 was found to be 17 kPa at a
volume fraction of DMSO of 0.05 (i.e. 5 : 95 DMSO : H2O). On
increasing the volume fraction to 0.25, G0 increased to approxi-
mately 24 kPa for a constant concentration of FmocFF. Tan d
was below 0.12 for all these gels. A dip in G0 was observed at a
volume fraction of 0.35 before increasing again. Above a volume
fraction of 0.50, G0 steadily decreased until no gels could be
formed above a DMSO volume fraction of 0.64. Interestingly,
tan d steadily increased across this volume fraction range to
approximately 0.23 at a volume fraction of 0.64. Recovery after
shear is an important parameter if gels are to be injected for
example.47 As noted above, Mahler et al. reported that FmocFF
gels formed from HFIP on water addition could be passed
through a needle.16 We found that the ability to recover after
shear was strongly dependent on the volume fraction of DMSO
in the gels. After applying a constant high shear to disrupt the
gels, the rheological properties were monitored with time after
cessation of the high shear. Gels formed at low volume frac-
tions of DMSO (o0.35) were found to recover well. Above a
volume fraction of 0.35, recovery was relatively poor. These
differences were found to correlate with the microstructure,
with gels prepared at low DMSO volume fractions being found
to contain spherulitic domains of fibres (such a microstructure
is very different to that found when gels are formed by a pH
switch39). This seems key for the preparation of gels which can
recover after shear.47 We have shown similar results for

FmocLG,34 where interestingly the nanostructure of the fibres
(as measured by cryo-TEM and small angle neutron scattering)
was found not to be significantly different whether or not the
gel could recover after shear; it was the microstructure that was
found to be key.

Effect of additives on the gelation of FmocFF

Along with the choice of buffer and absolute pH, other addi-
tives have also been shown to affect the mechanical properties
of gels prepared from FmocFF. For gels formed by the addition
of water to a solution of FmocFF in DMSO, the presence of
polymeric additives in the aqueous solution affects the self-
assembly and the properties of the resulting gels.48 A buffered
solution was used to remove the effect of pH on the assembly.
Using dextrans of different molecular weights as additives, it
was found that the viscosity of the aqueous solution was a
critical parameter (Fig. 10).

For solutions with viscosities of 8 mPa s and below, the
mechanical properties were very similar (G0 was approximately
20–25 kPa as compared to 29 kPa in the absence of any additive,
with tan d being between 0.10 and 0.20). G0 then decreased with
increasing viscosity above this value. Using confocal micro-
scopy, it was demonstrated that the reduced mechanical

Fig. 10 Effect of adding dextran of different molecular weight on the mecha-
nical properties of gels formed from FmocFF. Dextran molecular weights are (a)
6000 Da, (b) 40 000 Da, (c) 100 000 Da, (d) shows the data plotted as a function
of the viscosity of the dextran solutions (black circles: 6000 Da, red triangles:
40 000 Da, green squares: 100 000 Da dextran). (e) Confocal image of FmocFF gel
in the absence of additive. (f) Confocal image of FmocFF gel in the presence of
20 wt% dextran (40 000 Da). Scale bars represent 20 mm. Figure from ref. 48.
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properties were as a result of smaller spherulitic domains being
formed as compared to in the absence of additive, with a lower
degree of connectivity between spherulites. Other polymeric
additives were also examined. For example, the mechanical
properties were found to be very sensitive to the presence of
polyethylene oxides, implying that the effect of additives will be
additive-specific. Elsewhere, the effect of adding a different
polysaccharide, konjac glucomannan, on the mechanical prop-
erties of FmocFF gels was examined.49 Gels were prepared again
from addition of an aqueous solution of the polysaccharide to a
DMSO solution of FmocFF. The presence of the polysaccharide
slowed down the gelation process, taking several hours as
opposed to minutes in the absence of additive. The gels were
found to have improved mechanical properties as compared to
those in the absence of additive (G0 = 13.7 kPa as compared
to 7.5 kPa in the absence of additive). The gels were also found
to be significantly less sensitive to frequency. SEM showed that
the FmocFF fibres were thinner in the presence of additive.
SEM also showed that the FmocFF fibres were interpenetrated
and interwoven with the polysaccharide chains.

From all of this data, it is clear that the mechanical proper-
ties of FmocFF gels are extremely sensitive to the absolute pH,
the presence of salts and temperature as well as the mixing
methodology used. It is less clear how the apparent changes in
molecular packing suggested by IR, CD and fluorescence data
affect the mechanical properties of the resulting gels. Decon-
voluting molecular packing, the number of cross-links, changes
in persistence length and microstructure is extremely complex.

MAX1

Our third case study is an unrelated LMWG MAX1 which is a
20 amino acid b-hairpin molecule developed by the groups of
Pochan and Schneider.50–55 This gelator consists of two strands
with an alternating sequence of valine (V) and lysine (K)
residues that are connected with a tetrapeptide type II’ turn
sequence (–VDPPT–) (Fig. 11). Upon folding, this molecule
becomes facially amphiphilic, with the non-polar V residues
and the K residues making up each face on the hairpin
respectively. When the peptide folds, self-assembly occurs as

a result. Therefore, conditions that favour b-hairpin formation
will favour self-assembly and gelation. MAX1 is known to fold
and consequently self-assemble under specific pH, temperature
and/or salt concentrations. At neutral to low pH, coupled
with low ionic strength and temperature (B20 1C), the lysine
residues of MAX1 are mainly positively charged with charge
repulsion rendering peptide folding energetically unfavourable.

CD data collected for gels of MAX1, with varying assembly
conditions, have shown that b-hairpin formation always
precedes self-assembly. b-sheet formation is monitored by
measuring the mean residue ellipticity at 216 nm. Under
assembly conditions, the data show that b-sheets are present
and folding is triggered.51 Similar data has been collected for
all assembled states for MAX1 indicating that the assembly
trigger has no effect on the type of molecular packing
adopted.50–52,54–56 Furthermore, both cryo-TEM and TEM data
show that on the nanometre level of the self-assembled MAX1,
fibril widths of B3 nm were measured.56 Gels prepared with
NaCl as the salt in the trigger displayed such fibril widths,51,54

which were in agreement with MAX1 gels that used DMEM
buffer as the salt in the trigger.52 The concentration of gelator
slightly varies in these cases, but as the assembly conditions are
also different it can be deduced that intramolecular folding at
the nanoscale is unaffected by the trigger used. Manipulation of
the assembly conditions allows folding and subsequent self-
assembly to occur with differences in the mechanical properties
of the resulting gels.

At low pH, MAX1 remains unfolded and cannot form gels.
This is largely due to electrostatic repulsion between positively
charged lysine residues. When the pH is increased above the
pKa of the lysines, repulsion is diminished and intramolecular
folding occurs. This is reversible. Acidification can lead to
unfolding and hence hydrogel dissolution. The first reported
MAX1 gels by Pochan and Schneider were prepared at pH 9.0.50

At this pH, intramolecular folding occurs, followed by self-
assembly which is facilitated via both H-bonding between
b-hairpins and hydrophobic association of valine-rich faces of
folded peptide. These two factors contribute to lateral and
facial assembly, respectively (Fig. 11). For gels prepared with
2 wt% peptide material in pH 9 buffer (125 mM borate and
10 mM NaCl) at 25 1C, rheological data was collected. After
30 minutes, G0 was greater than G00, indicative of gel-like
properties. A final G0 of B1200 Pa was measured for such gels.
These gels also displayed the ability to recover after shear
cessation with 100% recovery of G0 (after 30 minutes) after
application of 1000% strain for 180 seconds.50 As discussed for
the FmocFF gels above, mixing is important. Schneider et al.
report that more uniform gels are formed where agitation of the
samples is minimised.

Using the conditions for the gels at pH 9, no gelation occurs
if the pH is lowered. MAX1 forms random coils in solution at
pH values lower than 9.0 under these solution conditions.50 If
the pH of the solutions is altered to pH 9.7, even more of the
lysine residues are deprotonated than before, allowing folding
and gelation to occur at a lower temperature. Conversely, lowering
the pH with an increase in temperature does not produce gels.

Fig. 11 (a) 20 amino acid sequence and folded b-hairpin of MAX1. (b) Proposed
model for the self-assembly of MAX1. Reprinted with permission from ref. 54.
Copyright 2004 American Chemical Society.
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The peptide is incapable of folding under these conditions as
lysine residues are likely to be fully protonated (at pH 8.0).51

However, MAX1 gels have been reported at and around physio-
logical pH by altering the temperature or salt conditions of the
system. MAX1 can form gels at pH 7.4 using bis-trispropane
buffer.47,51,54 At pH 7.4, MAX1 has a net positive charge.
Increasing the concentration of NaCl in the buffer solution
results in screening of the positive charges and thus allows
folding to proceed. These gels have G0 of B2900 Pa (Fig. 12a)
and also have shown an ability to recover after shear cessation
with 95% recovery after 2 hours after 1000% strain. This
recovery profile differs for the same concentration gels at pH
9.0, however the salt concentration differs in each case. Inter-
estingly, MAX1 gels at pH 7.4 were studied with different shear
times/rates and both studies showed that increased shear time
(40 seconds) and shear rate (1000% strain used) individually
decreased the percentage recovery of G0 after shear cessation.47

Increased salt concentration (and therefore ionic strength)
drives hydrophobic association of fibrils with faster hydrogela-
tion kinetics. This has been studied using rheology. A 2 wt%
MAX1 gel prepared at pH 7.4 with 20 mM NaCl showed no
significant increase in G0 in the first 50 minutes of the gelation
process (Fig. 12b). Increasing the salt concentration to 150 mM
decreases the lag time by half, while further increasing the salt
concentration to 400 mM shows no lag time in G0 evolution
during gelation. The 20, 150 and 400 mM salt concentrations
give final G0 values of B100, B300 and B3000 Pa at 20 1C,
respectively (Fig. 12a).54 Higher salt concentrations provide
faster gelation kinetics, resulting in stronger gels. Ozbas et al.
attribute this to the formation of a more highly cross-linked
network at higher rates of assembly. Similarly, the rate of gel
formation at 37 1C is higher than the rate of gelation at 20 1C.
This higher rate of gelation directly relates to a stiffer gel.

The salts used in these systems can affect the mechanical
properties of the hydrogels produced, not just the concen-
tration. Whilst MAX1 hydrogelation is commonly triggered
using NaCl in a variety of concentrations, with potential bio-
logical applications in mind, cell culture media has been
used.52,53 MAX1 gels (2 wt%) using serum-free DMEM, which
contained 165 mM of salt produced gels at pH 7.4 and 37 1C.
Kinetic rheological data for gelation showed that after 30 minutes
G0 > 1800 Pa and after 120 minutes, the G0 > 2500 Pa (Fig. 13a).53

After 24 hours, G0 had increased further to approximately
10 kPa.54 The 2 wt% gels containing DMEM also showed good
recovery from shear (1000%). Interestingly, after shear, the
increase in G0 in the recovery phase was quicker than in the
initial gelation.54 MAX1 gels were also prepared in cell culture
media but were additionally loaded with 10% calf-serum.53

After 24 hours, a G0 value of B10 kPa was also obtained for
these gels. In comparison to gels prepared under the same
conditions (2 wt% MAX1, pH 7.4, 37 1C) minus serum, the G0

values barely differ (Fig. 13b). MAX1 gels containing calf-serum
display a slight increase in G0 but not a significant increase.
This shows that the additional material within a gel matrix does
not appear to strongly affect the fibril network formation since
the mechanical properties are generally unaffected.

The complexation of borate anions with MAX1 has an effect
on the rheological properties of MAX1 gels.57 Boric acid, B(OH)3

has a trigonal planar structure in solution and is a weak Lewis
acid in equilibrium with the tetrahedral borate anion, B(OH)4.
MAX1 gels containing this boric acid/borate additive were
prepared under basic conditions. As such, any complexation
between additive and gelator is between the borate anion and
MAX1 (boric acid has a pKa of 9.2). As mentioned previously,
solutions containing MAX1 must surpass a transition tempera-
ture, above which b-hairpin folding and intermolecular
self-assembly occurs. This is a reversible process, with unfolding
occurring as the temperature is lowered. However, in the
presence of boric acid, this folding and assembly process was
found to be irreversible. Gels were prepared (0.5 wt% MAX1 at
pH 9.1, 10 mM NaCl, 40 1C) with 125 mM boric acid added.57

Heat and cool cycles run on a rheometer show the reversibility
of the gelation system for MAX1 as expected. However, in the
presence of boric acid, decreasing the temperature below the
assembly temperature resulted in an increase in G0. Ozbas et al.
attributed this stiffening transition to complexation between
borate anions and the lysine side chains of MAX1. With boric
acid and borate having 3 and 4 interactions sites per molecule,

Fig. 12 (a) Frequency sweep rheological data of 2 wt% MAX1 gels, pH 7.4 with
20 mM (G0 , K; G00 , J), 150 mM (G0 , m; G00 , n), and 400 mM NaCl (G0 , ’; G00 , &).
(b) Time sweep data of 2 wt% MAX1 gels with 20 mM (G0 , K), 150 mM (G0 , m)
and 400 mM NaCl (G0 , ’). Reprinted with permission from ref. 54. Copyright
2004 American Chemical Society.
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respectively, physical crosslinking between MAX1 molecules
can occur. This is in addition to any physical fibrillar crosslinks
already present in a MAX1 network above the transition
temperature. When a heat–cool cycle was run (Fig. 14), an
increase in temperature from 5–40 1C resulted in an initial
increase in G0 (due to folding and self-assembly). G0 reached a
plateau at 600 Pa after 2 hours. When the temperature was
decreased back to 5 1C (1 1C min�1), G0 remained constant until
B21 1C, where it began to increase and continued to do so to
5 1C (G0 of 2000 Pa). In the absence of borate, this second in
increase in gel strength was not observed. The transition
between the two gel phases was reversible. An increase in
temperature back to 40 1C saw the original G0 restored. CD
has shown that in the presence of boric acid, b-sheets are
observed both above and below the transition temperature.
Conversely, below the self-assembly transition temperature
(before gelation), random coils are observed. This was also
the case when the temperature was lowered after gelation in the
absence of borate. The stiffening transition observed is not due
therefore to conformational changes at the molecular level.
Despite a clear increase in gel strength due to these ion
complexation interactions, the gel structure below the

transition temperature is much more brittle than a gel under
‘‘normal’’ conditions (40 1C). A strain sweep on a gel at 5 1C
showed that the G0 deviated from linearity at 1% strain, but for
a gel at 40 1C it was observed at 40% strain. A further additive to
this boric acid–MAX1 system was shown to compete with MAX1
for the complexation interactions with boric acid/borate anion.
When 5 mM of glucose was added, the stiffening process was
still observed but when an amount of glucose that could
sufficiently consume borate was added (25 and 50 mM glucose
were tested), hydrogel stiffening did not occur.57

As for FmocY and FmocFF, it is clear that the conditions of
the trigger of self-assembly have an effect on the final mecha-
nical properties of MAX1 gels. No differences are generally
observed on a molecular level, with b-hairpins always forming
upon folding of MAX1. Additionally, these b-hairpins assemble
to form fibrils with homogenous cross sections of B3 nm. The
differences in mechanical properties must therefore be the
result of the self-assembly process on a longer length-scale.
The mechanical properties may consequently be governed by
microstructure arrangement of the fibres and/or the degree of
inter-fibril branching and entanglements.

Conclusions

LMWG are useful molecules that can be used to form gels for a
range of applications. There is currently significant interest for
example in cell culturing in such hydrogels, as well as potential
applications in drug delivery and energy materials. Many
LMWG exist. Currently, many LMWG are discovered by accident
or by molecular iteration around an already known example.
However, it is also clear that sometimes small changes in
molecular structure can result in a gelator becoming a non-
gelator. As a result, designing a gelator from first principles is
extremely difficult.

The mechanical properties of the gels are key for applica-
tions. The mechanical properties arise from the properties of
the fibres into which the LMWG assemble, the number of cross-
links and the microstructure of the fibrous network. The
interactions leading to self-assembly are of course ‘programmed’
into the gelator structure and hence it might be expected that
the gel properties are dependent on this information. However,
it is clear from the examples that we have discussed above that
the mechanical properties are dependent not just on the
molecular structure of the LMWG, but also critically on the
process by which self-assembly occurs.

The process is a means to go from a ‘highly-soluble’
environment to a ‘poorly-soluble’ environment. This can
include heat–cool cycles (with of course the rate of heating
and cooling being additional variables), changes in pH,
changes in solvent quality or the enzymatic removal of a
solubilising group. Further differences in process include the
presence of salts. Each of the processes has a certain kinetic
history. As described above, the kinetics of the assembly affects
fibre formation and growth, as well as the number of cross-
links in the gel. It is also possible to change the microstructure
fundamentally by changing the method of assembly. This can

Fig. 13 (a) Time-dependent rheology of 2 wt% MAX1 hydrogel formed upon
addition of DMEM to an aqueous solution of MAX1. Closed symbols represent
the storage modulus (G0) and open symbols represent the loss modulus (G00).
(b) Frequency sweep rheology monitoring G0 of hydrogels under cell culture
conditions in the presence and absence of 10% calf serum. Figure from ref. 53.
Copyright 2005 with permission from Elsevier.

Fig. 14 Dynamic time sweep rheological measurement of 0.5 wt% MAX 1 at pH 9.1
with 10 mM NaCl and 125 mM boric acid. Hydrogel was initially formed at 40 1C.
Reprinted with permission from ref. 57. Copyright 2007 American Chemical Society.
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translate directly into different properties, for example the
ability to re-heal after shear. A challenge is clearly preparing
gels with reproducible properties. To some degree, since it is
clear that even subtle changes in the process can result in
different assembly (for example the two apparent pKas for
FmocFF if one titration process is used,38 and only one if the
heat–cool cycle between acid additions is removed39), it is likely
that reproducibility comes from very careful control over the
process. A corollary of this process dependence of the mecha-
nical properties is that it is possible to prepare gels with different
properties from a single gelator. Hence, in light of the difficulties
in designing gelators from first principles, it may be more
fruitful to examine changes in process if a specific set of proper-
ties are required as opposed to varying the molecular structure.

Another challenge in this area is that rheological data is
often not reported and in some cases where it is, there are
significant discrepancies in the results, which are not always
discussed fully in comparison to previous reports. This may be
due to the mechanical properties being measured in different
ways, for example the geometry used for rheological measure-
ments may be parallel plates, vane or cone and plate. Other
differences may arise from whether the gel was prepared on the
rheometer or transferred after gelation, which can lead to
damage to the gel.

In conclusion, we have highlighted how altering the process
of assembly for three specific LMWG can translate directly into
the formation of gels with different properties. This review is of
course not exhaustive, but we anticipate that these observations
are likely to be universal and encourage all those in the field to
investigate the effect of the process as an additional parameter
for controlling the properties of gels prepared from LMWG.
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