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Towards supramolecular regenerative medicine
using low-molecular-weight gelator hydrogels for
stem cell growth
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This review explores gels that assemble from low-molecular-weight gelator (LMWG) building blocks for use in

cell culture, with a focus on fibroblasts and stem cells. These LMWG hydrogels have unique potential for con-

trolling and directing cell growth. We provide an overview of gel tunability and how careful molecular design

can direct biological outcomes. The LMWG hydrogel approach to cell growth is based on reversible assembly,

potentially enabling cells to be encapsulated and subsequently released. It is possible to easily formulate mul-

tiple active ingredients into LMWG hydrogels by co-assembly – a powerful strategy to create multi-functional

hybrid hydrogels. Rheological properties can be tuned over orders of magnitude, with stiffness helping control

properties like cell invasion or stem cell differentiation. Furthermore, gel dynamics at both molecular and

network levels can control factors such as cell adhesion. By developing strategies to shape and pattern these

gels, it is possible to create structured assemblies of cells or direct the growth of multi-functional biological

tissues. The dynamic characteristics of these gels enables them to evolve, potentially facilitating 4D tissue

engineering or the creation of materials that are both bio-instructive and bio-responsive. LMWG hydrogels have

been applied both in vitro and in vivo and some are in commercial use. This critical review provides an overview

of progress to date, emphasising the unique advantages of the LMWG hydrogel approach, and highlighting

concepts that might unlock untapped potential, hence transforming next-generation regenerative medicine.
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1. Introduction
1.1 Introduction to LMWG hydrogels for tissue engineering

Hydrogels are colloidal soft materials in which a solid-like
network extends through a bulk liquid-like phase, effectively
immobilising it.1 Having solid-like and liquid-like character-
istics, wide-ranging mechanical properties, and the potential
for chemical modification and/or encapsulation of bioactive
agents, hydrogels are well-placed to mimic key aspects of the
extracellular matrix, and there is therefore considerable inter-
est in using such materials to support cell growth.2 There are a
number of ways a hydrogel matrix can interact with growing
cells, which are explored throughout this article.

A variety of different classes of hydrogel are known, with
polymer hydrogels being best-established.3 The solid-like 3D
network of a polymer gels is achieved via interactions between
polymeric gelators – covalent cross-linking gives rise to a
chemical gel, non-covalent interactions result in physical gels.
Hydrogels based on polymers such as collagen, alginate, or
hyaluronic acid have natural origins, while those based on
polymers such as poly(lactic acid) or poly(ethylene glycol) are
synthetic. Although natural and synthetic polymers are widely
used for cell culture, there remains a need to control disassem-
bly and degradation, enhance cell adhesion, and further
enable their controlled modification.4

A second class of hydrogel of primary interest here,
employs low-molecular-weight gelators (LMWGs, Fig. 1).5

LMWGs are well-defined molecular species with molecular
masses typically ≤1000 Da. They are held together via revers-
ible non-covalent interactions such as hydrogen bonds, ionic
interactions, π–π interactions, van der Waals forces, and the
hydrophobic effect, which result in their self-assembly into
fibrils (supramolecular polymers). These fibrils interact with
one another, usually via a bundling mechanism, to form nano-
scale fibres. These fibres interact and entangle to establish a
sample-spanning network that traps solvent, resulting in gela-
tion. All levels of hierarchical assembly in these materials are
controlled by non-covalent interactions. Such materials are
often simply referred to as ‘supramolecular gels’, however, this
term is also sometimes used in the literature to refer to gels
formed from much larger polymers, held together by supramo-
lecular interactions – as such it can introduce ambiguity.6 In
this review, we therefore refer to the gels of interest as ‘LMWG
hydrogels’ – i.e. the LMWG can assemble into a gel without
need of a polymeric component. LMWG hydrogels have been
used as biomaterials for cell culture and tissue engineering,

and a number of reviews have been published.7,8 As high-
lighted by Dankers and co-workers,9 gels that incorporate
supramolecular components are uniquely well placed to
exhibit controlled mechanics and dynamics that can directly
impact on cell growth outcomes. LMWG hydrogels are stimu-
lus-responsive materials with high water content, adaptability,
biodegradability, potential biocompatibility and tuneable phy-
siochemical properties, which can mimic extracellular matrix.
They allow the diffusion and transportation of small mole-
cules, nutrients and oxygen and can incorporate biochemical
cues in a variety of ways to regulate stem cell behaviour.

There is increasing focus on regenerative medicine
enabling new modalities of disease treatment. In vivo repair of
damaged tissue is of high value in a clinical setting, while
ex vivo development of replacement tissue for later implan-
tation holds the potential of transforming the treatment of dis-
eased or damaged organs.10 The understanding of stem cells
(see section 1.2) has enabled this research, and controlling
stem cell growth has become a vital frontier in the develop-
ment of next generation medical technology. In this review, we
explore a broad range of LMWG hydrogels and develop
insights into their ability to support and direct cell growth
(Fig. 2). Different types of cell have unique requirements and
sensitivities that impact on their growth on hydrogel sup-
ports.11 We primarily focus attention on stem cells (and to a
lesser extent fibroblasts), as these cell types have the most
wide-ranging potential in regenerative medicine.

1.2 Introduction to cell types

Stem cells have the potential to self-renew and differentiate to
different types of cell in response to specific stimuli. They can
be divided into two main categories – embryonic and adult.12

Adult stem cells were first isolated from bone marrow by
Friedenstein in the 1960s.13,14 In 1998, human embryonic
stem cells were first isolated by Thomson and co-workers, and
their potential therapeutic use was discussed.15 However, the
use of embryonic stem cells raises significant ethical consider-
ations, which can make adult stem cells more suitable for fun-
damental research and clinical applications.16 In 2007,
Thomson and co-workers isolated human induced pluripotent
stem cells (hiPSCs) from human somatic cells, and demon-
strated they exhibit the same essential characteristics as
embryonic stem cells. Adult stem cells can be isolated from a
variety of accessible sources such as adipose tissue, nerve
tissue, and skin,17 and different types of stem cell can differen-
tiate into different types of mature cell. For example, mesench-
ymal stem/stomal cells (MSCs) differentiate into fat (adipogen-
esis), cartilage (chondrogenesis) or bone (osteogenesis) cells,
and can be engineered to stimulate tissue repair.18

The fact stem cells can be isolated from patients means
using them to generate tissues for implantation can be done
in a personalised way, potentially avoiding waiting for a donor,
as well as problems with rejection that otherwise persist long
after implantation.19 Given the transformative potential of this
approach to medicine, many methods have been investigated

Fig. 1 Schematic illustration of the hierarchical self-assembly of a
LMWG-based gel via non-covalent interactions to form fibrils that
bundle into fibres that constitute a sample-spanning gel-phase network.
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to regulate cell proliferation and differentiation, and activity in
this field of research is intense.

Combining stem cells with hydrogel scaffolds offers space
for new tissue to form and the opportunity to engineer the
structure of the resulting tissue.20 The vast majority of research
has used polymer hydrogels, but there is significant and
growing interest in the design and development of LMWG
hydrogels for cell-growth. As described above, such materials
offer advantages of being reversible, easily synthetically modi-
fied, readily tuned in terms of their materials properties, and
easily combined to form multi-component materials.

In addition to stem cells, it is also worth considering
human umbilical vein endothelial cells (HUVECs). Although
they are not stem cells, they can be reprogrammed into
induced pluripotent stem cells, and have significant uses in
regenerative medicine – selected examples in this review there-
fore make use of HUVECs.

Fibroblasts are also of key interest in regenerative
medicine.21,22 They are mostly found in connective tissue, have a
spindle-shaped morphology and can generate and maintain
extracellular matrix, as well as providing structural support for
tissues and organs. When injury occurs, fibroblasts are activated
and migrate to the wound site. They are intimately involved in
key processes in wound healing and tissue regeneration.23

Fibroblasts are sometimes considered an alternative to MSCs as
they have similar characteristics like surface markers and differ-
entiation potential.24,25 They can be directly obtained from
tissues, and have a high rate of proliferation, which reduces time
and cost for cell culturing, making them easier to work with
than stem cells and less sensitive to culture conditions.
However, their potential scope of application is not as broad as
stem cells. This review includes selected examples of fibroblast
growth on LMWG hydrogels to emphasise key themes.

Many cell-based studies of LMWG hydrogels have explored
the growth of cancer cell lines. Cancer cells are generally much
easier to culture than stem cells or fibroblasts because of their
dysregulated reproduction. Many studies of LMWG hydrogels
in combination with cancer have focused on preventing cancer

cell growth and are thematically far removed from regenerative
medicine. However, we will briefly mention a few examples
where cancer cells have been deliberately cultured on LMWG
hydrogels that emphasise important principles.

2. Gelator structures

A key advantage of LMWG hydrogels is the high degree of
structural variability that can be introduced into the LMWG
via simple synthetic chemistry. This introduces vast tunability
and the potential to use molecular structure to control
materials properties, and cell growth outcomes.

2.1 Origins – hydrogels based on larger peptides (Mn > 1000)

In pioneering work at the origins of the field, 1995 saw Zhang
and co-workers report a peptide hydrogel based on self-comp-
lementary peptides with repeating motifs of alternating hydro-
philic and hydrophobic amino acids, which associated to form
stable β-sheets in water.26 The addition of buffers containing
millimolar amounts of monovalent salts, or the transfer of a
peptide solution into physiological solutions, resulted in spon-
taneous assembly of a stable gel. Mammalian cells, including
cancer cells and fibroblasts, could attach themselves to these
gel scaffolds. In 2000, the same researchers reported a peptide-
based hydrogel with four arginine, alanine, aspartate and
alanine (RADA) repeat units for the growth of primary neuro-
nal cells.27 Although not culturing stem cells, this early work
was foundational. The (RADA)4 peptide 16-mer (Fig. 3a) self-
assembles into sheets because of self-complementary electro-
static interactions between positively charged arginine and
negatively charged aspartate. With a molecular mass of 1712.8
Da, this LMWG is above the upper threshold of what might be
considered an LMWG, but neither is it really a polymer. Zhang
and co-workers demonstrated that the nanofibrillar hydrogel
(Fig. 3b) encouraged neuronal cell attachment and differen-
tiation, extensive neurite outgrowth and the formation of func-
tional synapses in vitro. In a landmark 2005 study, they went
on to demonstrate that injecting this LMWG into the damaged
optic nerve of hamsters supported axon regeneration (Fig. 3c

Fig. 2 Schematic diagram exploring the benefits of LMWG hydrogels, highlighting how they can interface with growing cellular tissue to direct bio-
logical outcomes.

Biomaterials Science Review

This journal is © The Royal Society of Chemistry 2026 Biomater. Sci.

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
9/

20
26

 3
:1

8:
04

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6bm00661b


and d) and stimulated the return of functional vision in vivo
(Fig. 3e and f).28

In 2006, moving beyond these initial studies, which used
primary neuronal cells, Zhang and co-workers combined their
RADA-based gelator with adult mouse neural stem cells, and
explored its potential for 3D tissue culture.30 They further
modified the peptide by grafting-on sequences associated with
cell adhesion, such as RGD, YIGSR, IKVAV etc. Although
increasing complexity, this did not adversely affect the self-
assembly of gel nanofibres. While the standard RADA peptide
gel could support stem cell proliferation, cell growth was sig-
nificantly better on gels modified with adhesion motifs,
reflecting the relative challenge associated with culturing stem
cells. Differentiation of stem cells into neurons was also
improved. Cell growth was benchmarked against Matrigel, a
widely used animal-extract extracellular matrix mimic – the
self-assembling peptides were competitive with Matrigel.
Others have modified RADA peptides with similar results.31 A
number of other researchers have also developed β-sheet
forming peptide hydrogels,32,33 but given these again have
molecular masses >1000 Da, we do not provide full details
here.

This early work indicated that synthetic gel matrices had
potential to replace bioderived materials when working with
stem cells,34 offering advantages of greater reproducibility,
ease of manufacture and avoidance of ethical issues associated
with animal-derived products. RADA-based gels have been

commercialised as ‘PuraMatrix®’ for use in laboratory research
and ‘PuraStat®’ for use in a surgical setting as a hemostatic
(blood clotting) agent.35,36 These are relatively rare examples of
non-polymeric hydrogels that have transitioned from an aca-
demic laboratory into commercial use. As limitations, it is
worth noting that it is typically necessary to mix bioactive
units into the gels to optimise cell growth. Synthetic limit-
ations mean the peptide is only sold at a purity of >90% and
has relatively high cost (>$100 per 10 mg) – there is therefore
significant scope for simpler LMWGs to have a commercial
impact.

Contemporary with Zhang and co-workers, Stupp’s research
team were working on self-assembling peptides, with a design
philosophy more inspired by surfactant chemistry than protein
science. Peptide amphiphiles (PAs) were developed, which
have block-like structures, with hydrophobic and hydrophilic
domains.37 These PAs assemble into cylindrical micelles,
which, if they have ‘sticky’ surfaces, yield sample-spanning
gels via micelle–micelle interactions. In 2004, Stupp and co-
workers cultured neural progenitor cells (a more specialised
descendent of neural stem cells that do not have the capacity
to replicate indefinitely) on a PA scaffold that incorporated
IKVAV (isoleucine-lysine-valine-alanine-valine), known to
promote neurite formation (Fig. 3g).29 The nanofibre scaffold
(Fig. 3h) induced rapid differentiation of progenitor cells into
neurons, while discouraging astrocyte development, and it was
argued that the multivalent presentation of bioactive IKVAV to

Fig. 3 Left box: (a) Molecular model of the RADA16-I molecular building block. (b) SEM image of self-assembled gel (scale bar, 500 nm). (c) Dark-
field photo of a parasagittal section from the brain of an 8-month old hamster treated with gel at the time of surgery in the lesion site. The yellow
dots show the location of the lesion. The axons, shown by green fluorescence, have grown through the site of lesion without tissue disruption. (d)
Enlargement showing dense regenerated axons, in green, through the lesion site. (e) Photograph of gel-treated adult hamster turning toward visual
stimulus in the damaged right visual field. (f ) Graph showing percentage response of animals when a visual stimulus was presented to the eye con-
nected to the treated optic tract (blue) or spontaneous turns of blind animals of the control group (yellow) – testing was done in sessions starting 6
weeks after surgery. Right box: (g) Molecular model of IKVAV-PA showing its assembly into a cylindrical micelle. (h) SEM image of IKVAV-PA gel (scale
bar 300 nm). (i) NPCs encapsulated in IKVAV-PA gels at 1 day with differentiated neurons labelled in green, and astrocytes labelled in orange. ( j) NPC
neurosphere encapsulated in an IKVAV-PA nanofiber network at 7 days with a large extent of neurite outgrowth. (k) Percentage of total cells that
differentiated into neurons (β-tubulin+). The IKVAV-PA gels had significantly more neurons compared to both laminin and poly-D-lysine (PDL) con-
trols. (l) Percentage of total cells that differentiated into astrocytes (GFAP+). The IKVAV-PA gels had significantly fewer astrocytes compared to both
laminin and PDL controls. Figure adapted from ref. 28 and 29 with permission of the National Academy of Sciences, copyright 2006, and Science,
copyright 2004, respectively.
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the stem cells on the self-assembled nanofibres was respon-
sible for this selective differentiation (Fig. 3i–k). The molecular
mass of this PA (ca. 1200 Da) means it is above the threshold
of what may be considered a true LMWG, but the ability to pre-
cisely control chemical structure clearly differentiates PAs
from polymeric systems, and instructive key principles emerge
from this work.

In 2008, Stupp and co-workers used this scaffold to treat
spinal cord injury.38 The PA assembled to form a gel in the
presence of cations, and the gelator solution was injected to
the extracellular environment of spinal cord, giving self-
assembled nanofibers in vivo. With neural stem cells, glial
differentiation and scar formation was inhibited while neurite
extension was supported. A mouse model with a spinal cord
injury was investigated, and animals injected with the hydrogel
had greater locomotor scores than those receiving a placebo
glucose injection, indicating the assembled PA hydrogel pro-
moted tissue regeneration. It was also reported that the IKVAV
hydrogel supported proliferation of human embryonic stem
cells in vitro and in vivo in the inner ear.39 It was suggested
this may be useful in regeneration of the spiral ganglion.

In recent years, AmphixBio has been commercialising PA
systems developed by Stupp and co-workers, with particular
focus on innovative treatments for acute spinal cord injury
(SCI). The aim is to combine the nanofiber scaffold with the
pharmacological action of peptide drugs in a single therapy.
SCI is experienced by ca. 500 000 people a year globally, many
at a relatively young age, and given the lack of current thera-
pies, there is potential for these self-assembling systems to
transform clinical practice.

Protein chemists have developed other approaches to hydro-
gels using larger peptides. For example, ‘coiled coils’ contain
relatively long α-helical peptides (ca. 20+ repeat units), which
can be designed to mutually interact and hence bundle into
coiled fibres, that underpin gels.40 Such gels can be pro-
grammed at the amino acid level. Although these peptides are
monodisperse, well-defined molecules, they exceed the
threshold of what could reasonably be considered ‘low-mole-
cular-weight’ gelators. As such, we refer the interested reader
to work exploring their stem cell engineering potential.41

2.2 Ultra-short peptide hydrogels for cell growth

As discussed above, larger peptides have application as cell
growth matrices, both academically and commercially.
However, they are relatively large molecules (Mn > 1000) that
require iterative peptide synthesis. Although the process can,
in part, be automated, it nonetheless comes at a significant
financial cost of reagents/solvents and imposes some inherent
limitations on scale. Although it might be argued that rela-
tively high costs are standard in biomedical science, it is also
highly desirable for the costs to fall, in order to democratise
access to the technology and limit barriers to entry for scien-
tists in developing economies. Furthermore, the extensive but
necessary use of protecting groups in peptide synthesis is not
particularly sustainable. There are therefore genuine advan-
tages in using truly low-molecular-weight systems with Mn <

1000 that can be easily synthesised via short sequences of low-
cost, scalable, sustainable reactions. As such there has been
significant interest in ‘ultrashort peptides’ that assemble into
LMWG hydrogels with potential to support cell growth.

Gazit and co-workers first noted short aromatic dipeptides
could assemble into nanostructures as a result of π–π
stacking,42,43 and Xu and co-workers went on to report that the
presence of an Fmoc protecting group promoted assembly,44,45

In 2006, Ulijn and co-workers reported the Fmoc-protected
diphenylalanine peptide (Fmoc-FF, Fig. 4) as an effective low-
molecular-weight hydrogelator.46 This LMWG combines hydro-
philic hydrogen bonding peptides and hydrophobic π-stacking
groups – it has since become a privileged and popular
LMWG.47 Even in their earliest report,46 Ulijn and co-workers
recognised the potential of this simple LMWG as a cell-growth
scaffold. Specifically, they cultured phenotype bovine chondro-
cytes and demonstrated cytocompatibility, with both 2D
culture (on the gel) and 3D culture (in the gel) being possible,
albeit with limited proliferation. In 2007, Liebmann and co-
workers also explored Fmoc-FF as a potential scaffold for
mammalian cell culture.48 Although not using stem cells, they
used fibroblasts. Microscopy revealed that cells suspended in
these hydrogels tended to adopt 3D structures, rather than the
elongated conformations seen for 2D surface cultures. They
also demonstrated, at least in preliminary studies, a degree of
reversibility of these self-assembled gels. This is a key potential
advantage of the LMWG approach as it opens the possibility of
disassembly-on-demand to release cultured cells/tissue (see
section 6.3.1).

More recently, an interesting study from Azarpira and co-
workers compared the growth of different cell types on a
related Fmoc-FV hydrogel (Fig. 4).49 Endothelial cells and a
breast cancer cell line were more viable in the gel than
mesenchymal stem cells, demonstrating the relative sensitivity
of stem cells. The authors suggested one of the problems was
poor adhesion between stem cells and the dipeptide hydrogel.
Indeed, the importance of adhesion motifs was well-known
from the early work on larger peptide gels described above.
Ulijn and co-workers had also recognised this problem in their

Fig. 4 Selected chemical structures of short peptides applied as
LMWGs.
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pioneering work on ultra-short peptide hydrogels46 and had
developed a powerful co-assembly solution (see section 2.4.1).

With a specific interest in the impact of peptide adhesion
motifs, and focussing on the integrin-binding RGD motif,
Hamley and co-workers compared Fmoc-RGD (Fig. 4) and
Fmoc-GRD.50 These two peptides both self-assemble to form
gels with similar morphologies and mechanical strengths, but
cell culture experiments revealed that while the Fmoc-RGD
hydrogel could sustain bovine fibroblasts, Fmoc-GRD could
not, proving that the correct sequence of amino acids was
required for biological activity. This indicates how peptide
design can endow LMWG hydrogels with bioactivity – indeed,
the exquisite chemical variability of amino acids is a key
advantage of peptide LMWGs.

Further demonstrating the tunability of peptide hydrogels,
Martin, Thordarson and co-workers explored LMWGs that con-
tained two lysines and two phenylalanines in different posi-
tions.51 They found a degree of sequence control over the
growth of primary neuronal cells, with Fmoc-FKKF and Fmoc-
KFFK showing decreased neuronal viability. The other four
combinations of F/K amino acids all gave good neuronal cell
viability. The researchers argued that enhanced mobility of the
hydrophobic residues in the two ineffective LMWGs allowed
them to interact with cell membranes, causing the decreased
viability. It was concluded that the precise geometric presen-
tation of hydrophobic and hydrophilic residues may be impor-
tant in modulating cell compatibility. Although not using stem
cells, this study demonstrates the importance of developing a
structure–activity relationship understanding of LMWG hydro-
gels, and hints at the importance of dynamics in gels, a topic
we return to later (see section 3.2).

Hauser and co-workers also explored the impact of peptide
sequence, designing two tetrapeptide hydrogels, FIIK and
FFIK, with just a single amino acid difference, for culturing
human dermal fibroblasts (HDF).52 The FFIK hydrogel had sig-
nificantly higher stiffness and resistance to stain than FIIK,
indicating how peptide sequence can direct rheological per-
formance. The increased stiffness is result of the greater hydro-
phobicity of the FFIK gel which replaces isoleucine with
phenylalanine, reinforcing self-assembly. Both hydrogels were
cytocompatible with fibroblasts, but later in this review we will
explore examples in which tuning mechanical performance
impacts significantly on cell growth (see section 3.1).

Lampe and co-workers reported pentapeptides that
assembled into nanofibre gels suitable for tissue engineering,
with shear thinning and rapid self-healing.53 Their approach
was based on varying a KYFIL design, and by doing this, rheo-
logical performance could be tuned over a very large range (G′
= 50–17000 Pa). Working with oligodendrocyte precursor cells
(OPCs), they showed that gels based on AYFIL (G′ = 1900 Pa,
1.5% wt/vol) led to good cell growth, whereas KYFIL (8000 Pa,
1.5% wt/vol) resulted in poor viability. It was argued that the
AYFIL gel had rheological properties that were closer to the
native tissue for OPCs.

Yang and co-workers reported disulfide-based peptidic
hydrogels which had a difference at just one of their amino

acids, incorporating either glutamic acid, lysine or serine
(Nap-GFFYX-ss-EE, Fig. 4).54 Addition of glutathione reduced
the disulfide, removing the hydrophilic head group, reducing
solubility, and initiating gel formation in serum-free media.
This provides a good example of how LMWG assembly can be
triggered through careful chemical design. Modifying the
amino acid changed hydrogel fibre size and mechanical
stiffness. All hydrogels could encapsulate mouse fibroblast 3T3
cells, which proliferated and spread more effectively in softer
hydrogels than stiffer ones.

Yuan and co-workers reported a bolaamphiphile peptide
hydrogelator based on histidine methyl esters (H-X-H,
Fig. 4).55 Histidine endows the gel with an alternative trigger-
ing mechanism. On addition of copper(II) followed by heating,
the solution changed colour from white to blue as histidine-
based metal coordination occurred, and on cooling, hydrogels
were formed. There was an increase in mechanical stiffness on
increasing copper(II) concentration due to greater cross-linking
of the gel network. The hydrogel had self-healing properties,
antibacterial capability and was cytocompatible with fibro-
blasts. In vivo studies revealed that the hydrogel could encou-
rage tissue regeneration and treat diabetic wounds.

Building on a very simple amino acid scaffold, it is possible
to incorporate a number of modifications to potentially intro-
duce functionality. As just one example, Gu and co-workers
designed a lysine acylhydrazide hydrogelator that incorporated
7-carboxyl methoxycoumarin (K-(Coumarin)2, Fig. 4).56

Ultrasound tiggered the rapid assembly of this LMWG into
nanofiber networks, accelerating gelation. To study toxicity,
NIH 3T3 fibroblasts were seeded onto the gel, with the authors
reporting that cells grew well and migrated inside the
hydrogel.

In the chemical space between the ultra-short peptide
LMWGs described above and larger peptides such as those in
section 2.1, medium-sized peptides have also been explored.
Kong and co-workers developed octapeptide hydrogelators
incorporating a key peptide motif from collagen that was
expanded with different amino acid sequences.57 Four of the
gels were non-toxic to mouse fibroblast NIH 3T3 cells, while
the other two showed toxicity. The authors concluded that
peptide conformation and sequence could have profound
effects on cell culture – self-assembling peptides cannot
simply be assumed to be non-toxic. There has also been inter-
est in intermediate-sized peptidic hydrogels for therapeutic
use – for example, Nap-GDFDFpDY with encapsulated gingiva-
derived mesenchymal stem cells was used to treat radiation-
induced skin wounds in a mouse model.58

Miller and co-workers developed octapeptide hydrogelators
for use in stem cell growth.59 Their design concept gave the
peptide hydrophobic and hydrophilic faces to drive assembly,
forming a β-sheet nanofiber hydrogel rather like the early work
of Zhang and co-workers, only using smaller peptides that are
more potent LMWGs. Human mesenchymal stem cells
(hMSCs) encapsulated into this hydrogel were viable and pro-
liferative for 3D cell culture. Rounded cells were observed,
reflecting a 3D-environment with no specific adhesion points.
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When using osteogenic media to help direct hMSCs, the
expression of collagen-I, osteocalcin and alkaline phosphatase
was detected, and mineralization of hydroxyapatite, a bone
component, occurred. This indicated cell differentiation into
osteoblasts; it was suggested the gel may, in combination with
the right stimuli, be useful for bone regeneration. The authors
also noted that the peptide hydrogel was degraded, both by
components of serum, but also by cells themselves, as a result
of proteolytic breakdown of the peptide bonds. This can be
advantageous in terms of non-persistence of the scaffold.
However, LMWG degradation can also limit longer-term cell
culture, and can be a significant problem for L-peptide-based
gels (see section 4).

Miller and co-workers commercialized their octapeptide gel
platform technology, named ‘PeptiGel’. The tunability of
amino acids allowed them to create a range of PeptiGels, e.g.
positively charged, negatively charged and neutral. It is argued
this allows optimal LMWGs to be developed for specific cell
types. A number of academic studies using these gels have
explored compatibility of various PeptiGels with different cell
lines.60,61 In a landmark study, human induced pluripotent
stem cells were used to create kidney organoids.62 Maturation
within the self-assembled 3D microenvironment significantly
reduced off-target cell types, which are a known limitation of
current kidney organoid protocols.

2.3 Beyond peptide hydrogels for cell culture

Although peptides are versatile and biocompatible systems, as
described above, their susceptibility to proteolysis can be a dis-
advantage in terms of application. Furthermore, their stepwise
iterative synthesis, although easily controlled and with poten-
tial for automation, can be costly in terms of reagents and sus-
tainability. As such, there is considerable interest in alternative
LMWGs for tissue engineering. This can also introduce new
types of behaviour, not easily accessible for peptide hydrogels.

2.3.1 Nucleobase hydrogels. Nucleobase hydrogelators
have been known since it was recognised over 100 years ago
that guanosine could assemble into hydrogen-bonded
G-quartets that subsequently assembled into fibrils.63,64 The
hydrogen bonding potential of nucleobases opens extensive
possibilities for gel assembly. However, the use of nucleobase
LMWGs in tissue culture is relatively recent.

In 2012, Chassande, Barthélemy and co-workers reported a
glycosyl-nucleoside fluorinated LMWG (GNF, Fig. 5),65 with a
central nucleoside flanked with a fluorinated chain and a
sugar (see section 2.3.2 for sugars as LMWGs). Gel formation
was induced as a result of its surfactant-like characteristics via
a heat-cool cycle, with cells being mixed into the system
during cooling. This gel was injectable and degradable, but
the mechanism of degradation could not unambiguously be
concluded. Pleasingly, the GNF hydrogel was non-toxic against
stem cells derived from adipose tissue for both 2D and 3D cell
culture. The authors noted that in the gel, these cells differen-
tiated to osteoblasts in vivo without the need for specific osteo-
genic induction, and that cells embedded within the gel could
be easily injected to a desired implantation site.

In a landmark study, Barthélemy and co-workers later went
on to use the same nucleosidic head group to create a glycosyl-
nucleoside bola-amphiphile (GNBA, Fig. 5).66 The use of bola-
amphiphile structures as LMWGs is a well-established general
strategy in supramolecular science.67 GNBA overcame some of
the rheological limitations of GNF, with the hydrogel being sig-
nificantly stiffer (G′ = 30325 Pa vs. 1750 Pa). Pleasingly, it had
thixotropic properties making it fully injectable and it was
cytocompatible towards hMSCs derived from adipose tissue.
The significance of the rheological tuning of these gels is
explored further in section 3.1.

Dankers, Meijer and co-workers have made elegant and
extensive use of a supramolecular approach to hydrogels based
on ureido-pyrimidinones (UPy, Fig. 5).68–70 These assemble
into dimers as a result of quadruple hydrogen bonding
between nucleoside head groups, while the urea groups allow
for lateral aggregation of the assembled structures. Careful
structural tuning includes incorporation of hydrophobic
groups around the hydrogen bonding urea groups to shield
them, and functionalisation with PEG chains to provide
enhanced water compatibility. The addition of a bis-functiona-
lised UPy derivative (UPy-PEG-UPy, Fig. 5) offers an additional
degree of ‘supramolecular polymerisation’, leading to gels in
which the mechanical and dynamic properties can be tuned
by changing the monomer–dimer ratio. This type of supramo-
lecular polymer is conceptually a little different to strict small
molecule LMWGs, but it has generated tunable, dynamic
hydrogels that exhibit exquisite control over cell growth –

instructive examples of some of the principles learned are
described in more detail later in this article.

2.3.2 Sugar hydrogels. Sugars are water-soluble, biocompa-
tible materials that are highly tunable, with naturally occurring

Fig. 5 Selected chemical structures of LMWGs based on nucleobases
and sugars.
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sugars displaying a wide range of chain lengths and chiralities.
Furthermore, although they do not have the functional group
diversity of amino acids, they can be easily modified to create
a range of derivatives. Sugar-based LMWG hydrogels have been
reported in many studies – indeed, knowledge of sorbitol-
based gels dates to the late 19th century.71

In 2018, Fitremann and co-workers simplified sugar-amphi-
phile design principles to the absolute minimum, creating
alkylgalactonamide-based LMWGs; low-cost sugar amphiphiles
that could be synthesised on multigram-scale, in a single step,
with purification by recrystallisation.72 In biological studies,
heptyl galactonamide (GalC7, Fig. 5) led to more viable neuro-
nal cells compared to GalC8, indicating that a structural differ-
ence of just one carbon atom on an alkyl chain can impact on
biocompatibility. In terms of mechanical properties, the GalC7
hydrogel had a low storage modulus suitable for 3D growth
and differentiation of human neuronal stem cells. In addition,
GalC7 was used to culture mouse embryonic hippocampal
stem cells, with high levels of expression of transcription
factors Sox8, Sox9 and Sox10.73 The high level of Sox10 indi-
cated higher development of oligodendrocytes. There was also
an interesting level of expression of Neurod1, a marker of
neuronal differentiation.

When using GalC7, Fitremann and co-workers found the
gel slightly dissolved in the cell culture media, and could not
be used for extended periods (>1 week).72 By extending the
alkyl chain even further (GalC9), Fitremann and co-workers
enhanced the performance for long-term cell culture.74

However, a co-solvent (hexafluoroisopropanol, HFIP) was now
required to prepare the gel – this was removed prior to cell
culture. Primary dermal fibroblasts formed cell clusters with
elongated and multidirectional shapes, guided by the fibers.
GalC9 maintained mechanical strength for >3 weeks, although
penetration of cells into the gel was somewhat limited.

Taking a different approach to minimalistic sugar-based
hydrogelators, we developed LMWGs based on a 1,3:2,4-diben-
zylidenesorbitol (DBS) scaffold. DBS has been established as
an organogelator for well over 100 years, and is synthesised on
bulk scale by the chemical industry via condensation of sorbi-
tol with two equivalents of benzaldehyde.75 It is a ‘butterfly’
surfactant that assembles due to hydrogen bonds between sor-
bitol ‘bodies’ and π–π stacking/solvophobicity between aro-
matic ‘wings’. However, DBS does not form gels in pure water,
and we thus targeted slightly more hydrophilic derivatives to
extend gelation into this key solvent.75 The system modified
with acyl hydrazides on the aromatic ‘wings’ (DBS-CONHNH2,
Fig. 5), which can be synthesised in two simple, scalable
steps,76 has been of particularly high value.

In 2018, we demonstrated the viability of mouse embryonic
fibroblasts on DBS-CONHNH2 hydrogels – they proliferated
well, a process further enhanced by loading the growth factor
promoter heparin into the gels.77 More recently, we have
demonstrated DBS-CONHNH2 has excellent compatibility with
immortalised Y201 human mesenchymal stem cells
(hMSCs).78 The gels are relatively soft (G′ = 600 Pa, 0.3% wt/
vol) and as a result, cells loaded onto the surface can invade

the matrix, retaining rounded cell shapes that remain stable
over extended periods of time. Very recently, we reported a new
DBS derivative, DBS-CH2OH (Fig. 5), which also has excellent
compatibility with Y201 hMSCs.79 In contrast to
DBS-CONHNH2, the stem cells grew with spread morphologies
indicative of significantly greater adhesion to the gel network
and suggesting much greater potential for differentiation to
bone cells. This is described in more detail in section 3.2 but
clearly demonstrates how even small changes in LMWG struc-
ture can lead to significant and unpredictable differences in
stem cell growth. Indeed, there is an urgent need for a greater
predictive sense of understanding of the interface between
LMWG hydrogels and stem cells such that gels can be
designed from first principles to have the desired properties
with regards to stem cell growth.9

2.3.3 Combining different bio-derived motifs in LMWGs.
Many researchers have combined different building blocks in
a single LMWG. This has the potential to introduce new
assembly pathways, as well as embedding additional tunability
and functionality. For example, the GNF described in section
2.3.1 combined a nucleoside to drive hydrogen bonded self-
assembly, with a hydrophilic sugar head group within its
amphiphilic structure. Taking a related approach, Xu and co-
workers reported LMWGs combining nucleobase, amino acid
and saccharide units into a single ‘NAS’-design structure (e.g.
NAS-1, Fig. 6). Some of these NAS LMWGs were compatible
with mammalian cells, albeit only HeLa cancer cells were
tested in early work.80,81 Working on their NAS design strategy,
Xu and co-workers later developed a hydrogel based on NAS-2
(Fig. 6) that combined nucleobase (adenine), peptide (RGD)
and saccharide (glucosamine).82 LMWG assembly promoted
murine embryonic stem cell proliferation. The authors modi-
fied the structure by removing glucosamine, exchanging aspar-
tic acid with glutamic acid or using thymine instead of
adenine to obtain three analogues, each of which formed
similar gels to the unmodified LMWG. However, the modified
LMWGs did not enhance stem cell growth, and neither did
each individual motif if added in non-assembling form. Thus,

Fig. 6 Selected chemical structures of LMWGs that combine multiple
bio-derived fragments in a single molecule.
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each part of the LMWG is necessary for function. It was
reasoned that RGD provides adhesion, while adenine and
glucosamine may interact with other, undefined, cellular pro-
teins/enzymes. The authors reflected that the structural varia-
bility of LMWGs should readily facilitate further tuning to
meet specific cell requirements.

In relatively early work from 2011, Wang and co-workers
modified phenylalanine with three different saccharides.83

Gelation was tested using a simple heat-cool method and only
one derivative (Nap-F-GlcNAc, Fig. 6) assembled into a hydro-
gel. Cell viability assays showed this hydrogel was compatible
with fibroblasts, which adhered to the gel and proliferated
well. Lin and co-workers also modified phenylalanine, in this
case with a fluorinated aromatic ring and a sugar unit (glucos-
amine) (Ar-F-Glucosamine, Fig. 6). Glucosamine is a particu-
larly easy sugar to incorporate because of its nucleophilic
amine, which can be easily synthetically differentiated from
the many alcohols. The surfactant-like structure formed a
hydrogel at physiological pH.84 On modifying the number of
fluorine atoms, changing the amino acid to glycine, or remov-
ing glucosamine, the LMWG could no longer form gels,
demonstrating the careful structural balance. This hydrogel
was non-cytotoxic to hMSCs (3A6-RFP), supporting prolifer-
ation. Glucosamine can encourage chondrogenesis, and
hMSCs growing on the gel expressed SOX9, typical of this type
of differentiation. It was also shown that hMSCs could secrete
paracrine factors, which downregulate the fibrotic genes in
skin fibroblasts, suggesting this hydrogel may have potential
applications in wound healing.

Pires and co-workers also combined glucosamine with a
peptide, conjugating Fmoc-FF with glucosamine-6-sulfate to
create Fmoc-FF-GlcN6S (Fig. 6).85 This assembled into self-
healing hydrogels with improved cytocompatibility towards
human adipose-derived stem cells (hASCs) when compared to
Fmoc-FF alone. Under basal conditions (i.e., without any
specific differentiation factors), hASCs overexpressed neural
markers, such as GFAP, Nestin, MAP2, and βIII-tubulin, con-
firming differentiation into neural lineages. The authors
hypothesised glycosylation is crucial for the biofunctionality
by capturing and preserving essential growth factors produced
endogeneously during differentiation, e.g., FGF-2. To explore
this, they deliberately loaded FGF-2 into the glycopeptide gel
and showed the gel maintained bioactivity over 3 days, but
when FGF-2 was loaded into a simple Fmoc-FF gel, it did not.

Recently, Das and co-workers developed nucleobases conju-
gated with peptides to examine the effect of amino acid hydro-
phobicity.86 After gelation tests in phosphate buffer using
ultrasound, only nucleobase-functionalized diphenylalanines
(e.g. Base-FF, Fig. 6) formed hydrogels. This is in-line with
hydrophobic phenylalanine being a privileged amino acid for
gelation, and indicates the peptide plays a key role in self-
assembly. The hydrogel was cytotoxic to epithelial cells at high
concentrations but suitable for culturing McCoy fibroblasts at
all concentrations.

2.3.4 ‘Synthetic’ gelators. Moving beyond biologically
derived building blocks, LMWGs based on synthetic scaffolds

can also be used in cell growth. For example, benzene tris-carbox-
amide (BTA) derivatives are well-known to assemble into supra-
molecular polymers as a result of π–π stacking of the aromatic
rings, and intermolecular hydrogen bonds between amides.87 In
2020, Palmans, Meijer and co-workers explored BTA hydrogels as
potential bioactive materials for cell growth, albeit with cancer
cells.88 The BTA derivatives were functionalised with peripheral
tetraethylene glycol or mannose units to provide water solubility
(BTA-OEG4 and BTA-Man, Fig. 7). Baker and co-workers developed
hydrogels based on mono- and bis-BTA derivatives with PEG sub-
stitution.89 Each could form hydrogels, however, when they were
combined, the bis-BTA system enabled crosslinking between BTA
stacks – different ratios of the building blocks tune the rheology
of the gels. The hydrogels were cytocompatible with fibroblasts,
and the self-healing characteristics allowed cells to be encapsu-
lated within the 3D matrix. However, when chondrocytes (ATDC5)
were cultured on the gel, up to 20% of cells were non-viable. The
authors explored neuronal cells (PC12s) observing a degree of cell
aggregation, followed by neurite outgrowth. The authors also
achieved aggregation of hMSCs and could even fuse pre-formed
hMSC spheroids in the hydrogel – a strong indication of viable
hMSCs. Aggregation appeared to correlate with the dynamics of
the gel – an important topic we return to in section 3.2.

Bis-ureas have been privileged scaffolds for the formation
of synthetic gels since their original development in greases
for use in the automotive industry.5 They are easily synthesised
via reaction between amines and isocyanates and self-assem-
ble into 1D-structures as a result of complementary inter-
molecular hydrogen bond interactions between urea groups.90

Modification with hydrophilic substituents enables their use
in water, with Dankers, Sijbesma and co-workers making use
of this design principle to modify bis-ureas with sugars, creat-
ing a hydrogel capable of supporting cell growth.91 This also
demonstrates the modification of a synthetic assembling motif
with bioactive units. In this case, the selected sugars were pro-
posed to bind to asialoglycoprotein receptors (ASGPRs) in the
hepatic cells being studied. This important concept of incor-

Fig. 7 Selected chemical structures of LMWGs based on synthetic
scaffolds.
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porating bioactive cues into an LMWG hydrogel is one we
return to in section 5.2.

2.4 Multi-component LMWG hydrogel assembly

A key advantage of the LMWG approach to gel assembly is that
multiple components can easily be combined via simple co-
formulation. Understanding the self-assembly of multi-com-
ponent gels is of fundamental importance in soft materials
science, requiring insight into supramolecular kinetic and
thermodynamic preferences.92,93 In general, LMWGs will co-
assemble if their mutual interactions are favoured, often as a
result of having similar structures or being simultaneously
assembled. Self-sorting of LMWGs is more likely if the struc-
tures are significantly different, with assembly relying on
orthogonal non-covalent interactions, or if the LMWGs are
triggered to assemble sequentially using different stimuli. As
illustrated in the following sections, multi-component systems
can have unique impacts on biological outcomes.

2.4.1 Co-assembly – a supramolecular strategy to diversify
LMWGs. The examples in section 2.3 showed how different
molecular motifs support cell growth. However, as more func-
tionalities are incorporated into a single LMWG, this intro-
duces synthetic complexity and cost, diminishing the advan-
tage of LMWG hydrogels as simple, accessible materials.
Furthermore, each additional functional group increases the
chance self-assembly will be disrupted. An alternative
approach is to harness non-covalent interactions and use co-
assembly to incorporate a second component into the self-
assembled nanostructure.

In Ulijn and co-workers’ initial 2006 work on the use of
Fmoc-FF for cell growth (see section 2.2), they made rudimen-
tary use of co-assembly, mixing Fmoc-K with Fmoc-FF and
demonstrating that the resulting gel slightly improved cell pro-
liferation, giving the first hints of the power and simplicity of
this approach.46 In 2009, Ulijn and co-workers elegantly
expanded the use of co-assembly.94 They demonstrated that on
Fmoc-FF, human dermal fibroblasts exhibited a rounded mor-
phology, and to enhance growth, reasoned it was necessary to
endow the scaffold with better cell adhesion. They therefore
co-assembled Fmoc-FF with Fmoc-RGD at various loadings.
Fmoc-FF drives assembly, while Fmoc-RGD can be incorpor-
ated into the self-assembled structures (Fig. 8a and b). The co-
assembled gels were used as 3D scaffolds with anchorage-
dependent human dermal fibroblast cells, which exhibited
enhanced proliferation in the presence of Fmoc-RGD. After 3
days, the gel contracted very significantly. The authors pro-
posed that spread cells formed a 3D-network up to day 3,
which pulled the nanofibres to which they had adhered, and
remodelled the extracellular fibrous matrix – a phenomenon
similar to wound contraction in vivo (Fig. 8c and e). When per-
forming co-assembly using Fmoc-RGE, a non-adhesive peptide
analogue, these processes were less effective (Fig. 8d).

At a similar time, co-assembly was being used by Collier
and co-workers to modify their larger self-assembling
peptide gels.95 They combined self assembling peptides
(QQKFQFQFEQQ) that formed β-sheets with variants that

expressed RGDS or IKVAV ligands on the fibril surfaces. It was
possible to tune the level of co-assembled ligand incorporation
without significantly changing the physical properties of the
gel. The presence of these bioactive epitopes influenced the
attachment, spreading and morphology of human umbilical
vein endothelial cells (HUVECs). When the RGDS-modified
peptide was co-assembled, HUVEC attachment, spreading and
growth were increased, whereas IKVAV had a more subtle effect
on cell attachment and morphology.

In 2010, Stupp and co-workers approached cartilage regen-
eration via co-assembly using their large peptide amphiphiles
(PAs).96 They developed self-assembling PAs displaying
HSNGLPL peptides that bind transforming growth factor β-1
(TGFβ-1) and co-assembled them with their standard PA.
Growth factor release studies showed passive release of TGFβ-1
was slower from gels containing growth factor binding sites. In
vitro studies indicated these materials supported hMSC survi-
val and promoted chondrogenic differentiation. The gels were
also capable of promoting regeneration of articular cartilage in
a rabbit model with, or even without, the addition of exogen-
ous growth factor.

As a recent example of co-assembly in larger peptides, Yu
and co-workers combined two larger peptides.97 These were
modified with peptide sequences QHREDGS (derived from
angiopoietin-1), and GRGDS (derived from osteopontin) both
of which play different roles in integrin binding. Co-assembly
yielded a bioactive hydrogel with outstanding stability and the
ability to stimulate HUVEC cell growth, adhesion, and
migration. The levels of CD31, bFGF, and VEGF in HUVECs
exposed to the self-assembled functional peptide hydrogels
were greater than in the control group, indicating the co-
assembled gel promoted angiogenesis, with potential appli-
cations in wound healing. However, when applied to larger

Fig. 8 (a) Co-assembly of Fmoc-FF (blue) and Fmoc-RGD (red) gives
nanofibres with a diameter of 3 nm. Schematic diagram indicates self-
assembly into nanostructures that display RGD ligands on the surface.
(b) TEM image indicating the formation of flat ribbons comprising paral-
lel-aligned fine fibrils (diameter 3 nm) across their width. (c and d) Cell
adhesion and morphology in (c) Fmoc-FF/RGD and (d) Fmoc-FF/RGE
with adult dermal fibroblasts showing spreading leading to a three-
dimensional network in (c) and rounded morphologies in (d). (e) Impact
of Fmoc-RGD loading in the co-assembled gel on cell spreading.
Figure adapted from ref. 94 with permission of Elsevier, copyright 2009.
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peptides, co-assembly actually requires the synthesis of several
large complex peptides. The power of co-assembly is more
obviously realised in low-molecular-weight systems, in which
function can be amplified with minimal synthetic input or
cost – as originally demonstrated by Ulijn and co-workers (see
above).

Das and co-workers synthesized an LMWG based on
alanine functionalised with a guanine nucleobase that co-
assembled with other guanosine derivatives to form gels via
mixed G-quartet assembly.98 McCoy fibroblasts showed good
metabolic activity in 2D culture on the co-assembled hydro-
gels. Furthermore, the hydrogels had anti-inflammatory func-
tion and could accelerate wound closure.

Recently, we co-assembled DBS-CONHNH2 and
DBS-CH2OH (see section 2.3.2).79 Careful thermodynamic
characterisation indicated the two LMWGs formed a single
combined nanostructure. They each gave the resulting co-
assembled gel some of their own properties in terms of hMSC
growth, with DBS-CONHNH2 directing cell morphology and
DBS-CH2OH controlling cell penetration into the gel.

At the interface between LMWG hydrogels and polymer
gels, Dankers and co-workers formed gels based on the co-
assembly of UPy derivatives (see section 2.3.1). They combined
UPy functionalised with cyclic-RGD and a second self-assem-
bling UPy derivative to form solution-phase supramolecular
polymers.99 The addition of a bis-functionalised UPy derivative
with a polymeric linker triggered gel formation. Based on the
ratios of the component parts, it was possible to tune the
effective ligand density of cyclic-RGD. The gels were used to
culture MDCK mammalian epithelial cells. In 2D culture, a
higher effective ligand concentration overruled the influence
of stiffness in dictating cell adhesion and polarity – i.e., multi-
valency wins. However, in 3D culture, only in gels with physio-
logical stiffness was the effective ligand concentration able to
regulate the polarity and self-organization of cellular structures
– i.e., multivalency and mechanical properties must collabor-
ate. The importance of network mechanics on cell growth in
gels is discussed in more detail in section 3.1.

In addition to the co-assembly of different LMWGs, it is
also possible to use co-assembly to modify a pre-assembled

LMWG network. Banerjee and co-workers reported a histidine-
containing peptide hydrogel, the macroscopic properties of
which were improved by adding dicarboxylic acids (e.g. oxalic
acid, succinic acid), which interact with the basic histidine
unit.100 Incorporating succinic acid into the peptide hydrogel
induced the greatest enhancement of mechanical and thermal
properties, and this hydrogel was successfully used to culture
mouse NIH-3T3 fibroblasts in vitro for 2 days, with cell pene-
tration showing some dependence on gel stiffness.

Co-assembly of several interacting building blocks into a
single integrated network by simple co-formulation cannot so
easily be achieved with polymer hydrogels and constitutes a
significant advantage of LMWG hydrogels. Additionally, the
loading-level of co-assembled supramolecular systems can be
easily varied, potentially changing the output, meaning such
gels are synthetically simple, easily tuned, bioactive materials.
In later sections, further examples use co-assembly as a step-
ping-stone to create gels that direct cell growth outcomes in
unique and interesting ways.

2.4.2 Self-sorting – a supramolecular strategy to generate
dual-network LMWG hydrogels. LMWG self-sorting typically
gives rise to two independent gel networks interpenetrated
with one another. In polymer science there is considerable
interest in dual-network hydrogels as biomaterials,101 but
although self-sorted LMWG hydrogels have been investigated
at a fundamental level,102 they have been less widely explored
in terms of tissue engineering potential.

In 2019, Mata and co-workers reported a self-sorted hydro-
gel that combined a peptide amphiphile with sorbitol-derived
DBS-CO2H, previously reported by our group (Fig. 9a).103

During self-assembly, DBS-CO2H initially acted as an additive
adsorbed on the surface of the PA nanofibers through multiple
hydrogen-bonds. The adsorbed DBS-CO2H in close proximity
then interacted with each other and self-assembled into their
own nanofibres, thus facilitating interactions between the PA
nanostructures (Fig. 9b). Compared to the individual com-
ponents, the resulting self-sorted multi-component hydrogel
had improved stiffness (from DBS-CO2H), self-healing charac-
ter (endowed by the PA), and stability to enzymatic degradation
(provided by DBS-CO2H). Importantly, the self-sorted two-com-

Fig. 9 (a) Peptide amphiphile (PA-E3) and LMWG DBS-COOH. (b) Schematic of self-assembly in which DBS-COOH fibres are nucleated on PA-E3
nanofibres. (c) Photographic images of self-assembled hydrogel samples formed by different combinations of the LMWGs. (d–i) Laser scanning con-
focal microscopy images of human-adipose-derived stem cells seeded on hydrogels of (d) PA-E3, (e) PA-E3/DBS-COOH (4 : 1), (f ) PA-E3/
DBS-COOH (1 : 1), (g) PA-E3/DBS-COOH (1 : 4), (h) DBS-COOH, and (i) cells plated on tissue culture plastic for 4 days. Figure adapted from ref. 103
with permission of the American Chemical Society, copyright 2019.
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ponent gels (Fig. 9c) were compatible with human adipose-
derived stem cells, which would only grow if sufficient
DBS-CO2H was present (Fig. 9d–i). This demonstrates how
tuning components in self-sorting systems can yield dual-
network hydrogels in which the different networks act syner-
gistically, and the overall gel performs as more than the sum
of its individual parts.

3 Impact of network properties on
cell growth
3.1 Mechanical control of cell growth outcomes

One of the most intriguing aspects of stem cells is their ability
to respond to the environment in which they are placed.
Indeed, this is one of the ways living systems use the extra-
cellular matrix to direct stem cells to take on specific roles
during healing and growth processes. For example, a stiffer
extracellular matrix encourages mesenchymal stem cells to
regenerate bone, whereas softer matrices encourage cartilage
or fat formation.104 This response of stem cells to stiffness has
been used for some time to direct the design of polymer hydro-
gels that control stem cell differentiation.105

In terms of LMWG hydrogels, the first hints about the
impact of gel matrix stiffness on the fate of stem cells emerged
in 2015, in work from Barthélémy and co-workers.66 As noted
in section 2.3.1, their bola-amphiphilic GNBA-based gel was
significantly stiffer than their earlier GNF system. When
hMSCs were encapsulated in the stiffer GNBA gel, they grew
with spindle-shaped morphology. On the contrary, in the
softer GNF hydrogel, rounded cells were detected. The authors
argued these differences were a result of the mechanical differ-
ences, with the stiffer gel promoting cell adhesion and
spreading.

In 2016, the first examples were published in which an
LMWG hydrogel explicitly controlled stem cell differentiation
because of its rheological properties. Dalby, Ulijn and co-
workers co-assembled Fmoc-FF with Fmoc-S (Fig. 10a).106 The
LMWG loadings could be altered to regulate the mechanical
properties and hence direct the differentiation of perivascular
stem cells (Fig. 10b). This reinforces the benefits of co-assem-
bly as a powerful supramolecular strategy for directing biologi-
cal outcomes (see section 2.4.1). On soft (1 kPa), stiff (13 kPa),
and rigid (32 kPa) gels (Fig. 10c), neuronal, chondrogenic, and
osteogenic differentiation, respectively, were observed. Stem
cell differentiation led to metabolite depletion, and in this
case, the researchers also used the different gels to understand
the impact of metabolites on differentiation pathways. Adding
the newly uncovered metabolites back into cell growth assays
further facilitated differentiation (Fig. 10d). This demonstrates
how LMWG hydrogels, in addition to being interesting bioma-
terials, can be used as tools to understand and manipulate
stem cells.

Also in 2016, Gao, He and co-workers synthesised a peptide
LMWG modified with a phenylboronic acid.107 The resulting
gels had tunable stiffness depending on loading and solvent

composition (PEG200:H2O). MSCs were seeded on gel surfaces,
which exhibited good proliferation, with confocal microscopy
demonstrating migration of cells from surface to bulk. Cell
morphology was different in gels with different stiffnesses.
Furthermore, ALP expression from the stiffer gels was greater
than in the softest gels, indicative of osteogenesis. This was
supported by the greater secretion of ColI and OCN from cells
grown on the stiffer gels, while, cells grown on the softer gels
exhibited higher levels of Sox2 and ColII, indicative of chondro-
genesis. The researchers found the critical modulus to deter-
mine whether MSCs differentiated into chondrocytes or osteo-
blasts was 10–20 kPa. Using PEG200 as a co-solvent is a draw-
back, but there was clear evidence of rheological control over
cell growth outcomes. In later work, the same researchers
demonstrated that altering the length of the LMWG alkyl chain
could also tune rheology and hence impact on cell growth.108

Once again, MSCs tended to differentiate into osteoblasts in
stiff gels (20–40 kPa) and chondrocytes in soft gels (1–10 kPa).

Lin and co-workers co-assembled Fmoc-FF with five
different bioactive peptides that incorporated the HAV
sequence, and were hence mimetics of N-cadherin, a calcium-
dependent adhesion molecule.109 The resulting gels had vari-
able stiffnesses and were cytocompatible with hMSCs (3A6).
The multi-component gel with the highest stiffness (ca. 20
kPa) promoted chondrogenic differentiation, while cells cul-
tured in softer multi-component gels showed lower levels of
chondrogenesis. This suggested the stiffer gel is a promising
material for cartilage regeneration, demonstrating the impor-
tance of optimising both gel rheology and peptide sequence.

Fig. 10 (a) Fmoc-FF and Fmoc-S co-assemble into nanofibres that
form a self-supporting hydrogel. (b) SEM image of a single mesenchymal
stem cell attached to 50 : 50 Fmoc-FF/Fmoc-S nanofibres. (c)
Photographs of gel samples indicating the tunability of the mechanical
properties of 50 : 50 Fmoc-FF/Fmoc-S (dependent on total loading)
from soft to stiff to rigid. (d) Compounds GP18:0 (left) and CS (right)
were identified as being depleted when MSCs were grown on stiff and
rigid hydrogels, giving rise to chondrogenesis and osteogenesis respect-
ively. When MSCs were grown in the presence of these bioactives, (left)
significant SOX-9 expression was observed in the presence of GP18:0
and (right) osteopontin staining indicated a significant increase in
expression in the presence of CS. Figure adapted from ref. 106 with per-
mission of Cell Press, copyright 2016.
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Interestingly, the gel stiffness is similar to that reported by
Gao and He for osteogenesis, yet here, chondrogenesis is
observed. However, the cell lines are different and may
respond differently to mechanical cues. Furthermore, the
LMWG structures are also different, which can induce
different levels of cell adhesion, which couple with mechanical
factors to lead to different cell growth outcomes. Therefore,
although general principles associated with gel stiffness can
be applied, these should not be taken as quantitatively literal –
careful experimental study of varied LMWG hydrogels with
specific cells of interest are vital.

It is therefore important to recognise that gel network
mechanics do not act alone in controlling stem cell growth,
but intersect with gel dynamics, adhesion ligands, functional
group modifications and cell types in terms of mediating the
way stem cells interact with gel networks, controlling cell pro-
liferation and differentiation. Later sections of this review
explore these themes in more detail.

Working with fibroblasts, Tirrell and co-workers designed
pH-responsive histidine- and serine-containing peptide amphi-
philes with spacers based on either glycine or ethylene
oxide.110 The choice of spacer impacted on gel stiffness, with
glycine resulting in a stiffer gel as a result of hydrogen
bonding, while ethylene oxide, which disrupts H-bonding, gave
a softer gel. The stiffer gel was compatible with NIH 3T3 fibro-
blasts, with spindle-like cells resulting. However, the softer gel
was not tested, so it is not completely clear whether mechanical
tuning played an essential role in performance in this case.

In 2019, Stupp and co-workers reported a hydrogel based
on a larger peptide with tuneable mechanical stiffness, allow-
ing for very precise control over stiffness.111 The system com-
bined a negatively charged PA with a positively charged oligo-L-
lysine. The hydrogel mechanical properties were incrementally
increased (ca. 10 Pa at a time) by iteratively placing lysine resi-
dues in the oligo-lysine. Conjugating a bioactive peptide on
the C-terminus did not significantly impact gel stiffness. The
gel was used to culture neural stem cells and supported neuro-
nal differentiation, with the viability of neurons being better
on softer gels, and a change in storage modulus of just 70 Pa
significantly affecting cellular outcomes, including cell survi-
val, tyrosine hydroxylase expression, and neurite growth. The
authors suggested potential applications for transplantation
therapy in Parkinson’s disease. As such, surprisingly subtle
tuning of structure and gel properties may optimise perform-
ance in biological systems. Clearly, biology has evolved to
control such processes with a high degree of precision – multi-
component supramolecular approaches offer a way of
approaching this level of control.

Dankers and co-workers recently demonstrated that bulk
gel stiffness may not be enough to fully understand cell behav-
iour.99 After all, cells interact with gel fibres on the microscale
level, not at the level of the bulk material. Using nanoindenta-
tion, they demonstrated that a series of gels with increasing
LMWG loadings had increasing bulk stiffnesses (0.1–8 kPa),
but surprisingly all had similar local stiffnesses (ca. 10 kPa).
Interestingly, in interpenetrated polymer gels, cells have been

shown to behave depending on the stiffness of the network
they are attached to, rather than the overall bulk stiffness.112

Clearly future work on supramolecular systems needs to dis-
tinguish between local mechanical effects experienced by indi-
vidual cells, and overall bulk rheology, which impacts on the
cell culture as a whole. The tunability of LMWG hydrogel
systems across multiple length scales is actually a key potential
advantage in terms of cell culture, as will be illustrated in
future sections.

3.2 Impact of gel dynamics on cell growth

Beyond the well-established impact of hydrogel mechanical
properties on cell growth, it has recently become clear that the
dynamics of a substrate on which cells are growing can also
play a key role. Such effects have been established for extra-
cellular matrix and polymeric materials.113 Given LMWG
hydrogels are, by their very nature, highly dynamic materials
across multiple length scales, there is a unique opportunity to
design scaffolds where the dynamics instruct and direct
growing cells.

In a key paper from 2021, working at the interface between
LMWG and polymer gels, Dankers and co-workers demon-
strated that larger supramolecular systems incorporating inter-
active UPy units (Fig. 5) could form gels with different
dynamics.70 Combining UPy-PEG-UPy with UPy in different
ratios created hydrogels with different dynamics. Co-assembly
with a cRGD-modified monomer allowed incorporation of
adhesion points into the gel network. If the gel was too
dynamic, cells would not show effective adhesion, irrespective
of the presence of RGD. Careful study indicated that this effect
arises from the high binding/unbinding rate of the UPy-cRGD
additives on the molecular scale within the supramolecular
fibres, preventing effective engagement of the “molecular
clutches” required to drive mechanotransduction.

Dankers and co-workers went on to explore the molecular-
scale dynamics of UPy and BTA based gels, finding they were
also translated into the bulk dynamics of the gel networks
(Fig. 11).114 UPy-based gels exhibited slow stress relaxation
(τ1/2 ∼ 1000s) while BTA-derived gels had fast stress relaxation
(τ1/2 ∼ 50s). When growing cells on these gels, they responded
to these dynamics, with cell spreading being more likely on
gels with slow relaxation dynamics, whereas on more dynamic
gels, cells tended to remain rounded as the fast relaxation pre-
vents the build-up of cellular traction required for spreading.
Different types of cells responded in different ways. Epithelial
cells responded to gel dynamics irrespective of stiffness,
whereas fibroblasts only responded to gel dynamics on softer
gels (ca. 100–200 Pa) while at greater stiffnesses (ca. 1000 Pa),
the stiffness overruled dynamics. These results demonstrate an
interplay between dynamics and stiffness in terms of control-
ling cell growth, with dynamics being particularly important in
softer gels. The results also emphasise the importance of care-
fully understanding specific cell-types on LMWG hydrogels. In
this example, stem cells were not studied.

Working with hMSCs, we recently explored the behaviour of
DBS-CH2OH and compared its behaviour against well-estab-
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lished DBS-CONHNH2 (see section 2.3.2).79 The softer
DBS-CONHNH2 gel (G′ = 610 Pa) gave rounded hMSCs, while
the stiffer DBS-CH2OH gel (G′ = 3430 Pa) induced a spread
hMSC morphology (Fig. 12). Initially, we assigned this to gel
stiffness alone. However, the co-assembled gel combining
both DBS-CONHNH2 and DBS-CH2OH had high stiffness
(>5000 Pa) but surprisingly caused hMSCs to proliferate with a

rounded morphology. It therefore appeared that gel stiffness
controlled the penetration of hMSCs into the gels but could
not fully explain the observed hMSC morphologies. Stress
relaxation experiments indicated little difference in gel
dynamics at the network level, which were very fast in all
cases. However, using NMR to probe molecular-scale mobility
and determine gel thermodynamics, we found that
DBS-CH2OH had a much higher enthalpy and entropy of dis-
sociation than the other gels, and individual LMWG molecules
were much less soluble/mobile. In contrast, gels incorporating
DBS-CONHNH2, including the gel that co-assembled
DBS-CH2OH and DBS-CONHNH2, had greater molecular-scale
LMWG dynamics. We concluded the molecular-scale dynamics
of the gel were likely playing a role in mediating hMSC growth
outcomes, with low dynamics helping support the spread
hMSC morphology on DBS-CH2OH. It is also possible that the
different functional groups on the two LMWGs play a role in
mediating cell growth morphology (see section 3.3).

Stupp and co-workers have been interested in dynamics in
gel fibres that incorporate bioactive cues.115 They synthesised
relatively large PAs with two peptide sequences – one that
reduces glial scarring and another that promotes blood vessel
formation (Fig. 13a). By mutating an amino acid in the peptide
domain outside of the signalling region, they induced
enhanced supramolecular motion of the molecular building
blocks within the fibrils (Fig. 13b). Using human neural pro-
genitor cells (hNPCs) derived from human embryonic stem
cells, they found that the self-assembled fibres with enhanced
dynamics induced higher concentrations of the β1-integrin
transmembrane receptor and the downstream effectors (integ-
rin-linked kinase and phospho-focal adhesion kinase). The
hNPCs also exhibited greater up-regulation of the neuronal
form of β-tubulin (Fig. 13c). On adding CaCl2 (5 mM), which
suppressed the supramolecular motion, the desired activation
of the β1-integrin pathway was also inhibited. These dynamic
systems were applied in co-assemblies with FGF peptide
amphiphiles in a mouse model of paralysing human spinal
cord injury and there was greater functional recovery when
using the more dynamic PA co-assemblies (Fig. 13d). The
authors suggested that a dynamic supramolecular scaffold
could be more effective at signalling receptors in cell mem-
branes undergoing rapid shape fluctuations, or that there are
more favourable interactions of dynamic scaffolds within the
complex ECM environment. They noted the prevalence of
intrinsically disordered proteins in biology and hypothesised
that dynamic supramolecular systems may be more powerful
than previously realised. A similar approach was also applied
to HIPSC-derived motor and cortical neurons, showing that
highly mobile PA scaffolds enhanced β1-integrin pathway acti-
vation, reduced aggregation, increased arborization, and
matured electrophysiological activity of neurons.116

Working with polymer hydrogels, a variety of other effects
of dynamics on cell growth have also been observed.117–119 For
example, more dynamic gels have been shown to encourage
cell spreading or promote tissue growth, with it being argued
that cells are able to better remodel their surrounding matrix.

Fig. 11 Cartoon showing differences in molecular dynamics (monomer
exchange) and bulk dynamics (stress relaxation) between BTA and UPy
supramolecular fibres and hydrogels as reported by Dankers and co-
workers. BTA exhibits faster molecular and bulk dynamics, which
prevent cell spreading on soft gels. However, on stiff gels, the stiffness
can, for fibroblasts, overrule the influence of gel dynamics, resulting in
cell spreading. UPy has slower dynamics enabling cell spreading in all
cases, irrespective of gel stiffness. Figure reproduced from ref. 114 with
permission of the American Chemical Society, copyright 2023.

Fig. 12 3D confocal microscopy images (top) and z-axis maximum pro-
jection images (below) of Y201 hMSCs growth on (i) DBS-CH2OH (0.3%
wt/vol), (ii) DBS-CONHNH2 (0.3% wt/vol) and (iii) DBS-CH2OH/
DBS-CONHNH2 (0.3/0.3% wt/vol) showing live stain (Calcein AM, green)
and dead stain (PI, red) at day 6. Scale bar of 100 μm. Key features of cell
penetration and morphology are highlighted and linked to macroscopic
properties of the different gels. Figure adapted from ref. 79 with per-
mission of Wiley-VCH, copyright 2026.
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Indeed, in Stupp’s work described above on integrin upregula-
tion, there was a preference for more dynamic supramolecular
assemblies. However, when Dankers and ourselves considered
cell adhesion and traction, less dynamic assemblies appeared
more effective. This demonstrates how supramolecular
dynamics may have to be optimised in different ways for
different biological outcomes. In comparison to polymeric
scaffolds, work on the dynamics of LMWG hydrogels remains
at a nascent stage and there is great scope for understanding
and optimising dynamic processes, especially given the
inherent dynamics of supramolecular systems are one of their
key advantages. Furthermore, the multi-scale nature of LMWG
hydrogels – from molecular-scale through to nano-, micro- and
macro-scale means dynamics can potentially be controlled on
multiple different levels that may interact with cells, which are
also multiscale systems, in very different ways.

3.3 Chemical microenvironment

In addition to the mechanical properties and dynamic behav-
iour of the self-assembled network, it is recognised that the
chemical microenvironment of the gel network also plays a key
role in influencing stem cell growth. The importance of
specific adhesion ligands, such as RGD and IKVAV has already
been noted in other sections. However, beyond such binding
epitopes, general chemical functionality can also play a role.

Seminal work from Anseth and co-workers in 2008 demon-
strated this principle in polymer hydrogels, showing that
hMSCs differentiated down adipogenic or osteogenic pathways
depending on whether the PEG polymer gel was functionalised
with t-butyl or phosphate groups.120 They suggested that the
functional groups can cause cell–matrix interactions that
induce differentiation leading to the production of tissue

specific matrix molecules or that the chemical environment
may interact with and nucleate particular cell-secreted mole-
cules, hence directing differentiation.

Building on these insights, in 2009 Ulijn and co-workers
incorporated a range of different chemical functionalities into a
self-assembled Fmoc-FF LMWG hydrogel by co-assembly with
Fmoc-K, Fmoc-D and Fmoc-S.121 All compositions gave rise to
self-assembled nanofibrillar gels with elastic moduli varying
from 502 Pa (Fmoc-FF/Fmoc-D) to 21200 Pa (Fmoc-FF). Different
compositions supported different cell types, with Fmoc-FF/
Fmoc-S being the only gel that supported all cells investigated,
and also retained cell morphology in 3D culture of bovine chon-
drocytes. The authors assigned these differences to the chemical
functionality being programmed into the gel scaffold via co-
assembly and suggested that a tunable chemical microenvi-
ronment can play a key role in supporting cell growth. This early
work stimulated significant further study of functional group
modification across a wide range of peptide LMWGs, for
example using different peptide sequences (see section 2.2).

Using small peptide amphiphiles, Guler, Tekinay and co-
workers created a series of PAs modified with the different
functional group components of glycosaminoglycans (i.e.
glucose, carboxylate, sulfonate).122 The ratio of functional
groups on the co-assembled nanofibres influenced the differ-
entiation of rat mesenchymal stem cells, with a higher sulfo-
nate-to-glucose ratio being inducing adipogenesis and a
higher carboxylate-to-glucose ratio being associated with osteo-
chondrogenic differentiation. The authors concluded that dis-
tinct biomimetic signals were presented to the cells on the syn-
thetic ECM mimetic as a result of the functional groups.

It is increasingly clear that a wide range of factors influence
cell growth outcomes,123,124 including mechanical properties,

Fig. 13 (a) Specific chemical structures of IKVAV PA molecules used and molecular graphics representation of a supramolecular nanofiber displaying
the IKVAV bioactive signal. (b) Cryo-TEM micrographs of IKVAV PAs in the library (scale bars 200 nm) and their corresponding color-coded represen-
tations of root mean square fluctuation (RMSF) values for single IKVAV PA filaments derived from molecular dynamics simulation with red represent-
ing low mobility and blue representing high mobility. (c) Bar graph of the percentage of TUJ-1+ neuronal cells treated with the various IKVAV PAs.
Error bars correspond to three independent differentiations. (d) Experimental timeline of in vivo experiments (top) and BMS for locomotion (bottom).
Error bars correspond to 38 animals per group. Figure adapted from ref. 115 with permission of Science, copyright 2021.
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dynamic behaviour, adhesion ligands, and chemical micro-
environment. In many cases, changing functional groups in an
LMWG induces other changes in mechanical properties and
gel dynamics. In future work, it will be increasingly important
to carefully untangle the different factors to determine which
are operational in any specific gel-cell system.

4 Impact of LMWG chirality on cell
growth

It is well-known that chirality can direct gel self-assembly in a
variety of ways.125,126 In many self-assembled gels, molecular-
scale chirality is translated into the nanoscale morphologies
that underpin the gel. Given living systems are themselves
inherently chiral, the chirality of the LMWG and the nanoscale
assembled scaffold can potentially have significant influences
on cell growth.

As discussed in section 2.2, peptides constructed from
L-amino acids are sensitive to proteolysis – one way of avoiding
this is to construct peptidic gels using D-amino acids, which
are typically not natural substrates for proteolytic enzymes.127

An early example using D-peptides to produce gels for cell
growth was provided by Luo and co-workers who, inspired by
the large self-assembling peptides first reported by Zhang and
co-workers, developed peptide 16-mers based on D-amino acid
building blocks.128 The resulting D-peptide hydrogels were
used for 3D culture of carcinoma cells and demonstrated
similar levels of cell proliferation and apoptosis to an
L-peptide analogue. They did not determine the stability of the
gel to protease enzymes, and the work needed extending to
stem cells, but this was a key step towards cell culture in
D-peptide hydrogels.

Working with shorter peptide hydrogels, the in vivo biost-
ability, biodistribution, and toxicity of supramolecular nano-
fibers formed by Nap-GFFYGRGD and Nap-GDFDFDYGRGD
have been studied. The D-peptide had better in vitro and in vivo
biostabilities than the L-peptide analogue – the D-fibres were
stable in plasma for 24 h while half of the L-fibres were
digested in just 6 h. Maruyama and co-workers compared a
D-peptide pentamer with an L-peptide analogue and showed
that the D-version was completely resistant to a protease
enzyme (chymotrypsin) over a 7-day period.129 Importantly,
this gel was non-toxic to embryoid bodies (EBs) derived from
HIPSCs.

Beyond the stability of the gel in the biological milieu, chir-
ality can also potentially influence the growing cells them-
selves. A number of studies have explored the behaviour of
cells on LMWG hydrogels with different chiralities.

In 2014, Marchesan and co-workers explored the chirality of
individual amino acids within a tripeptide gelator, understand-
ing the role of chirality in directing self-assembly and the
potential of heterochiral systems in cell growth.130 The two
enantiomeric LMWGs DPhe-Phe-Val and Phe-DPhe-DVal equally
supported high viability and proliferation of mammalian fibro-
blast cells in vitro, while in solution they did not elicit a cyto-

toxic response. Despite one peptide having unnatural beta-
sheet chirality as seen by circular dichroism spectroscopy, cells
still penetrated and spread in this biomaterial over time, con-
firming that biomaterials for cell growth do not require a
‘natural’ chirality.

Driving this field forwards, Feng and co-workers have
explored chirality across a number of elegant studies. They
initially developed a chiral gelator based on two L (or D) phenyl-
alanine units terminated with diethylene glycol. In 2014,
working with HUVECs and fibroblasts, they observed these
cells appeared to thrive in one enantiomeric form of the gel,
but not the other,131 with the L-form increasing adhesion and
proliferation compared with the D-enantiomer. The authors
proposed this was a result of the chirality expressed at the level
of the nanofibres, suggesting differences in performance were
due to binding between chiral nanofibers and fibronectin,
with the stereospecificity of this interaction being demon-
strated through in vitro binding assays.

Later studies went on to explore the interplay between self-
assembled nanoscale chirality and molecular-level chirality on
the growth of mouse embryonic fibroblast NIH 3T3 cells.132,133

New LMWGs based on L-phenylalanine were synthesised, in
which the spacer switched the helicity of the assembled nano-
structure from left- to right-handed depending on whether it
had an odd or even number of carbon atoms (Fig. 14a).
Hydrogels based on L-phenylalanine showed a small but sig-
nificant increase in cell adhesion on left-handed nanofibers,
with a weak positive influence on cells from right-handed
nanofibers (Fig. 14b). Conversely, hydrogels based on
D-phenylalanine showed a weak positive influence of left-
handed nanofibers and a negative influence of right-handed
nanofibers. These results indicate that the molecular-scale

Fig. 14 (a) Chemical structure of LMWGs explored by Feng and co-
workers illustrating the helical chirality inversion tuned by the variable
number of methylene units. (b) Schematic illustrating (top left) the posi-
tive effect on cell adhesion on left-handed nanofibers (M-helix) derived
from L-phenylalanine derivative, (top right and bottom left) the weak
effect on cell adhesion on right-handed nanofibers derived from
L-phenylalanine derivative and left-handed nanofibers derived from
D-phenylalanine derivative, and (bottom right) the negative effect on cell
adhesion of right-handed nanofibers derived from D-phenylalanine
derivative. Figure adapted from ref. 132 with permission of Wiley-VCH,
copyright 2018.
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chirality of L-phenylalanine gives better outcomes than the
D-enantiomer, but also that the nanostructures should be left-
handed to optimise outcomes. This suggests chirality can
operate at two wholly different length-scales in terms of med-
iating interactions with cells, causing subtle effects.

Feng and co-workers also used this system with human
dental pulp stem cells, which exhibited greater spreading and
more effective differentiation into osteoblasts on left-
handed nanofibers formed by L-LMWG than the right-handed
nanofibres formed by the D-LMWG.134 Furthermore, the left-
handed L-LMWG nanofibres were more effective than less-
ordered planar assemblies based on the same LMWG, demon-
strating it is not just the molecule that promotes cell
adhesion and osteogenesis, but the specific organisation of
the chiral assembly. Greater protein adsorption was demon-
strated on the left-handed chiral nanofibres, and it was
suggested that the stereospecificity of such interactions may
provide a mechanism for the effects on stem cell growth. In
later work,135 however, it was reported that human dental pulp
cells were viable in both gels, but that the L-LMWG signifi-
cantly promoted adhesion of hDPSCs, while the D-analogue
enhanced osteogenic differentiation by facilitating calcium
entry into cells, activating the MAPK pathway. Clearly cells are
complex chiral systems, and enantiomeric self-assembling
systems may interact with different cells in different ways.
Nonetheless, it is evident that further work is needed to fully
elucidate in a predictive way, the interface between different
cell types, different growth processes, and chiral self-assem-
bling systems.

Working with MSCs, Feng and co-workers very recently
showed supramolecular chirality was more important than
molecular-scale chirality in terms of directing osteogenesis.136

The authors concluded that modulation of the aromatic side
chains was a key factor controlling helical bias in LMWG
hydrogels, enabling the design of biomaterials with tailored
chiral properties to direct stem cell fate and enhance bone
tissue regeneration.

Feng and co-workers have also combined two different frag-
ments with L-chirality, resulting in a chiral system capable of
supramolecular self-sorting (see section 2.4.2), with two
different fibre types being imaged by SEM.137 This self-sorting
gel was better able to promote cell proliferation, chondrogenic
differentiation, and cartilage regeneration than the individual
chiral hydrogels. It was suggested this results from the higher
porosity and surface area, enhancing fibronectin adsorption.
In vivo studies by injection of the gel into mice showed that
the self-sorted gel regenerated subchondral bone structures
found beneath the joint cartilage, with better performance
than the individual LMWGs.

In recent work with this class of LMWG, Liu and co-workers
coupled chirality and mechanical properties in a hydrogel.138

By engineering the spacer chain between chiral units, they
tuned the supramolecular handedness, while simultaneously
modifying elastic modulus over more than an order of magni-
tude. Although not reporting cell growth outcomes, it seems
likely that given the way multiple parameters can control the

cellular microenvironment, multi-tunable systems such as this
will have considerable future power.

Wang and co-workers generated hydrogels based on diaster-
eomeric peptides containing either D- or L-phenylalanine
alongside other L-amino acids.139 The system with D-Phe chiral-
ity was self-assembled to form thixotropic nanostructured
hydrogels, but the version with L-Phe chirality failed to form
gels. The D-Phe-based hydrogel was used for 3D culture of
mesenchymal stem cells – the cells aggregated, forming spher-
oids. In vivo experiments demonstrated that these spheroids
could be applied to heal diabetic wounds, as they motivate
angiogenesis and skin regeneration.

It is evident chirality plays a key role in meditating gel for-
mation, but also in controlling the interaction between self-
assembled gel nanofibres and cells. Differences between mole-
cular-scale and supramolecular chirality again emphasise the
importance of considering self-assembled gels across multiple
different length-scales. As noted above, the unique multi-scale
behaviour of self-assembled gels is of particular importance
because cells also span multiple length scales. This stretches
the understanding of supramolecular systems beyond well-
established molecule–molecule interactions, emphasising the
importance of considering assembly–assembly interactions at
nano- and micro-scale.

5 Co-formulation to extend hydrogel
scope
5.1 Combining LMWG hydrogels with other materials

In addition to combining different LMWGs via co-assembly or
self-sorting (section 2.4), it is also possible to incorporate
other nanoscale components into an LMWG hydrogel. This
can significantly impact on materials properties and cell
growth potential and is an easy co-formulation approach to
extending the scope of LMWG hydrogels. Combining a
polymer gel (PG) with an LMWG hydrogel to create a ‘hybrid
hydrogel’ can enhance mechanical performance.140 There are
many polymeric/nanoscale components that could be com-
bined with LMWGs to create hybrid hydrogels – this section
presents selected illustrative examples relevant to cell growth.

Adler-Abramovich and co-workers used co-assembly to
combine Fmoc-FF with Fmoc-R (Fig. 15a),141 then employed
the strong binding affinity of the cationic arginine group in
Fmoc-R for polymeric anionic hydroxyapatite (HAP), which was
also incorporated into the system. This created a hybrid hydro-
gel (Fig. 15b) and reinforced the gel, with very high stiffness
being achieved (G′ = 29000 Pa). Mouse 3T3 fibroblasts were
grown on these gels. Fmoc-FF alone led to rounded cells and
caused some dead cells (Fig. 15c), in the presence of co-
assembled Fmoc-R, cells remained rounded, but once HAP
was present, adherent spread cells with good viability were
observed (Fig. 15d and e). It is known that HAP can promote
osteogenesis, and integrating this component into gels via
interaction with Fmoc-R is an interesting strategy to endow a
gels with this function.
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Cienfuegos and co-workers also co-assembled Fmoc-FF,
this time with Fmoc-RGD, and incorporated the biopolymer
fibrin.142 In this case, the LMWGs enhance the mechanical
properties of the otherwise weak fibrin, while the fibrin intro-
duces biological activity. The hybrid hydrogel was cytocompati-
ble with primary human skin fibroblasts in 2D cell culture and
could degrade. At increasing loadings of Fmoc-FF, cell viability
and proliferation were severely compromised, but as expected,
Fmoc-RGD improved cell growth. It was therefore important to
optimise the ratio of all three components. Subcutaneous
injection suggested these materials were non-toxic in vivo, and
such gels may have use in wound healing.

Chassande and co-workers combined their nucleotide-
based LMWG with collagen, a naturally occurring cell-suppor-
tive biomaterial.143 There was an interaction between the two
different types of fibre. The LMWG prevented the shrinkage of
collagen and limited cell diffusion out of the gel. Conversely,
the presence of collagen improved cell adhesion and prolifer-
ation. The hybrid hydrogel was well-suited for long-term
culture and promoted osteogenesis even in the absence of
specific osteogenic cues. Cells embedded in the composite gel
and injected subcutaneously in immunodeficient mice differ-
entiated into osteoblasts and produced lamellar osteoid tissue,
indicating in vivo potential in bone tissue engineering. This
clearly shows the benefits of tuning LMWG performance by
adding appropriate biopolymers (and in turn enhancing the
performance of those biopolymers).

Azevedo and Radvar formed hybrid hydrogels by combining
a positively charged peptide amphiphile (PA) with poly(sodium
4-styrenesulfonate) (PSS), a negatively charged synthetic
polymer.144 The concentrations were varied to control the
mechanical properties. In hybrid co-formulated materials, this
simple approach enables iterative tuning of the gel into the
right window for performance. The PA/PSS hybrid hydrogels
were loaded with proteins, including negatively charged
bovine serum albumin (BSA) or positively charged lysozyme
and controlled release was studied. It was suggested that PA/

PSS gels may be useful for delivery of (e.g.) growth factors over
extended time periods, which may impact on cell growth out-
comes (see section 5.2 for examples of this approach).
Furthermore, the anionic PSS induced some mineralisation of
calcium salts – a desirable feature in materials for osteogen-
esis. The gels were non-toxic towards encapsulated hMSCs and
the combination of multiple cues in the one system makes
them promising materials for 3D cell differentiation.

In elegant work, Mata and co-workers combined multiple
bioactive epitopes to recreate key features of the bone ECM.145

Specifically, they co-assembled three different PAs (one
labelled with RGDS, one to promote osteogenesis and one to
promote angiogenesis) with pro-angiogenic polymeric tyra-
mine-modified hyaluronic acid. By culturing human adipose-
derived mesenchymal stem cells (hAMSCs) and HUVECs, it
was shown that the hydrogel promoted cell adhesion as well as
osteogenic and angiogenic differentiation in both 2D and 3D
culture. Furthermore, HUVECs were shown to grow into vascu-
lar tubules, with bone-like constructs being created in vitro.

Clearly, combining LMWGs with PGs enables the tuning of
properties to overcome weaknesses and harness the potential
strengths of each individual component. Generally, this can be
achieved via simple co-formulation. It remains important to
carefully characterise each component within a hybrid gel and
unambiguously determine its role, but this approach is a
powerful and versatile way of achieving multi-functionality in
self-assembled gels.

5.2 Incorporating bioactive agents into LMWG hydrogels

In the previous section, we described how biopolymers can be
incorporated into LMWG hydrogels by co-formulation. A few
examples hinted at how bioactive agents could be incorporated
in gels to promote cell growth. We have also described how
bioactive peptide sequences like RGD or IKVAV, can be incor-
porated into LMWG hydrogels. This section focusses on incor-
porating larger functional biomolecules to direct cell growth.

Liang and co-workers mixed Nap-FFY with two bioactive
factors, stromal cell derived factor-1 (SDF-1) and bone morpho-
genetic protein (BMP-2), and hydrogels were formed
(Fig. 16a).146 SDF-1 plays a key role in recruitment and prolifer-
ation of stem cells, while BMP-2 promotes differentiation. The
presence of the growth factors did not affect the mechanical
performance of the gel, and they were released synchronously
from the gel over a period of days, with release reaching a
maximum after about 3 weeks. The Nap-FFY gel exhibited no
cytotoxicity and accelerated proliferation of bone marrow
mesenchymal stem cells (BMSCs). On its own, Nap-FFY could
not promote MSC differentiation, but once loaded with the
growth factors, MSCs exhibited significant levels of ALP
expression, indicating osteogenesis. In vivo testing demon-
strated the ability of the gel to regenerate periodontal bone in
defect areas (Fig. 16b and c) and the authors suggested poten-
tial future use of this system in dentistry.

Working with sorbitol-based DBS-CONHNH2, we incorpor-
ated polyanionic heparin, a growth promoter that can assist
angiogenesis, to promote the growth of mouse embryonic

Fig. 15 (a) Molecular structure of the two building blocks Fmoc-FF and
Fmoc-R. (b) Photograph of gel in upturned vial formed by
FmocFF : FmocR 3 : 1-HAP and TEM image (scale bar, 1 μm). (c and d)
Live–dead staining of 3T3 fibroblast cultures after 8 h treatment with
FmocFF (c) and FmocFF : FmocR 3 : 1-HAP (d), including magnified inset.
Green staining indicates live cells; red staining indicates dead cells. Scale
bar: 500 μm. Figure adapted from ref. 141 with permission of the
American Chemical Society, copyright 2017.
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fibroblast (3T3) cells.77 We mixed heparin into DBS-CONHNH2

and also explored a hybrid hydrogel approach incorporating
agarose as a secondary polymer gel network for mechanical
reinforcement. The addition of heparin somewhat facilitated
fibroblast growth, whereas the addition of agarose significantly
decreased proliferation because of its high stiffness and lack
of adhesion points. Heparin has also been loaded into larger
RADA-based peptide hydrogels,147 improving the binding of
several growth factors such as VEGF165, TGF-β1 and FGFβ and
slowing their release from the gel. Cell viability testing with
HUVECs showed a significant effect of released VEGF165 and
FGFβ on proliferation, with higher live cell numbers, demon-
strating how multiple bioactive components can be incorpor-
ated in a gel and behave synergistically.

Kraatz and co-workers created a series of hydrogels based
on C14-FF, which were co-formulated with potential bioactive
agents including carbohydrates, amino acids, vitamins, and
hyaluronic acid building blocks.148 When MSCs were grown in
these gels, they were demonstrated to have high cell viability
percentages, with the multi-component gels supporting
slightly higher cell viability of MSCs than C14-FF alone. It was
suggested that more significant differences in long-term cell
growth and differentiation might emerge in future studies.

Li and co-workers created hybrid hydrogels by combining
Nap-FF with the biopolymer silk fibroin.149 The presence of
Nap-FF triggered a conformational transition of the silk
fibroin from random coil to β-sheet via hydrogen-bonding and
the hydrophobic effect. The researchers then used Nap-FFRGD

with silk fibroin and found the resulting injectable hybrid
hydrogel was compatible with HUVEC growth. When further
loaded with vascular endothelial growth factor (VEGF) this gel
caused cell morphogenesis because of the bioactive agent.
When subcutaneously injected in mice this multi-component
system triggered the generation of new blood capillaries
in vivo, supporting microvasculature through coordinated
interactions between HUVECs, VEGF and the gel matrix.

Shen and co-workers designed and synthesized a nanofibre
hydrogel made of a larger peptide covalently attached to
insulin-like growth factor-1, which is beneficial to cellular pro-
cesses.150 Rather than simple co-formulation, this uses a
chemical covalent strategy to incorporate the bioactive agent.
Although having the disadvantage of requiring more synthetic
input, this strategy can unlock benefits of more precise incor-
poration, with the bioactive agent being permanently fixed in
the gel at well-defined locations. In this case, the resulting gel
was biodegradable and showed no toxicity to neural stem cells
in vitro and in vivo, promoting stem cell proliferation and
encouraging differentiation to neurons and oligodendrocytes.
Importantly, the gel activated downstream IGF-1 signalling
pathways because of the bioactive unit. Mixed with neural
stem cells, this gel was implanted into lesion sites of spinal
cord injuries in rats and regenerated neuronal and axonal
cells, leading to the reconnection of damaged sites, generating
neurite outgrowth and myelin sheath regeneration.

This section has emphasised the relative ease with which
bioactive agents can be formulated into LMWG hydrogels and
the benefits this can bring. Currently, it is evident that the bio-
active agent often dominates the overall performance.
Increasingly, it will be important to demonstrate specific
advantages of the LMWG scaffold and to develop predictive
rules that allow the optimal LMWG to be identified in each
case.

6 Engineering LMWG hydrogels to
enhance stem cell growth

Thus far, we have focussed on the chemical structure and pro-
perties of the gels to understand how they interface with stem
cells. However, it is also possible to ‘engineer’ gels using physi-
cal approaches to fabricate them in different ways. Gels can
vary significantly in properties, performance and potential,
dependent on how they have been made. This section explores
how LMWG hydrogels can be engineered to achieve outcomes
of potential importance in regenerative medicine.

6.1 Shaping and patterning LMWG hydrogels to direct stem
cells

There is considerable interest in shaping and patterning gels
for a wide range of applications.151 Using shaped gels to
support stem cell growth can potentially create more func-
tional assemblies of cells. Furthermore, by introducing a
degree of patterning, it is possible to generate materials in
which cells behave differently on different domains, or in

Fig. 16 (a) Schematic illustration of promoted periodontal bone regen-
eration by the SDF-1/BMP-2/NapFFY hydrogel in the bone defect area.
Slowly released SDF-1 from the hydrogel recruits BMSCs to the defect
area; then BMP-2 promotes BMSCs to differentiate into osteoblasts,
initiating periodontal bone regeneration. (b) Micro-CT images of the
periodontal bone defect areas in the maxillae of rats of different groups
(size of each bone defect is about 20 mm3). (c) Bone volume fractions of
defect areas in different groups at 8 weeks. Data are expressed as mean
± SD, n = 3. Figure adapted from ref. 146 with permission of the
American Chemical Society, copyright 2019.
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which gradients in the gel can lead to cellular organisation.
Such principles are established for polymer hydrogels,152 but
are only beginning to emerge for LMWG hydrogels. For LMWG
hydrogels, shaping and patterning can sometimes be challen-
ging because of their dynamic nature and relative rheological
weakness.

6.1.1 Microscale moulded LMWG hydrogels. In their early
work from 2007, Liebmann and co-workers reported that
Fmoc-FF hydrogels could be made in patterned silicon micro-
structured chambers, originally designed for use in microflui-
dic devices.48 Hydrogels were formed from aqueous cell sus-
pensions and in the resulting 3D culture, the mammalian cells
retained a rounded morphology, in contrast to the spread mor-
phologies observed when cultured on 2D surfaces like glass.
Within these moulds, the gel could also be broken down by
flow-generated shear stress, pH modification (pH 9.0 and
above), or enzyme digestion, although this process was not
fully optimised. The authors suggested that the reversibility of
LMWG hydrogels offered a potential advantage for developing
reusable microscale platforms for tissue culture.

6.1.2 Macroscopic gel beads. In the early 2020s, we devel-
oped methodologies to produce millimetre-scale LMWG hydro-
gel beads via co-formulation of an LMWG with a stabilising PG
such as calcium alginate or agarose, which helps the final
beads to retain their integrity.153,154 This is a powerful appli-
cation of the co-formulation hybrid LMWG/PG strategy (see
section 5.1). With an interest in stem cell growth,
DBS-CONHNH2 was mixed with alginic acid, glucono-δ-lactone
(GdL) and calcium carbonate (Fig. 17a) in hot water, and
added as droplets with defined size into cold paraffin
(Fig. 17b).155 The LMWG rapidly assembled on cooling, and
then, more slowly, as the pH was lowered by hydrolysis of GdL,
Ca2+ ions were solubilised, crosslinking the alginate PG
network, stabilising the millimetre-scale hybrid hydrogel
beads (Fig. 17c). Importantly, hMSCs had excellent compatibil-

ity with these beads and we argued that the relatively high
surface areas encouraged cell growth, adhesion and pene-
tration. Clearly there is future potential to create structured
‘organoid’-type cell cultures.

One of the unique chemical features of DBS-CONHNH2 is
that it reduces precious metals in situ to yield metal nano-
particles, while itself being oxidised to DBS-CO2H.156 We
exposed the hybrid hydrogel beads to AgNO3 and hence loaded
them with silver nanoparticles (AgNPs) (Fig. 17d). These
AgNPs exhibited antimicrobial properties, with the gels being
active against challenging bacterial strains such as
Vancomycin-resistant Enterococcus faecium (VRE) and
Pseudomonas aeruginosa. Interestingly, at lower AgNP loadings,
stem cell growth was also maintained. It was argued that
careful optimisation would allow the fabrication of gels for
potential post-surgical applications, supporting tissue
regrowth whilst preventing opportunistic infections. A similar
approach was applied using gellan gum as the PG.157 This led
to hybrid hydrogel beads with exceptional stiffness (G′ = 46600
Pa), which retained excellent hMSC compatibility. Such
materials may have potential use in orthopaedic applications.

6.1.3 Gel micro/nano-particles controlled via emulsion
methods. It is also possible to fabricate LMWG hydrogel beads
with much smaller diameters. In 2011, Collier and co-workers
used a hydrogel based on a self-assembling peptide 11-mer to
fabricate spherical microgels.158 An aqueous solution of
peptide was homogenised in oil to form an emulsion with
microsized aqueous particles. The gelator is salt-sensitive, and
the addition of PBS buffer triggered assembly, leading to self-
assembled peptide microgels. Particle diameters were depen-
dent on stirring rate, being tuned from 1.5–35 μm. This
process was compatible with cell growth and allowed NIH 3T3
fibroblasts or C3H10T-1/2 mouse pluripotent stem cells to be
encapsulated in the microspheres. After encapsulation, the
microgels maintained cell viability, clearly demonstrating how

Fig. 17 (a) Components used in the formation of hybrid hydrogel beads. (b) Schematic of fabrication method for gel beads based on dropwise
addition of a hot solution of the mixture of components to cold paraffin. (c) Schematic of the stepwise assembly process taking place within the gel
beads. (d) Photograph of the gel beads, and scheme illustrating how treatment with AgNO3 leads to loading of AgNPs into the gel beads.
Figure adapted from ref. 155 with permission of the American Chemical Society, copyright 2022.
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gel engineering and fabrication technology can be combined
with cell growth to yield shaped gel-cell constructs.

In 2021, we combined DBS-CONHNH2 as LMWG, with
calcium alginate PG to generate reinforced nanogel par-
ticles.159 Hot DBS-CONHNH2/alginic acid was added dropwise
to cold paraffin oil to trigger DBS-CONHNH2 assembly, with
rapid stirring and the presence of Span 80 surfactant ensuring
LMWG assembly occurred within dispersed emulsion droplets.
After 1 h, CaCl2 was added to crosslink the alginate and form
the PG network, stabilising the LMWG nanogel particles (dia-
meters ca. 800 nm). The gel nanospheres could be stored for
extended periods in solution without aggregation or degra-
dation and injected through a standard medical-gauge needle
without damage. The nanogels were also loaded with heparin,
and it was demonstrated that nanogel-mediated heparin
release enhanced hMSC growth. It was suggested that such
nanogels may have future applications as injectable tissue
repair agents.

6.1.4 3D-printing by extrusion. The ability to shape LMWG
hydrogels by printing methods based on extrusion has signifi-
cant potential due to its relative practical ease, allowing the
fabrication of 3D objects. Bioprinting is increasingly wide-
spread, particularly common with polymeric systems, and is a
desirable, simple, reproducible methodology for gel
shaping.160 Although synthetic and natural polymer hydrogels
are typically used in 3D-printing, there are limitations, particu-
larly a lack of biological compatibility, poor rheological pro-
perties, or undesirable degradation profiles under physiologi-
cal conditions.161 There has therefore been emerging interest
in 3D-printing LMWG hydrogels for cell growth applications.
The most common approach to 3D-printing gels is simple
extrusion in which a gel is formed, extruded through a needle
as a solution, then reassembled in situ on the printing
substrate.

Barthélémy and co-workers developed a nucleotide lipid
(Fig. 18a) hydrogel as a potential new bioink for extrusion

printing.162 This LMWG formed self-supporting nanofibrillar
hydrogels (Fig. 18b) in cell culture media and could be 3D-
printed in the presence of cells under physiological conditions
(Fig. 18c and d). In vitro studies with human gingival fibro-
blasts and stem cells from the apical papilla indicated that the
cells could survive extrusion. Fibroblasts had higher cell viabi-
lity with an increase in metabolic activity over time, while stem
cell viability decreased – this likely reflects the greater stability
of fibroblasts compared to stem cells described earlier. The
printed gel was also shown to have in vivo compatibility and
demonstrated slow biodegradation over days-weeks.

Perez and co-workers reported a hydrogel derived from co-
assembly of guanosine and guanosine 5′-monophosphate with
potassium ions and boronic acid and developed it for use as a
bioink.163 Guanosine and guanosine 5′-monophosphate co-
assemble into G quartets and the significant difference in
their relative solubilities allowed tuning the ratio to form a
hydrogel near physiological pH. A 1 : 1 ratio was optimal for 3D
bioprinting, and once printing was complete, hyperbranched
polyethylenimine was added to coat the printed hydrogel,
increasing its stability for cell culture. Rat MSCs were viable on
the printed support, with MSC numbers increasing over time
if cells were printed alongside the LMWG. The cells displayed
rounded morphology after 21 days, and when cultured in adi-
pogenic media, lipid droplets were detected, suggesting adipo-
genic differentiation in the printed hydrogel.

Working with BTA monomers and dimers (see section
2.3.4), Baker and co-workers developed a tunable gel by modi-
fying the hydrophobic substituents on the BTA monomer,
enabling the viscoelastic properties of the gel to be varied over
5 orders of magnitude, allowing it to be optimised for 3D-
printability.164 In particular, the stress relaxation, which indi-
cates the ability of the gel to dissipate stress on the network
level, was tuned. Chondrocytes exhibited good cell viability in
both bulk and bioprinted hydrogels, and hMSCs were able to
form spheroids over the course of cell culture. It was suggested
that conventional polymer hydrogels with static cross-links
which can limit cell–cell interactions, often prevent spheroid
formation, while dynamic LMWG systems such as this one can
potentially better facilitate hMSC spheroid formation.

Using larger peptides with hydrophobic/hydrophilic
domains, Hartgerink and co-workers optimised the structures
as inks to create complex 3D structures including co-printing
multiple gelators with layered structures, overhangs, and
internal porosity.165 Peptides incorporating positively charged
lysine or negatively charged glutamic acid could be printed
alongside one another and the multi-component printed con-
structs induced differences in the behaviour of
C2C12 myoblasts typically used to study muscle behaviour.

6.1.5 Gel ‘noodles’. Some of the earliest work to shape
molecular gels focussed on fabricating gel shapes described as
‘noodles’. In 2010, Stupp and co-workers developed a strategy
for achieving gel ‘noodles’ based on their PA hydrogels.166

This approach used heating to achieve liquid crystalline align-
ment of cylindrical micelles. When dragged from a pipette
onto salty media, this created noodle-shaped gel strings as the

Fig. 18 (a) Chemical structure of diC16dT nucleotide lipid LMWG used
in extrusion printing. (b) TEM images of diC16dT hydrogel (3% wt/vol) in
culture medium (DMEM, with 123.5 mM NaCl final concentration): (1)
scale bar 2 µm; (2) scale bar 1 µm. (c) Bioprinted lattices (1 printed layer)
of diC16dT hydrogel in culture medium. (d) Completed bioprinted lattice
of diC16dT (3% wt/vol) in culture medium showing some flexibility.
Figure adapted from ref. 162 with permission of Springer Nature, copy-
right 2020.

Biomaterials Science Review

This journal is © The Royal Society of Chemistry 2026 Biomater. Sci.

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
9/

20
26

 3
:1

8:
04

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6bm00661b


salt triggered charge screening of the cylindrical micelles
(Fig. 19a). Not only were these noodles shaped, but they also
had a good degree of alignment of the gel nanofibres within
them (Fig. 19b).

It was reported that hMSCs were compatible with the
noodle-forming process and could be encapsulated – they also
became aligned (Fig. 19c). Long-range cell alignment has great
potential in terms of enabling cells to communicate over dis-
tances. The authors incorporated HL-1 cardiomyocytes, a cell
line with spontaneous electrical activity that requires extensive
cell–cell contacts to propagate signals and found they prolifer-
ated to fill the entire structure. By fluorescently visualizing
intracellular calcium concentration, pockets of spontaneous
electrical activity were observed by day 6, and by day 10 action
potentials could propagate through the entire macroscopic
structure (Fig. 19d). The authors highlighted the potential of
these ‘cellular wires’ in regenerative medicine applications
such as the treatment of cardiac arrhythmia.

Others have applied this approach to gel noodle formation
to ultra-short peptide LMWG hydrogels, again demonstrating
internal nanofibrillar alignment.167 Very recently, Adams and
co-workers described the use of controlled mechanical inputs
to manipulate the thickness of sections of the gel noodles.
They found that C2C12 myoblast cultures showed improved
cell adhesion, elongation, and myogenic differentiation on the
thin segments of the noodles, compared to the thicker seg-
ments, with potential application in muscle regeneration.168

6.1.6 3D-printing by wet-spinning. Fitremann and co-
workers developed wet-spinning methods for the 3D-printing
of LMWG hydrogels. In wet-spinning, an LMWG is dissolved
in a ‘good’ solvent (e.g. DMSO), and then injected, under con-
trolled conditions into a ‘bad’ solvent (e.g. H2O) (Fig. 20a and

c).169 This is conceptually related to noodle formation
described above, but noodles more often use salt solutions as
coagulants rather than a solvent switch. Wet-spinning, as
described by Fitremann, is fully automated and highly repro-
ducible. If the assembly kinetics are aligned with injection
kinetics, this results in the formation of a well-defined gel fila-
ment (Fig. 20b). If printed from a moving needle, these gel fila-
ments fall to the bottom of the bath and can be printed in
multiple layers to give well-defined 3D objects.

In their initial work, Fitremann and co-workers used Gal-C7
(see section 2.3.2) as the LMWG, but the wet-spun objects were
not compatible with the growth of neuronal cells.169,171 This
was assigned to the relative rheological weakness of the
printed objects, resulting from the significant water solubility
of the LMWG. Fitremann and co-workers went on to replace
Gal-C7 with Gal-C9 and demonstrated that the more stable
self-assembly of the more hydrophobic Gal-C9 significantly
improved the stability of the printed objects.74 In this case,
although hMSCs were stable on bulk Gal-C9 gels with a fibril-
lar structure formed via a heat-cool cycle, the 3D-printed
hydrogels, where the microstructure is composed of micro-
metric flakes, appeared too fragile to withstand cell growth.170

This emphasises the fact that cell growth does not only
depend on LMWG structure, but also on nanoscale mor-
phology and bulk gel properties, which can vary depending on
the way the LMWG hydrogel has been fabricated. This is a
topic we return to in section 6.2.2. Fitremann and co-workers
went on to use the different stabilities of Gal-C7 and Gal-C9 to
print objects containing both LMWGs in which the more
soluble gelator (Gal-C7) acted as a ‘sacrificial ink’ – as it dis-
solved from the printed objects, it left channels within the

Fig. 19 (a) PA solution coloured with trypan blue injected into phos-
phate-buffered saline after heat treatment. (b) Aligned nanofibre
bundles in strings formed by dragging thermally treated PA solutions
onto a CaCl2 solution. (c) Preferential alignment of encapsulated hMSCs
along the string axis. (d) Top: calcium fluorescence image of HL-1 cardi-
omyocytes encapsulated in noodle-like string. Bottom: successive
spatial maps of calcium fluorescence intensity at 80 ms intervals,
showing propagation of an electrical signal through the string.
Figure adapted from ref. 166 with permission of Springer Nature, copy-
right 2010.

Fig. 20 (a) Experimental set-up for wet-spinning based on injection of
a solution of LMWG into water to produce a wet-spun filament. (b)
Photograph of wet-spun filament produced from Gal-C7. (c) Schematic
of wet-spinning process indicating how solvent exchange drives gel
assembly within the extruded solvent column. (d) Experimental set up
for wet-spinning with two different LMWGs – one sacrificial and one
persistent, in order to create a patterned wet-spun 3D-printed mor-
phology that evolves over time. Figures adapted from ref. 169 and 170
with permission of the Royal Society of Chemistry, copyright 2019, and
Elsevier, copyright 2022, respectively.
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more stable ‘persistent ink’ (Gal-C9) (Fig. 20d). Temporal evol-
ution, such as that observed in these dynamic materials, is of
key current interest in LMWG hydrogel science, ultimately
having potential for ‘4D’ control over stem cell growth (see
section 6.3).

Working in collaboration with Fitremann, we applied wet-
spinning to 3D-print our well-established DBS-CONHNH2

LMWG.78 The printed objects had a fibrillar morphology equi-
valent to that observed in the bulk gels, with excellent stability
in aqueous solution over extended periods of time, suitable for
cell culture. As described above, DBS-CONHNH2 can reduce
precious metals in situ to give metal nanoparticles.156 This
unique behaviour is programmed into the 3D-printed objects
based on this LMWG. DBS-CONHNH2 with embedded AuNPs
had excellent compatibility with Y201 hMSCs, with the pres-
ence of AuNPs enhancing stem cell proliferation. The positive
impact of AuNPs on stem cell growth is proposed to result
from their ability to act as cues that activate key intracellular
signalling pathways (see section 6.1.8).

6.1.7 Photopatterning. In 2014, we developed a method-
ology to photopattern multidomain hybrid LMWG/PG hydro-
gels via self-assembly of an LMWG and subsequent photo-
polymerization of the PG using a mask to create domains with
different compositions,172 which we went on to apply for con-
trolled release.173

In a landmark study, He and co-workers used this
approach to fabricate a multi-domain hybrid hydrogel for
tissue engineering.174 They employed a peptide LMWG and
selected poly(ethylene glycol) diacrylate (PEGDA) as the photo-
polymerisable PG (Fig. 21a). Performing photopolymerisation
through a mask polymerised rigid domains of PG within
the softer LMWG matrix. Careful characterization of the inter-
face regions between gel domains indicated interpenetrating
LMWG and PG networks of intermediate stiffness, with a
unique gradient of mechanical properties across the
interface. MSCs can proliferate and migrate into the gel
matrix. In the softer LMWG domain, MSCs undergo chondro-
genic differentiation while osteogenic differentiation
occurred on the stiffer domain where the PG has been cross-
linked (Fig. 21b). Excitingly, the interface between LMWG and
PG could direct osteochondral regeneration (cartilage
and subchondral bone). This indicates how interface regions
can be created in patterned multidomain gels with exquisite
control, allowing cells to take on more complex, tissue-like
structures.

We also recently reported the use of this approach to create
hybrid hydrogels based on the combination of an LMWG
(DBS-CONHNH2) with poly(ethylene glycol) dimethacrylate
(PEGDM).175 In this case, the bioactive growth factor promoter
heparin was also incorporated. The hybrid gel somewhat
restricted heparin release because of the interpenetrated net-
works. The multicomponent system was photopatterned
within a well-plate under a mask to yield gels with a softer half
and a stiffer half ready for cell culture. Confocal microscopy
using fluorescent hMSCs indicated the stem cells grew much
more effectively on the softer domain in the absence of cross-

linked PEGDM leading to spatially controlled cell growth on
the multi-domain gel because of the photopatterning.

6.1.8 Patterning by diffusion/stamping. Diffusion is an
interesting strategy for patterning self-assembled LMWGs. The
dynamic nature of self-assembled gels opens unique possibili-
ties both for spatial patterning, but also to achieve temporal
control over gel behaviour (see section 6.3). To exemplify the
potential of diffusion to spatially-resolve gels and hence influ-
ence stem cell growth, we developed a simple, innovative
approach to patterning DBS-CONHNH2.

176 Paper stamps were
loaded with Au(III) solution and placed on top of a hybrid
hydrogel combining the LMWG with gellan gum as a reinfor-
cing PG (Fig. 22). As Au(III) diffuses into the gel, it encounters
the LMWG and is reduced to Au(0). This led to easily visual-
ised purple-coloured AuNP patterns in the DBS-CONHNH2 gel.
The concentration of Au(III) loaded into the paper controlled
the lateral spatial resolution and the depth of patterning.

When hMSCs were grown on these patterned gels, much
better cell adhesion was observed on the AuNP-loaded
domains, with spread cell morphologies. In contrast, in the
unpatterned parts of the gel only composed of DBS-CONHNH2

and gellan gum, hMSC proliferation was lower, with rounded
cell morphologies. ALP expression measurements proved that
osteogenesis was taking place on the patterned domain, but
not in the unpatterned regions. The ability of AuNPs to
promote osteogenesis results from their involvement in intra-
cellular signalling pathways, such as p38 MAPK and Wnt/

Fig. 21 (a) Multi-domain gel in which the softer domain (peach) is
assembled from physically crosslinked LMWGs, while the stiffer domain
(blue) consists of a chemically crosslinked PG triggered by photopoly-
merisation. There is a degree of network overlap in the interface region.
(b) Stem cell growth responds to the mechanical properties of the
different domains, with chemical, structural and mechanical gradients
existing within the patterned material. Figure adapted from ref. 174 with
permission of Elsevier, copyright 2021.
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β-catenin. This simple patterning approach thus generates
LMWG hydrogels in which the fates of stem cells are under
precise spatial control.

Pires and co-workers demonstrated that a glycosylated
peptide LMWG could support the growth of cardiomyocytes,
enabling efficient electrical interconnectivity, with potential
applications in cardiac tissue regeneration.177 The researchers
micropatterned the LMWG by placing a polydimethylsiloxane
(PDMS) stamp with parallel grooves onto the gel, and applying
low pressure. This simple physical stamping approach created
a pattern with grooves 15 μm wide and 5 μm deep – these were
used to culture and promote alignment of pluripotent stem
cell-derived cardiomyocytes. Cardiac markers including gap
junction protein connexin-43, cardiac troponin T and sarco-
meric-α-actinin were detected, and the cultured cells exhibited
anisotropic synchronized contractions, indicating electrical
interconnectivity. Patterning was shown to enhance cell
elongation, providing the anisotropy required in cardiac
tissue.

6.2 Using gel fabrication method to tune hydrogel
performance

6.2.1 Cell-compatible gel fabrication. Depending on how
LMWGs are assembled into hydrogels, the resulting materials
can have very different properties. For example, fabricating a
gel and subsequently loading it with cells can have different
cell culture outcomes compared to triggering gel formation in
the presence of cells. The former approach starts off as a 2D
culture on the gel surface, and requires invasion of the cells
into the gel, while the latter can create 3D cell culture in situ.
However, many LMWGs are triggered by stimuli that are not
easily compatible with cell growth and do not allow the cells to
be present during gel preparation, hindering simple cell
encapsulation. Although examples where 3D culture is poss-
ible have been presented earlier in this review, it is nonethe-

less worth giving careful thought to the way an LMWG hydro-
gel is fabricated to optimise the possibility of effective 3D cell
culture. A number of LMWGs require an extreme temperature
cycle to assemble into a gel, limiting cell compatibility and
preventing injection in vivo. If the gels can instead be formed
by triggering gel formation with (e.g.) salts or cell culture, it
can become possible to mix a cell suspension with the LMWG
during gel formation, resulting in cell encapsulation.

With the goal of enabling 3D cell culture, Collier and co-
workers modified their larger peptide gelators to make them
more amenable to gel fabrication in the presence of cells.178

Their previous peptides required a low pH (ca. pH 3) to dis-
solve prior to assembly. The peptide was modified by incorpor-
ating a Gln-Glu unit, introducing negative charge at physiologi-
cal pH, meaning it dissolved more effectively. This enabled
hydrogel assembly in the presence of cells and was used by to
culture prostate cancer cells. Although cancer cells are not the
primary focus of this review, this study aimed to create
‘healthy’ cancer spheroids based on the tumour from an indi-
viudal patient as models of disease for use in personalised
medicine, determining optimum treatment regimes. Similarly,
Grabowska and co-workers used a FEFEFKFK peptide hydrogel
as a 3D model to culture breast cancer patient-derived xeno-
grafts (PDXs).179 The cancer cells grew and formed clusters in
the gel, allowing the development of 3D disease models
designed to test drug sensitivity.

Tomasini and co-workers demonstrated how thixotropic
LMWG hydrogels facilitate cell encapsulation.180 Their gel
based on a simple peptide binding to calcium ions could
assemble in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 1% fetal calf serum (FCS), penicillin (50 UI
mL−1), and streptomycin (0.05 mg mL−1), and on simple
shaking broke into a sol before re-assembling. Incorporating
human fibroblasts after shaking allowed them to be encapsu-
lated within the gel, which reformed around the cells. Kieltyka
and co-workers also used thixotropy to load hiPSCs into syn-
thetic LMWG hydrogels based on a triamine functionalised
with squaramides and peripheral PEG chains.181 Gentle pipet-
ting broke the gel and allowed stem cells to be introduced.
Furthermore, dilution enabled the gentle release of individual
cells from the gel. This highlights the advantages that supra-
molecular systems can exhibit in terms of cell encapsulation
and release if they possess reversible thixotropic character.

6.2.2 Changing gel properties by fabrication method. It
should be noted, however, that changing gel assembly method
can have profound and unexpected impacts on the resulting
gel, which must be considered when developing self-assem-
bling LMWG hydrogels for any sort of application. Most self-
assembled gels are kinetically trapped materials with meta-
stable structures as a result of the processing imposed on
them. The ‘history’ of an LMWG hydrogel can play a pivotal
role in directing how LMWGs assembles at the molecular-
scale, or in terms of modifying the nanoscale morphology and
rheological performance.182,183 Great care is therefore required
in the way these materials are handled/produced in order to
achieve reproducible results.184 However, this variability also

Fig. 22 Schematic of gold nanoparticle (AuNP) patterning on hybrid
hydrogel based on DBS-CONHNH2 and Gellan Gum (GG). Star-shaped
filter paper loaded with Au(III) is placed on the hydrogel (photograph
below), and Au(III) diffuses out, resulting in AuNP formation in situ and
resultant gel patterning (photograph below). hMSCs cultured on the
AuNP-loaded domain show differences in cell proliferation and mor-
phology, having high proliferation and spread shapes, with evidence of
osteogenesis compared with the unpatterned domain which exhibits
lower proliferation and rounded cell shapes (confocal microscopy image
of hMSCs at day 6 stained with calcein AM). Figure adapted from ref. 176
with permission of Wiley-VCH, copyright 2025.
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introduces an alternative mechanism through which the per-
formance of bioactive LMWG hydrogels can potentially be
controlled.

As an example of the impact of gel fabrication, Roy and co-
workers formed two-component hydrogels by mixing carboxy-
benzyl-protected diphenylalanine (Cbz-FF) and serine (Cbz-
S).185 The ratios were varied, and gel formation induced either
using a heat-cool cycle or by sonication. Using the heat-cool
approach, networks of long thin fibres were formed which
gave stiffer hydrogels, whereas sonication gave rise to flat-
twisted nanofibers and a softer gel. As such, these materials
were tunable both in terms of the co-assembly of Cbz-FF and
Cbz-S, and the chosen fabrication method. The viability of
mouse fibroblasts (L929) improved when a higher ratio of
hydrophilic Cbz-S was present. In terms of gel fabrication
method, there was higher cell adhesion, viability and prolifer-
ation in gels formed via heat-cool cycles, even though the
chemical composition was exactly the same as when soni-
cation was used. This highlights the importance of controlling
and understanding all levels of supramolecular assembly,
molecular, nanoscale and network, to direct cell growth suc-
cessfully using LMWG hydrogel materials.

6.3 Dynamic assembly – towards 4D control of cell growth

A key advantage of LMWG hydrogels in tissue culture is their
dynamic, responsive nature. For example, there is potential for
the gel scaffold to break down, either in a stepwise or a trig-
gered manner at a defined timepoint – this can limit biopersis-
tence or enable controlled release of encapsulated growth
factors or tissues. Furthermore, the self-assembled nature of
LMWG hydrogels gives them the potential to adapt and
change their structures over time, either as a result of their
inherent metastable nature or in response to stimuli. This
opens the possibility of scaffolds that interact with cells in
different ways at different timepoints. If combined with 3D
spatial control over cell growth via shaping and patterning
strategies (see section 6.1), this unlocks the possibility of ‘4D’
control over tissue culture. Although increasingly well-estab-
lished for polymer gels,186,187 the development of 4D methods
for tissue engineering using LMWG hydrogels remains a
nascent and exciting field of research, perfectly poised to take
advantage of the unique dynamic potential of this class of
material.

6.3.1 Controlled gel disassembly. Although there are
numerous reports of cell growth in LMWG hydrogels, examples
in which the cells are extracted from the support at the end of
cell culture remain relatively limited. It is perhaps surprising,
given the reversibility of LMWG gels is an often-cited key
potential advantage of their use in a biological setting.
Although some examples were presented earlier in the article,
it is worth considering why disassembly is relatively rare.
Primarily, it is because LMWG gels are often disassembled by
stimuli such as heating or a significant pH change, which
would be detrimental to sensitive cultured cells.

In 2012, Yang and co-workers reported a peptide LMWG
modified with an adamantane as the N-terminal hydrophobic

unit.188 Having demonstrated it was compatible with mouse
fibroblast 3T3 cells, they went on to show that the addition of
methyl-β-cyclodextrin (M-β-CD) could break down the gel and
release the cells. This is a result of selective binding between
M-β-CD and the adamantane unit driving gel disassembly, a
supramolecular approach to gel breakdown. This has clear
benefits when further study of individual cells is required after
cell culture, and the authors commented on the relevance of
such materials to studies of stem cell differentiation.

In 2024, an elegant example of stem cell release from a PA
hydrogel was reported by Mata and co-workers.189 To initially
form the gels, the glutamic acid (pKa = 4.25) in the PA was
deprotonated, and gelation induced by the addition of metal
ions, which coordinate with the glutamate unit (Fig. 23a). To
disassemble the hydrogel, tetrasodium ethylenediamine tetra-
acetic acid (Na4EDTA) was added. This chelates metal ions and
hence breaks apart the self-assembled metal-coordinated
nanostructure (Fig. 23b). Three different methods were used
for cell retrieval – Na4EDTA, enzymatic degradation and
mechanical disruption by pipetting. More cells were retrieved
when using Na4EDTA, and cell viability was also higher. This
recent work clearly demonstrates how developing simple cyto-
compatible triggers for gel disassembly remains of
importance.

Demonstrating a different type of triggered response, Zhang
and co-workers developed a photo-responsive peptide LMWG
for use with hMSCs.190 UV exposure induced the structural
transformation of the tetrazole moiety in the LMWG to yield a
fluorescent pyrazoline cycloadduct. This disrupted π–π inter-
actions in the supramolecular structure and hence dis-
assembled the gel. The researchers also demonstrated that
photoirradiation through a photomask to pattern the gel could
release encapsulated horse serum from the UV-exposed
domain. This is known to lead to the differentiation of mouse
myoblast C2C12 cells cultured in 2D on top of the gel.
Furthermore, hMSCs grown in 3D within the gel exhibited

Fig. 23 (a) Schematics of PA-E3 molecules self-assembling through
interaction with CaCl2 and disassembling on addition of Na4EDTA which
binds to calcium ions through chelation. (b) PA-E3 hydrogels are dis-
assembled to retrieve encapsulated cells for downstream biological ana-
lyses. Figure adapted from ref. 189 with permission from the Royal
Society of Chemistry, copyright 2024.
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morphologies with greater spreading after a short period of UV
irradiation, which was assigned to the photo-induced change
in the hydrogel matrix.

6.3.2 Dynamic processes within LMWG hydrogels. In order
to start exploring the dynamic evolution of gel scaffolds over
time, Das and co-workers recently presented the dissipative
self-assembly of a peptide-based LMWG capable of supporting
stem cell growth (Fig. 24).191 Dissipative self-assembly occurs
when non-assembling building blocks are activated by a
chemical ‘fuel’ to obtain an active gelator, which subsequently
assembles into a gel. However, once the fuel is exhausted, the
chemical reaction is reversed, and the active LMWG is con-
verted back into the precursor, leading to gel disassembly. The
transient fuelled nature of dissipative gels mimics the dynamic
aspects of many assembly processes found in nature.192 In
Das’s work, a lipase enzyme catalysed esterification between
p-hydroxybenzyl alcohol and a peptide bolaamphiphile,
forming a monoester and then a diester. The diester is the
active LMWG, and assembles to form thixotropic nanofibrillar
hydrogels, a process that took place over several days. As the
alcohol became depleted, the diester then hydrolysed, and the
gel broke down. The authors demonstrated that this hydrogel
could be used as scaffold to support human umbilical cord
stem cell proliferation. However, they did not couple the
dynamic properties of the gel to cell growth outcomes – to
achieve this would begin to allow soft materials to exert tem-
poral control over cell growth and potentially harness the
unique potential of these dynamic gel-phase materials by
interfacing them with dynamic biological tissue.

More recently, Das and co-workers explored a conceptually
related dissipative system based on G-quartet assembly in
which a modified guanine unit could undergo lipase-mediated

esterification on its carboxylic acid chain terminus, activating
the building block towards self-assembly.193 In this work, they
applied the scratch wound test to assess cell migration
capacity. Cells were cultivated in a 24-well cell culture plate for
24 h, then a scratch was made using a sterile 200 μL tip and
treated with the dynamic hydrogel. Fibroblasts were observed
to migrate into the wound area for 24 h after treatment with
the hydrogel (0.25 or 0.5 mM), with greater wound closure at
higher loading.

Dynamic processes lie at the frontiers of self-assembled
materials and offer a unique advantage of LMWG hydrogels in
comparison to more static polymer systems. However, such
processes are relatively challenging to measure and control. It
is perhaps surprising given rapid current progress in this field
of research, that very few studies have tried to use such
materials with cells, and as yet, dissipative assembly has not
been directly coupled to cell growth. It seems likely that pro-
cesses coupling diffusion and dynamic exchange to stem cell
growth outcomes at defined timepoints will become of increas-
ing importance in developing next-generation cell growth
scaffolds.

6.3.3 Bioresponsive hydrogel assembly. The development
of LMWG hydrogels triggered by enzymatically driven reactions
has seen significant effort.194 The enzyme typically drives a
reaction that changes the solubility of an LMWG precursor,
converting it into a form capable of self-assembly. Xu and co-
workers have reviewed the significance of such processes
within a cellular context.195 Clearly, gels that can assemble in
response to enzymes have the potential to exhibit dynamic
characteristics in the presence of cells.

In 2019, Xu and co-workers demonstrated that cells could
instruct the assembly of an intercellular gel network, to create
a kind of extracellular matrix, enabling the formation of cell
spheroids (Fig. 25).196 The phosphopeptide LMWG assembles
into gel nanofibres on partial dephosphorylation catalysed by
enzymes (e.g. phosphatases) in the intracellular space.
Working with HS-5 cells, an immortalized human bone
marrow stromal cell line characterized by fibroblast-like mor-
phology, sheets of these cells could be encouraged to form cell
spheroids. The LMWG had several features enabling this: (i)
dephosphorylation enables assembly, (ii) D-chirality endows
proteolytic stability, and (iii) biotin conjugation incorporates a
cell-surface targeting ligand. HS-5 cells were chosen because
they express relatively low level of phosphatases and only syn-
thesize 3D ECM slowly. After being treated with the LMWG
precursor in the culture medium for 24 h, HS-5 cells formed
3D cell spheroids from a 2D cell sheet, while in the absence of
the LMWG precursor, the cells remained as a 2D sheet. Adding
analogues without (i) the biotin motif or (ii) the phosphate
group, meant the HS-5 cells remained as a 2D sheet, demon-
strating the importance of the bioactive cues built into the
LMWG for controlling dynamic assembly. TEM confirmed
assembly of fibrillar objects between cells, with the dynamic,
morphological change being reminiscent of the cell-mediated
dynamics of fibronectin (i.e., from globular to fibrillar struc-
tures during unfolding processes). It was concluded that the

Fig. 24 Dissipative reaction cycle in which an unactivated peptide
bolaamphiphile reacts with p-hydroxy benzylalcohol to give monoester
then diester. The diester self-assembles into nanofibers and forms a
hydrogel. Subsequent hydrolysis dissipates energy, resulting in hydrogel
disassembly. If the rate of ester hydrolysis (Pd) is lower than that of ester-
ification (Pc), the gel can form. Figure adapted from ref. 191 with per-
mission from the American Chemical Society, copyright 2015.
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LMWG plays a biomimetic role in inducing formation of cell
spheroids.

In 2023, Xu and co-workers further elaborated on this
approach to gain full mechanistic understanding using a
related LMWG precursor tagged with a fluorescent probe,
enabling detailed microscopy.197 Once again, this system
induced intercellular nanofibres/gel assembly that potentially
interact with fibronectin to enable cell spheroid formation. In
this case, it was found that processes taking place within the
cell played an integral role. Specifically, the D-phosphopeptide,
being protease resistant, underwent endocytosis into the cell
followed by endosomal dephosphorylation to generate helical
nanofibres. On exocytotic secretion to the cell surface, these
nanofibres then formed the intercellular gel that acts as an
artificial matrix, facilitating fibrillogenesis of fibronectins and
inducing cell spheroid formation. No spheroids were observed
without endo- or exocytosis, phosphate triggers, or nanofibril-
lar morphology of the peptide assemblies.

This work clearly demonstrates how dynamic processes
induced by biological cellular processes can be interfaced with
gel assembly and that in turn, gel assembly can have a direct
influence on the behaviour of the cell culture. It is anticipated
that in future work, much progress can be made in the synergy
between dynamic synthetic and biological systems to achieve
tailored outcomes in terms of tissue engineering and regenera-
tive medicine.

7 Conclusions and perspectives

In summary, LMWG hydrogels have significant value as extra-
cellular matrix mimics capable of supporting the growth of
stem cells, with potential applications in regenerative
medicine.

A key advantage of LMWG hydrogels is the significant
capacity for structural variation. Peptide LMWGs have perhaps

the greatest range of tunability given the variability of amino
acid building blocks and the high degree of non-covalent
structuring afforded by the hydrogen bonding peptide back-
bone. Other biological building blocks also have hydrogen
bonding groups to allow fibril assembly, can be easily modi-
fied, and offer an effective way of avoiding the hydrolytic degra-
dation of peptides. However, perhaps the greatest structural
advantage of the supramolecular approach to gel assembly is
the ability to combine different LMWGs and hence create
multi-functional materials taking advantage of either co-
assembly or self-sorting strategies. This is a simple and
effective way of enhancing the function of LMWG hydrogels at
low synthetic cost, and allows facile tuning of mechanical pro-
perties, gel dynamics, or the incorporation of ligands to encou-
rage cell adhesion, tags for imaging or other bioactive com-
ponents into the gel network.

Chirality is a key structural characteristic that can tune
the performance of LMWG hydrogels. In a simple sense, it
can impact on biostability, preventing hydrolytic
breakdown. However, the chirality of a gel, either at molecular
or nanoscale levels can impact on cellular outcomes – clearly
indicating that the self-assembling LMWG hydrogel can inter-
act with chiral components within the cell, or important to
cell growth and adhesion. Hierarchical assembly of LMWG
hydrogels across multiple length-scales introduces unique pos-
sibilities to the ways in which these materials can interact with
growing cells.

It is well-established that mechanical properties of gels can
impact on stem cell growth, directing differentiation. Although
demonstrated for LMWG hydrogels, it has still not been as
widely explored as for PG hydrogels. However, one area in
which LMWG hydrogels may surpass polymer systems is in
terms of their dynamics. These materials express dynamic
behaviour at both molecular and network levels that can
impact on cell growth. Careful work is beginning to unpick the
interplay between dynamic factors and mechanical character-
istics in terms of directing stem cells. It seems likely that sig-
nificant progress will be made in this area, and that ‘ground
rules’ for the impacts of dynamics on stem cells will start to
emerge.

Importantly, the need to understand non-covalent inter-
actions across multiple length scales lies at the heart of devel-
oping a full understanding of the interface between LMWG
hydrogels and stem cells. Both LMWG hydrogels and cells are
inherently multi-scale materials, and understanding the inter-
play between these is essential. Therefore, as well as approach-
ing transformative applications, research in this field has the
potential to fundamentally innovate new principles in supra-
molecular science.

To extend the scope of LMWG hydrogels, co-formulation is
a powerful strategy. Combining LMWG hydrogels with PGs or
bioactive agents can harness the best of both types of material
for directing stem cells. In future work, the structural varia-
bility and dynamic potential of LMWG hydrogels may both be
used to significantly extend the performance of PGs and other
active agents.

Fig. 25 Intercellular instructed-assembly of LMWG precursor (pD1-B)
with enzymatically induced dephosphorylation leading to gel assembly
and hence encouraging the conversion of 2D cell sheets into 3D spher-
oids. This process that mimics the essence of the dynamics of proteins
such as fibronectin in the extracellular matrix. Figure adapted from ref.
196 with permission from the American Chemical Society, copyright
2019.
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It is evident that extracellular matrix uses multiple different
cues to simultaneously communicate with growing stem cells –
mechanical, dynamic, chemical, biointeractive, etc. However,
current LMWG hydrogels often remain limited to relatively
simple single or dual signals. Multi-signal synergistic hydro-
gels represent a key frontier in the use of LMWG hydrogels for
tissue engineering, however, untangling a detailed under-
standing of how such systems truly operate, and developing
predictive capacity for soft materials design from first prin-
ciples, will be significant fundamental challenges. It is poss-
ible that machine learning may offer approaches to gaining
this type of insight across multiple complex systems.

Increasingly, attention is beginning to focus on how gels
can be engineered to create more complex systems that achieve
structured cell growth with a greater degree of complexity. For
example, patterned materials can instruct stem cells to behave
differently on different gel domains. This could help unlock
ex vivo generation of more complex tissues ready for implan-
tation. Clearly, new ways of shaping and patterning LMWG
hydrogels have significant value. In addition, harnessing the
dynamics of supramolecular materials, opens the possibility of
4D control over cell growth, in which the LMWG hydrogel
evolves its composition or structure over time, and hence
directs cells with a degree of temporal control. At present this
is an unfulfilled target.

We therefore conclude that LMWG hydrogels have unique
potential in tissue engineering and regenerative medicine.
Some of the earliest gels based on larger peptides have already
been commercialised as cell growth media, and therapeutic
applications are under intense development. It is expected that
smaller low-molecular-weight gelators will constitute the next
generation of smart materials for tissue growth, benefitting
from their low cost combined with easy incorporation of
advanced functionality. By combining their unique structural
characteristics with dynamics and gel engineering, we propose
that LMWG hydrogels will become more closely mimetic of the
extracellular matrix, and potentially offer capabilities that are
not easily possible within natural systems, hence unlocking
new vistas in tissue engineering and regenerative medicine.
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