
eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk

Universities of Leeds, Sheffield and York

Deposited via The University of York.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/190825/

Version: Published Version

Article:

Piras, Carmen Cristina, Genever, Paul and Smith, David Kelham (2022) Combining gellan 
gum with a functional low-molecular-weight gelator to assemble stiff shaped hybrid 
hydrogels for stem cell growth. Materials Advances. pp. 7966-7975. ISSN: 2633-5409 

https://doi.org/10.1039/D2MA00565D

Reuse 

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence 
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the 
authors for the original work. More information and the full terms of the licence here: 
https://creativecommons.org/licenses/ 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

mailto:eprints@whiterose.ac.uk
https://doi.org/10.1039/D2MA00565D
https://eprints.whiterose.ac.uk/id/eprint/190825/
https://eprints.whiterose.ac.uk/


© 2022 The Author(s). Published by the Royal Society of Chemistry Mater. Adv.

Cite this: DOI: 10.1039/d2ma00565d

Combining gellan gum with a functional
low-molecular-weight gelator to assemble stiff
shaped hybrid hydrogels for stem cell growth†

Carmen C. Piras, a Paul G. Geneverb and David K. Smith *a

We report hybrid hydrogels that combine gellan gum (GG) polymer gelator (PG) with a low-molecular

weight gelator (LMWG) based on 1,3:2,4-dibenzylidene sorbitol (DBS). We fabricate these gels into beads

using a heat–cool cycle to set the LMWG gel and then using different calcium sources (CaCl2 and

CaCO3) to subsequently crosslink the gellan gum. In the case of CaCO3, glucono-d-lactone (GdL)

is used as a slow acidification agent to slowly solubilise calcium ions and induce GG crosslinking.

Alternatively the photoacid generator, diphenyliodonium nitrate (DPIN) can be used with UV irradiation

to solubilise CaCO3 and induce GG gelation, in which case, a photomask applied to gels made in trays

yields photopatterned gels. Combining the LMWG with gellan gum further enhances the stiffness of GG,

and importantly, makes the gels significantly more resistant to shear strain. LMWG/GG hybrid gels are

considerably stiffer than equivalent LMWG/alginate gels. The DBS-CONHNH2 LMWG retains its unique

ability to reduce precious metal salts to nanoparticles (NPs) within the hybrid gel beads, as demonstrated

by the in situ fabrication of AgNPs. The hybrid gel beads support the growth of human mesenchymal

stem cells for extended periods of time. We suggest that the favourable rheological properties of these

hybrid gels, combined with the ability of the LMWG to form AgNPs in situ, may enable potential future

orthopedic applications.

Introduction

Gels are fascinating soft materials, intermediate between solids

and liquids, with wide-ranging applications from food technol-

ogy and personal care through to drug delivery and regenerative

medicine.1 Gels can be formed by a variety of different systems –

particularly important amongst these are gels formed by poly-

mer gelators (PGs)2 and those formed by low-molecular-weight

gelators (LMWGs).3 Each of these classes of gelator offers

specific advantages, and in recent years, combining the two

to yield hybrid hydrogels has emerged as a powerful strategy for

creating addressable, tunable multi-component soft materials.4

This can provide access to shaped and patterned gel-phase

materials with high added value.5 With this strategy in mind,

we became interested in the use of gellan gum as the polymeric

component of such hybrid gels.

Gellan gum is a low-cost extracellular polysaccharide pro-

duced by Sphingomonas bacteria.6 This anionic polymer is

typically composed of tetrasaccharide repeat units consisting

of two D-glucose, one D-glucuronic acid and one L-rhamnose

residues (i.e. [D-Glc(b1 - 4)D-GlcA(b1 - 4)D-Glc(b1 - 4)L-

Rha(a1 - 3)]n, Fig. 1). Gellan gum is mainly used as a

gelling agent, and is typically activated either thermally or by

cross-linking with divalent metal cations. Having only been

Fig. 1 Chemical structures of DBS-CONHNH2 and gellan gum, and

schematic methods of fabrication of hybrid gels: (1) gel beads using CaCl2,

(2) gel beads using CaCO3 and glucono-d-lactone (GdL), and (3) photo-

induced gels using CaCO3 and diphenyliodonium nitrate (DPIN).
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discovered in 1978, and FDA approved in 1992,7 it is a relatively

‘young’ biomaterial compared to other gelling polysaccharides,

such as agarose, alginate or cellulose. However, thanks to its

ease of gelation, tuneable physical properties and versatility,

research on this PG has seen significant recent expansion. In

the food industry, it is widely used as a thickener, stabilizer and

binder, as well as a replacement for gelatine in vegan products.8

Biomedical applications of gellan gum hydrogels include, tissue

engineering, repair and regeneration,9 biosensor synthesis10 and

pharmaceutical formulation for oral, nasal, topical and injectable

administration.11 However, gellan gum has some disadvantages

in terms of its use in regenerative medicine – specifically its

relatively brittle nature and a lack of attachment sites for

anchorage-dependent cells.12 As such, making synthetic modifica-

tions to gellan gum and/or blending it with a different additives

has become an area of significant interest.13

Research in our group has recently explored multicompo-

nent hybrid hydrogels based on calcium alginate and the low

molecular weight gelators (LMWGs) based on 1,3:2,4-dibenzyl-

idene sorbitol (DBS), i.e. DBS-CONHNH2 and DBS-COOH

(Fig. 1).14 We have demonstrated that in such hybrid gels, the

LMWGs provided functionality, whilst the alginate offered

mechanical support and robustness to shape and structure

the LMWGs into gel beads or tubes. On starting this work with

gellan gum, we wanted to explore the potential use of this PG

instead of calcium alginate to develop gels with enhanced

properties. Taking into account the wide range of applications

of gellan gum, we reasoned that this polymer could be an

interesting alternative to alginate for the formulation of

LMWG/PG hybrid gels. In particular, the high stiffness of gellan

gum was attractive as it may broaden the rheological range over

which our LMWGs can operate, potentially opening up new

applications.

We thus report the fabrication of shaped and patterned

hybrid gels comprising DBS-CONHNH2 and gellan gum (GG),

exploring how their rheological properties combine in a syner-

gistic way. The LMWG retains its unique feature of inducing

in situ formation of silver nanoparticles (AgNPs),15 and the

resulting hybrid hydrogels are compatible with the growth of

human mesenchymal stem cells. We suggest such materials

may have potential future uses in regenerative medicine.

Results and discussion
Hybrid DBS-CONHNH2/GG gel beads cross-linked with CaCl2

DBS-CONHNH2 was synthesized in good yield by our previously

reported procedure.16 This LMWG forms hydrogels by a heat–

cool cycle. Gellan gum (GG) is a commercially-available poly-

saccharide and was used as supplied (Alfa Aesar). GG can form

stiff hydrogels when cross-linked with Ca2+ ions. Therefore, the

LMWG was used as a scaffold to support the subsequent

gelation of GG, induced by Ca2+.

Initially DBS-CONHNH2/GG gel beads were prepared by the

emulsion method previously described by us,14 with CaCl2
being used for crosslinking (Fig. 1). Briefly, DBS-CONHNH2

(0.3% wt/vol) was suspended in water (0.5 mL) and then

combined with an aqueous GG solution (0.1–1.0% wt/vol, 0.5 mL).

The suspension was heated until complete dissolution of the solid

particles and subsequently added dropwise (20 mL per drop) to

paraffin oil (40 mL). The droplets were left undisturbed for 20min

to allow assembly of the DBS-CONHNH2 network, which acts as a

scaffold to support the subsequent gelation of GG. To cross-link

GG, the gel beads were then transferred to a CaCl2 solution (5.0%

wt/vol) and gently mixed for ca. 20 min to allow diffusion of the

Ca2+ into them. After this time, to remove residual paraffin oil, the

gel beads were washed with petroleum ether, then EtOH and

finally water. Small beads with a 3.0–3.5 mm diameter were

obtained (Fig. 2a). The bead diameter is controlled by the droplet

size during fabrication – smaller gel beads could be obtained by

addition of smaller volumes.14a,e

In this method, the Ca2+ ions are readily available and

quickly cross-link the polymer from the outside, then penetrate

inside the gel beads by diffusion. Possibly as a result of this, the

surface and cross-section of the beads appear heavily wrinkled

(Fig. 2b and c). Optical microscopy of the gel bead cross-

section, embedded into resin and stained with toluidine blue,

showed a uniform distribution of gel networks, consistent with

a model in which they are woven within the gel beads (Fig. 2d).

SEM microscopy of the gel beads showed a wrinkled surface

and a nanofibrillar core, thus further confirming the incorpo-

rated gelators were in their self-assembled state (Fig. 2e, f and

Fig. S7, ESI†), although it was not possible to distinguish

the two networks using this approach. TEM images were also

recorded (Fig. S4–S6, ESI†).

To confirm the two gelators were self-assembled within the

gel beads, we recorded a standard 1H NMR spectrum of five gel

beads in D2O, in the presence of DMSO (1.4 mL) as internal

standard. The lack of any signals in the recorded spectra

indicates that both gelators are completely ‘immobilised’

within the gel beads (Fig. S1, ESI†).

Another simple 1H NMR spectroscopy experiment, carried

out on 10 dried beads, subsequently dissolved in DMSO-d6 in

Fig. 2 Images of DBS-CONHNH2/GG hybrid gel beads cross-linked with

CaCl2. (a) Photographic images of the gel beads. (b and c) SEM images of a

whole gel bead and gel bead surface. (d) Optical microscopy of gel bead

cross-section embedded into resin and stained with toluidine blue. (e and

f) SEM images of gel bead cross-section. N.B. image (d): the gel bead

section was fragmented during preparation.
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the presence of an internal standard (MeCN), allowed estima-

tion of the amount of LMWG incorporated into each bead. By

comparing the aromatic C–H integrals of DBS-CONHNH2 with

the internal standard we could quantify how much LMWG had

been incorporated into the beads. Given the beads were pre-

pared using 20 mL per droplet, in theory, 1 mL can prepare 50

beads. Since an initial 0.3% wt/vol concentration of DBS-

CONHNH2 was used, corresponding to 6.32 mmol, each gel

bead can contain up to 0.126 mmol of LMWG. Our study

indicated that each hybrid bead incorporates ca. 0.11 mmol of

DBS-CONHNH2 (Fig. S2, ESI†). Therefore, the vast majority of

the LMWG initially loaded is retained inside the gel beads.

The macroscopic physical properties of the gels were then

studied in terms of thermal stability and rheological behaviour.

Initially, the thermal stability of equivalent gels made in sample

vials was evaluated using a simple tube-inversion method. The

gel–sol transition temperature of DBS-CONHNH2 (0.4% wt/vol)

is 86 1C. In the presence of increasing GG loadings (0.1, 0.3, 0.5

and 1.0% wt/vol), this rises to 4100 1C (Table S1, ESI†). As

expected therefore, the PG improves the thermal stability.

To study the thermal stability of the hybrid gel beads in

more detail over time, we performed an NMR experiment at

90 1C and monitored the disassembly of the LMWG, as the

LMWG becomes mobile, its 1H NMR resonances increase in

intensity. After only 15 min ca. 40% of the LMWG had disas-

sembled, increasing to a maximum of ca. 60% after 3.5 h (Table

S3, ESI†). It is possible that not all LMWG is mobilised since

CaCl2 cross-links GG by diffusion from the outside of the beads,

a tougher GG ‘shell’ could form, somewhat protecting the

LMWG network from being thermally disrupted and dissolved

into the hot solvent.

Importantly, the mechanical properties of the hybrid gels

were then studied by oscillatory rheology (Table 1). To record

reproducible parallel plate rheometry data it was necessary to

use equivalent gel discs made in sample tubes, rather than

testing the beads (see ESI†). The DBS-CONHNH2 gel has an

elastic modulus (G0) of ca. 800 Pa (Fig. S9, ESI†), which

increases to 3980, 11 200, 23 500 and 46 600 with increasing

GG loadings (0.1, 0.3, 0.5, 1.0% wt/vol) – a remarkable increase

in stiffness. To some extent, this was partly expected, as GG is a

stiff gel,17 however, the values obtained are even higher than

those of the G0 values of the GG gels alone (3290, 4560, 10 500

and 17 300 Pa; respectively at 0.4, 0.6, 0.8 and 1.3% wt/vol

concentrations; Fig. S10–S13, ESI†). This suggests that the

inter-penetrating PG/LMWG networks within the hybrid mate-

rial significantly stiffen the gel.

Furthermore, it is informative to consider the shear strain at

which the gels break down as defined by the G0/G00 crossover

points. On its own, gellan gum, although a stiff gel, has very

poor resistance to shear, and is brittle, fracturing easily.

Indeed, this is a significant drawback in terms of its use in

some applications.12 Indeed, we found that for GG alone, G0 =

G00 at a shear strain of only ca. 1%. However, on blending with

DBS-CONHNH2, the stability to shear strain increases signifi-

cantly – up to 7.7% for the sample containing 0.3% wt/vol DBS-

CONHNH2 and 0.3% wt/vol GG. The high shear resistance of

DBS-CONHNH2 (ca. 25% shear strain) therefore translates into

these hybrid gels and very significantly improves the rheologi-

cal operating window of GG.

It is worth comparing the performance of these GG/LMWG

hybrid gels with the alginate/LMWG hybrid gels previously

reported by us.14a As might be expected, the GG/LMWG hybrids

are very significantly stiffer than those based on alginate.

Indeed, with G0 values up to ca. 50 kPa, gellan gum moves

these hybrids into the range of stiffnesses required for effective

osteogenesis (i.e., differentiation of stem cells into bone

cells).17 At the same time, the LMWG makes the GG signifi-

cantly more resistant to shear strain than native GG, improving

its handling. Furthermore, it adds additional function to the

gels that may be useful in an osteogenesis setting (see below).

In summary therefore, GG provides DBS-CONHNH2 with

stiffness, while DBS-CONHNH2 provides GG with greater shear

resistance, meaning that these hybrid hydrogels may extend the

potential applications of both LMWG and PG by combining the

best of their individual rheological characteristics.

Hybrid DBS-CONHNH2/GG gel beads cross-linked with CaCO3/

GdL

A different procedure was then applied to obtain DBS-

CONHNH2/GG gel beads using CaCO3 as a cross-linker. CaCO3

is insoluble in water, and therefore cannot directly crosslink

gellan gum. However it has been shown for other polysacchar-

ides that on slow acidification, Ca2+ is released and gel cross-

linking can take place.18 To achieve slow acidification, glucono-

d-lactone (GdL) is ideal – it slowly hydrolyses, and lowers pH

over a period of hours.19 This approach has previously been

quite extensively used to crosslink alginate hydrogels.20 GdL

has also been combined with calcium carbonate to form

alginate/GG hybrids, although it is not clear whether the gellan

Table 1 Rheological data as determined using oscillatory rheometry with

a parallel plate geometry, for DBS-CONHNH2 gels, gellan gum gels,

alginate gels and hybrid gels based on gellan gum/LMWG or alginate/

LMWG.14a In all cases, the PG component is crosslinked using 5% wt/vol

CaCl2. Loadings are given in % wt/vol. G0 values are given in Pa. The G
0/G00

crossover point refers to the % shear strain at which G
00 = G

0

LMWG
load (%)

GG load
(%)

Alginate
load (%)

Total
load (%)

Gel
trigger

G0

(Pa)
G0/G00

crossover (%)

0.4 — — 0.4 Heat/cool 800 25.1
— 0.4 — 0.4 CaCl2 3290 1.0
— 0.6 — 0.6 CaCl2 4560 1.1
— 0.8 — 0.8 CaCl2 10 500 2.0
— 1.3 — 1.3 CaCl2 17 300 1.0
0.3 0.1 — 0.4 CaCl2 3980 6.3
0.3 0.3 — 0.6 CaCl2 11 200 7.7
0.3 0.5 — 0.8 CaCl2 23 500 6.9
0.3 1.0 — 1.3 CaCl2 46 600 2.3
— — 0.4 0.4 CaCl2 490 6.5
— — 0.6 0.6 CaCl2 1420 19.9
— — 0.8 0.8 CaCl2 2500 2.3
— — 1.3 1.3 CaCl2 17 100 8.5
0.3 — 0.1 0.4 CaCl2 1730 50.6
0.3 — 0.3 0.6 CaCl2 6030 41.2
0.3 — 0.5 0.8 CaCl2 8030 18.4
0.3 — 1.0 1.3 CaCl2 17 500 2.8
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gum was actually crosslinked via the same mechanism as the

alginate in this case.21 There has been some interest in incor-

porating CaCO3 microparticles into GG gels – they can slowly

release Ca2+ even in the absence of an acid source and are also

highly relevant in bone tissue engineering.22 GdL alone has also

been used to trigger the assembly of emulsion gels based on

GG,23 which can be achieved if the pH drops below 3.5. As far as

we can tell, however, although widely used for alginate gels, it

has not been clearly demonstrated that the CaCO3/GdL

approach can crosslink gellan gum via Ca2+ release, and we

therefore wanted to test this. We found that GG gels in vials

could be produced using this approach (see ESI† and charac-

terisation below).

We therefore moved on to test this approach for making

hybrid gel beads, in the same way we had previously reported

for alginate/LMWG hybrids.14d After dropwise addition of the

hot mixture containing the two gelators, GdL and CaCO3 into

paraffin oil, the droplets were left undisturbed overnight to

allow the slow release of Ca2+ ions that cross-link GG in situ

(Fig. 1). After this time, small gel beads (diameter 3.0–3.5 mm)

were collected from paraffin oil and washed multiple times as

described above (Fig. 3a). The final pH of the gel beads is 5–6,

with the precise value depending on the amount of GdL used in

the formation process (Fig. S18 and S19, ESI†). As such, we are

confident that the GdL is not inducing GG assembly simply by

protonation of the polymer backbone itself, as that would

require the pH to fall significantly lower.23

Although this method of bead formation is similar to that

using CaCl2, in this case, the release of Ca2+ takes place slowly

over time, throughout the bead itself, rather than rapidly from

the periphery. As such, GG gelation happens in a more homo-

geneous, temporally-controlled manner. This leads to more

uniform gel beads with smoother surfaces (Fig. 3b, c and Fig.

S26, ESI†). Furthermore, because the beads are formed in

paraffin, they are more uniform and spherical (Fig. 3a) than

the beads crosslinked with CaCl2 (Fig. 2a). Optical microscopy

of the gel bead cross-section, embedded into resin and stained

with toluidine blue, showed a uniform distribution of the two

gel networks, consistent with a model in which they are woven

within the gel beads (Fig. 3c and Fig. S23, ESI†). SEM micro-

scopy showed a nanofibrillar gel bead core, thus further con-

firming that the incorporated gelators were in their self-

assembled state (Fig. 3e, f and Fig. S27, ESI†). The data were

consistent with assembly of both gelators, although unfortu-

nately did not allow us to distinguish between the self-

assembled networks formed by the individual components.

TEM images of the different gels were also recorded (Fig. S24

and S25, ESI†).

Once again, 1H NMR spectroscopy was used to confirm that

the two gelators were self-assembled within the gel beads, with

data indicating both gelators are completely ‘immobilised’

(Fig. S20, ESI†). Using NMR to estimate the amount of LMWG

incorporated into each bead (see method above), we found that

each CaCO3 hybrid bead incorporates ca. 0.10 mmol (Fig. S21,

ESI†) of the theoretical maximum of 0.126 mmol – ca. 80%.

Therefore, the majority of the LMWG is retained inside the

gel beads.

Like the gels formed using CaCl2, the thermal stability of the

hybrid gels triggered by CaCO3/GdL gels is 4100 1C (0.15% wt/

vol CaCO3/1.0% wt/vol GdL; Table S4, ESI†) as measured by

tube inversion, with the PG improving the thermal stability of

the gel. More detailed NMR studies indicated that when the

gel beads were incubated at 90 1C, after only 15 min ca. 40% of

the LMWG was disassembled (Table S3, ESI†), increasing to a

maximum of ca. 71% after 5.5 h. This is broadly similar to the

CaCl2 system – the slightly greater degree of LMWG disassembly

may reflect the fact that for the CaCO3/GdL gel beads the exterior

is less heavily crosslinked GG.

The mechanical properties of these hybrid gels were then

studied by oscillatory rheology using gel discs (Table 2 and Table.

S5, ESI†). As for the gels triggered by CaCl2, the presence of gellan

gum increased the stiffness of the gel very significantly, with G0

values of 2580, 11300 and 19300 Pa with increasing GG loadings

(0.1, 0.3 and 0.5% wt/vol; Fig. S33–S35, ESI†); once again, these

were higher than the G0 values of GG-only gels (1760, 4630 and

8950 Pa; Fig. S30–S32, ESI†) demonstrating the benefits of inter-

penetrated LMWG/PG networks. Once again, these stiffnesses are

higher than those previously reported for equivalent alginate/

LMWG hybrid hydrogels (data not shown).14d

Fig. 3 Images of DBS-CONHNH2/GG hybrid gel beads cross-linked with

CaCO3/GdL. (a) Photographic images of the gel beads. (b and c) SEM

images of a whole gel bead and gel bead surface. (d) Optical microscopy of

gel bead cross-section embedded into resin and stained with toluidine

blue. (e and f) SEM images of gel bead cross-section.

Table 2 Rheological data as determined using oscillatory rheometry with

a parallel plate geometry, for DBS-CONHNH2 gels, gellan gum gels and

hybrid gels based on gellan gum/LMWG. In all cases, the PG component is

crosslinked using 0.15% wt/vol CaCO3 and 1% wt/vol GdL. Loadings are

given in % wt/vol. G0 values are given in Pa. The G
0/G00 crossover point

refers to the % shear strain at which G
00 = G

0

LMWG
load (%)

GG load
(%)

Total
load (%)

Gel
trigger G0

G0/G00

crossover (%)

0.4 — 0.4 Heat/cool 800 25.1
— 0.4 0.4 CaCO3/GdL 1760 0.8
— 0.6 0.6 CaCO3/GdL 4630 0.5
— 0.8 0.8 CaCO3/GdL 8950 1.3
0.3 0.1 0.4 CaCO3/GdL 2580 15.9
0.3 0.3 0.6 CaCO3/GdL 11 300 7.4
0.3 0.5 0.8 CaCO3/GdL 19 300 5.4
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In terms of resistance to shear strain, the advantages of the

hybrid hydrogel approach are once again evident. On its own,

GG gels formed in this way are brittle, struggling to maintain

integrity even at 1% shear strain. However, in the hybrid gels,

this increases to at least 5%. The presence of the LMWG

network significantly improves handleability of this gel, with-

out impacting gel stiffness (indeed, stiffness is also enhanced).

To look in more detail at the effect of CaCO3 concentration

on the mechanical properties of the gels, we compared the

elastic moduli of hybrid gels prepared using equal amounts of

the two gelators (0.3% wt/vol), a fixed GdL concentration (1.0%

wt/vol) and different CaCO3 concentrations (0.075, 0.15 and

0.3% wt/vol). The G0 of the gel prepared at the lowest cross-

linker concentration (0.075% wt/vol) is 5720 Pa (Fig. S36, ESI†),

which increased to 11 300 and 17 200 Pa (Fig. S37, ESI†) when

the gels were prepared with 0.15% and 0.3% wt/vol of CaCO3.

This is consistent with a higher availability of Ca2+ ions to

cross-link GG. To explore whether GdL concentration could

also affect gel stiffness, we studied the gels using a fixed CaCO3

concentration (0.15% wt/vol) and different amounts of GdL

(0.8, 1.0 and 1.2% wt/vol). The gels prepared with 1.2% wt/vol

GdL had the highest G0 (14 300 Pa; Fig. S39, ESI†) compared to

the gels prepared using 0.8% wt/vol (10 900 Pa; Fig. S38, ESI†).

This reflects a higher percentage of CaCO3 being converted into

Ca2+ and H2CO3 with higher GdL concentrations. In summary,

the rheological properties can easily tuned by controlling the

starting conditions – valuable for application in regenerative

medicine given the impact of gel stiffness on cell fate, adhe-

sion, migration and differentiation.24

Photo-initiated and patterned gels based on DBS-CONHNH2/

GG cross-linked with CaCO3/DPIN

We reasoned that by using diphenyliodonium nitrate (DPIN) as

a photoacid generator instead of GdL, it may be possible to

induce GG crosslinking under UV light. Although this approach

has been used for the photoinduced gelation and patterning

of calcium alginate,25 we cannot find evidence of it having

previously been applied to gellan gum.

To test the method, we first combined GG (0.4, 0.6, 0.8 and

1.3% wt/vol) with CaCO3 (0.15% wt/vol) and the photo-acid

generator diphenyliodonium nitrate (DPIN, 0.8% wt/vol) and

exposed the mixture to a high intensity UV lamp for 2 h. After

this time, self-supporting gels were obtained (Fig. S40, ESI†);

thus confirming Ca2+ release and GG cross-linking could be

triggered in this way. We applied this procedure to DBS-

CONHNH2/GG hybrid gels. DBS-CONHNH2 (0.3% wt/vol) was

dispersed in water and combined with CaCO3 (0.15% wt/vol),

DPIN (0.8% wt/vol) and GG (0.5% wt/vol). The mixture was

heated until dissolution of the LMWG and then exposed to the

UV light for 2 h to give self-supporting UV-activated gels (Fig. 1,

4a and Fig. S40, ESI†).

Photopatterning was achieved by applying a photomask on a

pre-formed DBS-CONHNH2 gel in a tray (5 cm � 5 cm),

selectively triggering Ca2+ release only in the regions exposed

to the UV light. This is a technique we have previously applied,

and is an efficient method for photopatterning, as the

pre-formed gel helps limit convection and diffusion, with the

pH-responsive gelator only assembling in the regions exposed

to the UV light.14d,26 DBS-CONHNH2/GG photo-patterned gels

were prepared by combining DBS-CONHNH2 (0.3% wt/vol) with

CaCO3 (0.15% wt/vol), DPIN (0.8% wt/vol) and GG (0.3% wt/vol).

The mixture was heated until complete dissolution of the

LMWG and transferred to the glass tray. The sample was left

undisturbed for 15 min to allow assembly of the DBS-

CONHNH2 network. A laser-printed mask was placed on top

of the glass tray and the gel exposed to UV light for 2 h. To avoid

disruption of the gel due to heating effects, ice was placed

below the glass tray. After photo-irradiation, the desired circu-

lar pattern formed by the cross-linked polymer was clearly

visible within the DBS-CONHNH2 gel (Fig. 4b).

TEM and SEM microscopy showed a self-assembled nano-

fibrillar network, similar to the hybrid gel prepared in sample

vials using GdL (Fig. 4c, d and Fig. S41–S44, ESI†). The properties

of the UV-triggered gels were studied in terms of thermal stability

and rheology. Both gels had a Tgel of4100 1C, confirming that the

presence of crosslinked GG improves the thermal stability of the

LMWG (Table S6, ESI†). In terms of rheology, the photo-activated

GG-only gel (0.6% wt/vol) has an elastic modulus of 8670 Pa

(Table 3 and Table S7, Fig. S46, ESI†), higher than the G0 of the

corresponding gel prepared using GdL (G0 = 4630 Pa). The hybrid

gel prepared by photo-activation using an equal amount of each

Fig. 4 (a) Photographic image of photoactivated DBS-CONHNH2/GG

hybrid gel cross-linked with CaCO3/DPIN. (b) Photopatterned DBS-

CONHNH2/GG hybrid gel cross-linked with CaCO3/DPIN. (c and d) SEM

images of photoactivated DBS-CONHNH2/GG hybrid gel.
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gelator (0.3% wt/vol) also had a slightly higher G0 (12486 Pa;

(Table 3 and Fig. S45, ESI†) than the gel prepared with GdL

(11300 Pa). This indicates photoactivation is an effective techni-

que for these gels. The hybrid hydrogel also shows a slightly

higher resistance to shear strain than the GG-only system. These

photoactivated GG-only and GG/LMWG hybrid gels are very much

stiffer than the equivalent materials formed using calcium algi-

nate (Table 3). This demonstrates that GG can yield much

improved stiffness in photoactivated and photo-patterned hybrid

hydrogels than alginate, whichmay offer significant advantages in

tailored tissue engineering applications.27

Summary of rheological performance

In summary (Fig. 5), irrespective of the mode of gel triggering,

the GG-only gels have high rheological stiffness, but poor

stability to shear – particularly in contrast with alginate-only

gels. These differences in gel mechanical properties can be

attributed to intrinsic differences between the polymers (e.g.

molecular weight, structure, conformation and crystallinity).28

Forming hybrid gels between GG and DBS-CONHNH2 further

enhances the stiffness (Fig. 5A) because there are now two

interwoven networks and also perhaps partly because GG

gelation is also induced by temperature and it therefore may

benefit from annealing in the two-component system. In all

cases, the hybrid gels also have significantly increased resis-

tance to shear strain (Fig. 5B), as the hybrid gels take on some

of the increased resistance to shear of the LMWG system.

In this way, applying the hybrid gel approach to GG signifi-

cantly enhances its rheological performance. In comparison

with hybrid gels based on calcium alginate (Fig. 5C), the

stiffnesses are significantly higher and would be more similar

to those required for bone tissue engineering.17,24 Hence there

are benefits to having changed PG in terms of optimising this

rheological characteristic.

In situ formation of AgNPs

We then wanted to demonstrate that the LMWG retained its

unique chemical characteristics within these hybrid gels.

In particular, we decided to induce the in situ formation of

AgNPs, exploiting the unique reducing power of the DBS-

CONHNH2 LMWG that converts Ag(I) to Ag(0) when exposed

to silver salt solutions. It is well-known that precious metal

nanoparticles (NPs) can promote osteogenesis,29 and we rea-

soned that in the longer term, it would be useful to incorporate

them in these stiff hybrid gels, which have suitable rheological

properties for this type of application.17 We previously studied

in situ formation of AgNPs in DBS-CONHNH2/alginate gel

beads.14d,15b

DBS-CONHNH2/GG gel beads were prepared by combin-

ing DBS-CONHNH2 (0.3% wt/vol) with GG (0.3% wt/vol), GdL

Table 3 Rheological data as determined using oscillatory rheometry

with a parallel plate geometry, for DBS-CONHNH2 gels, gellan gum gels,

alginate gels and hybrid gels based on gellan gum/LMWG and alginate/

LMWG.14d In all cases, the PG component is crosslinked using 0.15% wt/vol

CaCO3 and 0.8% wt/vol DPIN. Loadings are given in % wt/vol. G0 values are

given in Pa. The G
0/G00 crossover point refers to the % shear strain at which

G00 = G0

LMWG
load (%)

GG load
(%)

Alginate
load (%)

Total
load (%)

Gelation
trigger G0

G0/G00

crossover (%)

0.4 — — 0.4 Heat/cool 800 25.1
— 0.6 0.6 DPIN 8670 6.4
0.3 0.3 0.6 DPIN 12 486 8.0

0.6 0.6 DPIN 32.5 79.3
0.3 0.3 0.6 DPIN 117 25.1

Fig. 5 Summary of rheological performance of the hybrid gels. (A) Hybrid

GG/LMWG gels (red bars) show enhanced stiffness over GG-only gels

(orange bars). (B) Hybrid GG/LMWG gels (red bars) show greater resistance

to shear strain than GG-only gels (orange gels), that fracture very easily.

(C) Hybrid GG/LMWG gels (red bars) have greater stiffness than equivalent

alginate/LMWG hybrid hydrogels (blue bars). In each case, LMWG is 0.3%

wt/vol. For CaCl2 and CaCO3/GdL triggered gels, total gelator loading is

0.8% wt/vol, hybrid gels are 0.3% wt/vol LMWG and 0.5% wt/vol GG or

alginate. For CaCO3/DPIN/UV triggered gels, the total gelator loading is

0.6% wt/vol, hybrid gels are 0.3% wt/vol LMWG and 0.3% wt/vol GG or

alginate.
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(1.0% wt/vol) and CaCO3 (0.15% wt/vol) and compared to DBS-

CONHNH2/GG gels prepared in sample vials. To remove resi-

dual ions, the beads were washed multiple times with water.

AgNP formation was then induced by exposing the gels to a

solution of AgNO3 (10 mM, 1 or 3 mL) for 72 h. The formation

of the AgNPs was confirmed by the intense colour change of the

gels (from white to orange; Fig. 6a) and by TEM, which clearly

showed the presence of NPs dispersed between gel fibres with

an average diameter o40 nm (Fig. 6b, c, g and Fig. S49, ESI†),

similar to those formed in the DBS-CONHNH2 gel (Fig. 6g and

Fig. S48, ESI†). Some sort of AgNPs were also formed in GG-only

gels (Fig. 6d–g and Fig. S50, ESI†), however these gels did

not undergo the intense colour change, and the NPs were not

uniformly distributed, showing very variable sizes and much

larger aggregates (Fig. 6g).

The maximum amount of Ag(I) incorporated into the gel

beads was quantified by precipitation titration of NaCl, in the

presence of K2CrO4 as an indicator. Each hybrid gel bead (20 mL

volume) incorporated ca. 0.3 mmol of Ag(I), corresponding to

ca. 13 mmol of Ag(I)/mL of gel (Table S8, ESI†). Each mL of gel

can contain up to 6.32 mmol of gelator, clearly indicating

ca. 2 : 1 Ag :DBS-CONHNH2 stoichiometry. This is consistent

with a model in which the acylhydrazide groups (two per gelator)

are intimately involved in reducing Ag(I) to Ag(0).15 This result is

very similar to Ag(I) uptake in the DBS-CONHNH2 gels (16.7 mmol

of Ag(I)/mL of gel; Table S8, ESI†), thus confirming the LMWG

maintains its function within the hybrid gel beads. Ag(I) release

from the gels was also investigated, with ca. 20% of the loaded Ag

being rapidly released (o30 min) in the form of Ag(I) (Fig. S47,

ESI†), while the remainder remains in place in the form of AgNPs.

It is clear that any residual excess Ag(I) is therefore easily and

rapidly removed, avoiding any problems with its potential

cytotoxicity30 in our stem cell growth experiments (see below).

The mechanical properties of the AgNP-loaded hybrid gels

prepared in sample vials (0.3% DBS-CONHNH2, 0.3% alginate,

0.15% CaCO3 and 1.0% GdL) were also studied by oscilla-

tory rheology. Overall, the hybrid gels loaded with AgNPs

(10 mmol mL�1 of gel) had similar elastic moduli (G0 = 11700 Pa,

Table S11 and Fig. S53, ESI†) to the unloaded gels (G0 = 11300 Pa).

However, if the AgNP loading was increased to very high level

(30 mmol mL�1 of gel), the elastic modulus fell somewhat (G0 =

4950 Pa; Table S11 and Fig. S54, ESI†). Similar trends were also

observed for the corresponding DBS-CONHNH2 (Table S11 and

Fig. S51–S52, ESI†) and gellan gum gels (Table S11 and Fig. S55,

S56, ESI†) and it is probably due to disruption of the interactions

between fibres within the gel network at very high AgNP loadings.

Stem cell growth

We then explored if the DBS-CONHNH2/GG hybrid gel beads

could support stem cell growth. Preliminary cytotoxicity and

viability experiments were performed on a human mesenchy-

mal stem cell line (Y201)31 using different AgNP loadings. The

gels were prepared in a 48-well plate and loaded with 0.0125 or

10.0 mmol of AgNO3/mL of gel (low loading and high loading

respectively). The samples were transferred to the middle of

a 6-well plate, where the cells were seeded. Due to their fragility,

gels based only on DBS-CONHNH2 could not be transferred;

therefore, these gels were prepared directly on the 6-well plates

using bottomless vials, which did not allow loading the gels

with AgNO3. After 48 h, the gels without AgNPs and those

incorporating a low 0.0125 mmol loading of AgNO3/mL of gel

showed normal cell growth and did not exhibit any ‘zone

of inhibition’ (Fig. S57 and S58, ESI†) – as such, they were

considered to be non-toxic. However, the gels incorporating a

high Ag loading (10.0 mmol of AgNO3/mL of gel), showed a

rather large zone of inhibition around them (2.90–3.60 mm;

Fig. S58, ESI†) and must therefore be considered toxic to stem

cells. This is in-line with previous studies showing high con-

centrations of Ag+ ions can affect mammalian cell survival.32

To obtain more detailed data on biocompatibility, we per-

formed an Alamar Blue assay on Y201 cells grown on gels with

different AgNP loadings and control gels without AgNPs. DBS-

CONHNH2 and GG gels were prepared directly on 96 well

plates, whereas the hybrid gel beads were prepared and then

transferred to the 96 well plates. To ensure the cells were

adhering to the gels rather than the plate surface, we used

non-adherent plates. The gels were loaded with different AgNO3

loadings (0.00625, 0.0125, 0.05, 0.1, 1.0 and 10 mmol of AgNO3/

mL of gel) and cell metabolic activity was monitored over

10 days (day 0, 3, 6 and 10).

Fig. 6 (a–c) Photographic and TEM images of DBS-CONHNH2/GG hybrid

gel beads loaded with Ag NPs. (d–f) Photographic and TEM images of GG

gels loaded with Ag NPs. (g) Graph of Ag NPs size distribution in DBS-

CONHNH2 bulk gel (green), DBS-CONHNH2/GG hybrid gel beads (red)

and gellan gum gel (blue).
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Pleasingly, the obtained results showed the cells were meta-

bolically active in the gels without AgNPs and in those loaded

with 0.00625–0.1 mmol of AgNO3/mL of gel (Fig. 7). Higher

AgNO3 loadings (1.0 and 10 mmol of AgNO3/mL of gel) were, as

expected, toxic across the different gel types tested (Fig. 7) in

agreement with the preliminary study described above. Compared

to the DBS-CONHNH2 gels, the gel beads showed higher fluores-

cence values over the ten days, indicative of higher cell metabolic

activity, which can be related to a higher number of cells. This is

probably due to the higher surface area of the gel beads available

for cell anchorage and penetration inside the gels. For the GG-

only gels, cell growth was initially slower than on the hybrid gel

beads, which may reflect enhanced initial cell anchorage induced

by the LMWG, although by day 6 the GG-only beads were

equivalent to the LMWG/GG hybrids. In each case, cell growth

was similar in the presence and absence of AgNPs.

To verify if the gels could support cell growth over a longer

period of time, a viability test was performed over 21 days (day

0, 7, 14 and 21) on the gels loaded with lower AgNO3 loadings

(0.00625 and 0.0125 mmol of AgNO3/mL of gel; Fig. S59, ESI†)

and control gels without AgNPs. Pleasingly, the results showed

that the cells had good metabolic activity in all of the tested gels

for the whole duration of the study. These preliminary biocom-

patibility tests demonstrate that the DBS-CONHNH2/GG hybrid

gel beads (with or without AgNPs) support the growth of human

mesenchymal stem cells over time and could potentially be

used in tissue engineering.

Gels incorporating AgNPs have previously been demon-

strated to induce osteogenesis in mesenchymal stem cells

and bone tissue repair.29 Our gels could therefore be promising

in this setting, particularly given the stiffness of the GG gels.

Specifically, our AgNP-loaded shapeable biomaterials may be

effective bone fillers to facilitate bone regeneration whilst

preventing infections.33 Indeed, AgNPs are well-known to have

antibacterial activity.14d,34 Future studies will explore cell func-

tion and osteogenic activity of cells grown on our AgNP gel

beads as well as antimicrobial properties.

Conclusion

To conclude we have demonstrated that gellan gum can be

used as a polymer gel to obtain DBS-CONHNH2/GG hybrid gels.

Gel assembly can be achieved using a variety of different

triggers. Exposure of pre-formed LMWG beads loaded with

GG to a bath of CaCl2 induces rapid GG crosslinking from

the outside inwards. Conversely, loading the beads with GG,

insoluble CaCO3 and acid-generating GdL led to hybrid gel

beads via an internal slow acidification gelation. By substitut-

ing GdL with the photoacid generator DPIN to induce GG

crosslinking, this process could be activated by UV light expo-

sure. Performing this process with a photo-mask made it

possible to fabricate photopatterned gels with different compo-

sitions in the different domains.

The gels obtained using these different triggering methods

were fully characterised by a range of techniques. Importantly,

in all cases, the hybrid gels were even stiffer than those formed

by GG alone, as a result of the interpenetrating LMWG and

PG networks. The hybrid DBS-CONHNH2/GG gels are also

significantly stiffer than equivalent hybrid hydrogels previously

made with calcium alginate as the PG.14a,d Furthermore, the

enhanced stiffness does not come at the cost of additional

sensitivity to shear strain – indeed, the hybrid gels are con-

siderably more stable to shear strain than the GG-only gels.

In summary, the presence of the LMWG enhances both the

stiffness and shear strain stability of gellan gum.

To confirm the DBS-CONHNH2 kept its unique chemical

function when combined with GG, we induced in situ AgNP

formation and demonstrated this required the presence of the

LMWG. Finally, biological tests were performed on human

mesenchymal stem cells allowed us to identify non-toxic AgNP

loadings and demonstrated that the cells can thrive in the hybrid

gel beads for long periods of time (i.e. at least 21 days). We suggest

that our shaped DBS-CONHNH2/GG gels are promising materials

for orthopaedic applications. Further studies to exploit this are

currently being carried out in our laboratories.

Fig. 7 Alamar blue assay results at day 0, 3, 6 and 10 for gels loaded with different AgNO3 concentrations (N = 6, mean reported, error bars represent

standard error, DBS-HYDR = DBS-CONHNH2).
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