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peptide-modified alginate gels. More recently, furan 
functionalisation of GG, followed by a Diels-Alder reaction 
with a synthetic variant of the GRDGS peptide was used to 
direct neural and mesenchymal stem cell differentiation with 
encouraging results30, 31.  
 In this paper, we covalently linked unmodified peptides to 
GG, and monitored the reaction efficiency by tyrosine 
radiolabelling. The impact of RGD modification on GG’s 
physical properties and cell interaction are presented.  
 
 
Experimental 

Gellan gum purification 

All materials were obtained from Sigma, unless specifically 
stated otherwise. Commercial samples of low-acyl GG obtained 
from CP Kelco (traded as Gelzan™ CM) were purified to 
remove divalent cation using an established method32-34. A 1% 
(w/v) GG solution was formed by dissolving Gelzan™ CM (0.5 
g) in 50 mL of hot Milli-Q water (60 °C, resistivity 18.2 M!  
cm). 1.25 g of Dowex 50W-X8 cation exchange resin (Fluka, 
H+ form, 50-100 mesh), pre-rinsed in 1 M HCl and Milli-Q 
water, was then added and the hot mixture was stirred for 30 
min to convert GG to the free acid form (gellanoic acid). The 
resin was allowed to settle and the supernatant decanted into a 
pre-heated beaker through a coarse filter. The resin was rinsed 
twice with small volumes of 60 °C water and added to the 
supernatant. To this solution (kept at ~ 60 °C), 4 M NaOH was 
added dropwise until the pH stabilised at ~ 7.5 to convert the 
gellanoic acid to the sodium salt (sodium gellanate, NaGG). 
After stirring for an additional 5 min, 100 mL of 2-propanol 
was added with continued stirring to precipitate a white fibrous 
product. This product was vacuum filtered, washed with 2-
propanol and dried under vacuum overnight before being 
chopped into a fine powder and stored under cool, dry 
conditions until required.  

Atomic absorption spectroscopy 

The concentration of Na, Ca, K and Mg in GG and NaGG was 
determined using flame atomic absorption spectroscopy (AAS) 
burning acetylene/air. Samples were analysed using a Spectra 
AA 220FS (Varian) spectrometer equipped with sodium (589.6 
nm), potassium (769.9 nm), calcium (422.7 nm) and 
magnesium (285.2 nm) hollow cathode lamp sources. Samples 
were prepared by digesting 1 g of dry material in 5 mL of hot 
concentrated sulphuric acid (Ajax Finechem), followed by 
dropwise addition of hydrogen peroxide (30% (v/v), Ajax 
Finechem) until the solution became transparent. The solution 
was allowed to cool prior to the addition of 16 mL of 12.6 
mg/mL caesium chloride ionisation suppressant.  The solution 
was then made up to 100 mL with the addition of Milli-Q H2O 
and mixed thoroughly prior to measurement. Concentrations 
were blank-corrected and interpolated from calibration curves 
prepared using a certified multi-element standard solution 
(Inorganic Ventures). The limit of detection for each element 

was taken as twice the standard deviation of blank 
measurements. 

RGD conjugation reaction 

Peptides were coupled to NaGG using a wide variety of 
conditions. Under optimal conditions, 100 mg of NaGG was 
dissolved in a premade 50 mM solution of 2-(N-
morpholino)ethanesulfonic acid (MES) buffer (pH 6.5) by 
stirring at ~60 °C to yield 10 mL of a 1 % (w/v) NaGG 
solution. In a separate vial, 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide (EDC, Sigma) was added under N2 gas and 
dissolved in MES buffer to yield a solution of 0.3 M EDC, 50 
µL of which was immediately transferred to the NaGG solution. 
50 µL of a 0.15 M solution of N-hydroxysulfosuccinimide 
(sulfo-NHS) in MES buffer was added to the reaction vessel. 
The solution was then vortexed and allowed to activate at 37 °C 
for 15 mins (Figure 1: Reactions 1,2). After activation, 
G4RGDSY and G4RGESY peptide (Auspep) solutions were 
added in sufficient quantity to bind to 1 mol% of total 
carboxylate groups and the mixtures (RGD-GG and RGE-GG, 
respectively) were retained overnight at 37 °C (Figure 1: 
reaction 3). A third mixture (GG/RGD) was prepared using a 
NaGG solution without addition of EDC, but coupled with 1 
mol% G4RGDSY. 
 After reaction, solutions were purified by dialysis against 
Milli-Q water over 5 days using Slide-a-Lyzer mini dialysis 
devices (0.1 mL, MWCO 10 kDa, ThermoScientific). The 
dialysed product was lyophilised for 2 days and then stored 
under cool (4 °C), dry (sealed in flask) conditions prior to use. 
 

 
Figure 1: Reaction scheme for the peptide modification of purified GG, 
performed in three-steps: (1) EDC activation of the carboxylate on the 
GG backbone forming an unstable intermediate; (2) sulfo-NHS 
stabilisation of the reactive intermediate; and (3) peptide coupling to the 
GG backbone and regeneration of sulfo-NHS. 



	  

	  

 

Radiolabelling to determine conjugation efficiency 

For quantitative analysis of peptide binding to purified GG, the 
peptide G4RGDSY was radiolabelled through radio-iodination 
of the tyrosine residue using the well-established chloramine-T 
method35.  Iodine-125 carrier free radionuclide was purchased 
from Perkin-Elmer (Na125I, t1/2 = 59.4 days, NEZ033H010MC). 
50 µL of a 1 mg/mL solution of G4RGDSY in Milli-Q water 
was diluted with 180 µL of 0.1 M sodium phosphate buffer (pH 
6.0). A 50 µL aliquot of Na125I (diluted 1:50 in 1 mM NaOH) 
was added, followed by 10 µL of 1 mg/mL chloramine-T in 
buffer. After 5 min, the reaction was quenched by the addition 
of 10 µL of sodium metabisulfite (Merck) at 2.5 mg/mL in 
buffer. The reaction mixture (300 µL total) was loaded onto an 
Oasis HLB SPE cartridge (Waters) that had been pre-
equilibrated by eluting 5 mL methanol, 5 mL water and 10 mL 
0.1% trifluoroacetic acid (TFA) in water (solvent A). The 
cartridge was then washed with 20 mL of solvent A to remove 
unbound iodine-125. Two fractions were eluted, the first with 4 
mL of a 1:1 mixture of solvent A with 0.1% TFA in acetonitrile 
(solvent B), and the second with 4 mL of solvent B. The two 
fractions were pooled, dried in a rotary evaporator and re-
dissolved in Milli-Q water (350 µL).  
 The concentration and purity of the radiolabelled peptide 
was confirmed by radio-HPLC analysis using a Shimadzu 
HPLC-DAD system equipped with an In/Us Systems gamma 
ram detector and an Eclipse XDB-C18 column (Agilent, 
250x4.6 mm) with 5 µm particle size. Compounds were eluted 
using 30% (v/v) acetonitrile and water at a flow rate of 1 
mL/min, isocratic, over 15 min. Peptide concentration was 
calculated using a calibration curve constructed from HPLC 
chromatograms of G4RGDSY solutions of known 
concentration, plotting integrated peak area (λ = 254 nm) as a 
function of peptide concentration  
 Radiolabelled peptides were then coupled to NaGG as 
described above. Reaction products were separated using Zeba 
spin desalting columns (0.5 mL, MWCO 40 kDa, 50 °C 
ThermoScientific) to remove unconjugated peptide and other 
small reaction species from the peptide-conjugated NaGG. The 
radioactivity in all components of the system (i.e. sample, 
filtrates, eluates, dialysates, separation devices) was measured 
using a Perkin Elmer 2480 WIZARD2 gamma counter and 
converted to specific activity by calibration against known 
samples of 125I-G4RGDSY. Conjugation efficiencies reported 
here are the ratios of specific activity in NaGG bound peptides, 
to the total activity recorded across all components. 

Rheology 

The rheological characteristics of GG, NaGG and RGD-GG 
hydrogels were investigated using an Anton Paar Physica MCR 
301 rheometer equipped with a temperature controlled mantle 
and base plate. 1% (w/v) solutions of commercial GG, purified 
NaGG and modified RDG-GG were formed in Milli-Q water 

by stirring overnight at 50 °C. Viscosity was measured between 
0.1 and 100 1/s shear rate at 37 °C. 
 The 1% (w/v) polymer solutions and two solutions of CaCl2 
with concentrations of 1% (w/v) and 0.9% (w/v), respectively 
were placed in a water bath at 80 °C. Receiving wells were 
formed from pre-cut cylinders of polyvinyl chloride (PVC) with 
internal diameter of 18 mm and height of 5 mm, which were 
placed in Petri dishes and sealed around the base with silicon 
sealant. 4.5 mL of each hot polymer solution was then mixed 
with 500 µL of CaCl2 solution to yield final Ca2+ and polymer 
concentrations of 9 mM and 0.9% (w/v) respectively. NaGG 
and RGD-GG were mixed with 1% (w/v) CaCl2, whilst 
commercial GG received 0.9% (w/v) CaCl2 to adjust for the 
Ca2+ content already present in the material as determined by 
AAS (Table 1). Immediately after mixing, these solutions were 
pipetted into the PVC moulds and allowed to gel at 4 °C for 1 
h. Once formed, hydrogels were transferred to the rheometer 
and equilibrated to 37 °C. Each hydrogel was slightly 
compressed using a 15 mm stainless steel parallel plate and 
tested under oscillating shear, with the strain amplitude rising 
from 0.01% to 100% shear strain at a constant angular 
frequency of 5 Hz.  

Cell response 

The phenotypic cell response to RGD-GG was assessed with 
the anchorage-dependent murine skeletal muscle C2C12 cell 
line and the neuronal rat pheochromocytoma PC12 cell line, 
both obtained from the American Type Culture Collection 
(ATCC). For surface seeding experiments, 0.15% (w/v) 
solutions of GG, GG/RGD, RGE-GG and RGD-GG were 
pipetted into 96-well plates and gelled by the slow addition of 
concentrated Dulbecco's Modified Eagle's Medium (DMEM, 
Invitrogen) down the wall of the well. Hydrogels were then 
formed at 37 °C and equilibrated over 1 h using two changes of 
cell proliferation media (CPM), specifically DMEM 
(Invitrogen) supplemented with 10% (v/v) foetal bovine serum 
(FBS, Invitrogen) for C2C12 cells, and DMEM with 5% (v/v) 
FBS and 10% (v/v) horse serum for PC12 cells. Cells were 
seeded at 5000 cells/well and incubated at 37 °C and 5% (v/v) 
CO2 with media changes every 2 days. Cell morphology was 
assessed daily using bright field microscopy, and cell viability 
was assessed using calcein AM (Molecular Probes, Life 
Technologies) and propidium iodide (PI) staining and 
fluorescence imaging for up to 6 days in culture. Differentiation 
was induced by switching to low serum media, i.e. DMEM with 
2% (v/v) horse serum for C2C12 cells and DMEM with 1% 
(v/v) horse serum and 50 ng/mL nerve growth factor (NGF, 
Life Technologies) for PC12 cells. Differentiating cells were 
cultured for up to 6 days with media changes every 2 days. 
 Immunostaining was used to characterise the phenotype of 
differentiated C2C12 and PC12 cells. For C2C12 cells, staining 
targeted desmin, a sarcomeric intermediate filament protein 
expressed in skeletal muscle. For PC12 cells, staining targeted 
β-III tubulin, a globular microtubule protein expressed 
exclusively in neurons. In each case, cell nuclei were counter-



	  

	  

stained using 4’,6-diamidino-2-phenylindole (DAPI, 1 µg/mL), 
which binds strongly to DNA. Differentiated cells were fixed 
with 3.7% paraformaldehyde (PF, Fluka) in phosphate buffered 
saline (PBS) for 10 minutes at room temperature (21 °C, RT) 
and stored in PBS containing calcium and magnesium (DPBS) 
at 4° C prior to staining.  
 For staining of C2C12 cultures, cells were permeabilised 
with 50:50 methanol:acetone on ice for 5 minutes and washed 
with DPBS before blocking in 10% donkey serum (DS, 
Chemicon) with 0.05% Tween-20 (Sigma) for 1 hr at 21°C. 
Mouse monoclonal anti-desmin primary antibody (Novocastra) 
was diluted 1:100 in blocking solution and incubated at 4°C 
overnight. After two 10 min washes in DPBS, cells were 
incubated for 1 hr at 25˚C in the dark with the secondary 
antibody Alexa-546 donkey anti-mouse (Invitrogen) diluted 
1:1000 in blocking solution. After two 10 min washes in DPBS, 
DAPI (Molecular Probes) was added at 1:1000 in DPBS for 5 
min at 21 °C, before replacing with fresh DPBS and imaging 
using a Zeiss Axiovert inverted fluorescence microscope. For 
staining of PC12 cells, the same protocol was followed, 
however the primary antibody (anti-b-tubulin, Covance) was 
diluted 1:1000. Incubation times for all immunostaining 
reagants were doubled when cells were encapsulated in 
hydrogels rather than surface seeded. 
 For cell encapsulation studies sucrose was used to protect 
cells from any potential osmotic injury resulting from exposure 
to the hypotonic GG solution before addition of culture media. 
A GG solution at twice the desired final concentration was 
combined with an equal volume of a 20% (w/v) sucrose 
solution. This working solution was then used to resuspend 
cells that had previously been washed and suspended in 10% 
(w/v) sucrose at 5 x 105 – 2 x 106 cells/mL and pipetted into 96-
well plates. CPM containing 5 mM CaCl2 was then slowly 
added down the side of each well to crosslink the GG-cell 
suspensions. Media was changed twice over a period of 1 hr 
using CPM without additional CaCl2, and cells were maintained 
and monitored over time in culture with media changes every 
48 h. 
 MTS assays (Promega Corp.) were conducted according to 
the manufacturer’s protocol on encapsulated C2C12 and PC12 
cell cultures proliferating for periods up to 72 hr in NaGG and 
RGD-GG hydrogels at a polymer concentration of 0.15% (w/v). 
 
Results and discussion 

Gellan gum purification 

The concentrations of major monovalent (Na+, K+) and divalent 
(Ca2+, Mg2+) cations in as-received (commercial) GG and 
purified NaGG were measured by atomic absorption 
spectroscopy (Table 1). Commercial samples of GG are 
predominantly in the potassium salt form, with lesser amounts 
of Na+, Ca2+ and Mg2+ as the other major cations. The measured 
concentrations of divalent cations in commercial gellan gum 
were sufficient to neutralize around one-third of the carboxylate 

groups in GG, reducing their availability for reaction with 
EDC, and therefore the peptide.  
 To negate this impact, we purified our commercial GG 
samples (following a published procedure32-34) to remove 
divalent cations and yield monovalent cation salts. The product, 
sodium gellanate (NaGG), was a white fibrous product at ~ 
60% yield by weight (Figure 2). The concentration of Na+ in 
NaGG was equivalent to ~ 72.5 mol% of carboxyl groups. 
Hence, substantial percentages of the carboxylate sites were 
available for peptide coupling using the purified product. 
Additionally, In 2005, Ogawa et al. reported NaGG shifts from 
a random coil to a helixed state between 30-35˚C 36. This 
transition is a key process in GG gellation and implies that 
NaGG will resist gellation at physiological temperature (37˚C) 
until divalent cations are added. The reduced prevelance of 
premature gellation allowed for thee dissolution of higher 
concentrations of GG at physiological temperatures, providing 
an additional avenue for improving the reaction efficiency in 
EDC-mediated peptide conjugation.  
 
Table 1: Concentration of major cations present in as-received 
(commercial) gellan gum (GG) and purified sodium gellanate (NaGG), 
measured by atomic absorption spectroscopy. 
 

Element  
(% w/w) Na+ K+ Ca2+ Mg2+ 

GG 0.6 ± 0.1 4.5 ± 0.2 1.2 ± 0.1 0.11 ± 0.01 
NaGG 2.5 ± 0.1 1.0 ± 0.1 < 0.06 < 0.03 

 

Figure 2: Gellan gum (GG) through each stage of processing. From left to 
right, as-received (commercial) GG powder, lyophilised NaGG, lyophilised 
RGD-GG and a 0.9% (w/v) RGD-GG hydrogel. 

Peptide conjugation to purified GG 

Conjugation reactions with NaGG were performed under a 
range of conditions including variations to peptide, NaGG, 
EDC and sulfo-NHS concentrations, temperature, and reaction 
buffer (Table 2, Figure 3). Conjugation of 0.1% (w/v) NaGG 
solutions yielded an efficiency (~ 19%) which was significantly 
higher than those obtained using commercial GG (<5%, see the 
Electronic Supporting Information) under the same conditions.  
 This clearly indicates that the removal of divalent cation 
(present in commercial GG) significantly enhanced the 
conjugation efficiency without any additional optimisation of 
the reaction. The purification process also afforded better 



	  

	  

control of the gellation process of GG, and enabled conjugation 
reactions using more concentrated 0.5% (w/v) and 1.0% (w/v) 
NaGG solutions, yielding efficiencies of around 35%. 
 Based on the data (Table 2, Figure 3) obtained through 
radiolabelling, selection of buffer, pH and adequate 
concentrations of EDC and GG appear to be the primary 
determinants of conjugation efficiency. MES buffer at pH 6.5 
was found to significantly out-perform the other tested systems, 
however the same buffer at pH 5 yielded no significant peptide 
conjugation. These results suggest that a pH of 6.5 achieved a 
balance between the reactivity of the EDC, the terminal amine 
of the peptide and the carboxyl group on the polymer, a finding 
similar to results obtained for alginate.25.  
 A pH of 6.5 strikes a balance between EDC’s peak 
reactivity at pH ~4.5, and that of the terminal amine, which is 
strongly activated at pH 8-924. The GG pKa value of 3.06 
implies that a pH of 6.5 promotes dissociation in over 99.9% of 
available carboxylate residues37. However, despite the similar 
pH value (6.7) the sodium acetate buffer impeded RGD peptide 
coupling, possibly due to de-activation of EDC by nucleophilic 
attack from acetate ions38, underscoring the importance of 
appropriate buffer selection.  
 
 
 
Table 2: Reaction efficiencies for the EDC-mediated conjugation of 
G4RGDSY to NaGG under varying reaction conditions. Reaction 
efficiencies were determined by gamma counting of conjugated and 
radio-labelled G4RGDSY after separation of unbound peptide by spin 
desalting. 
 

NaGG 

(% 
w/v) 

EDC 

(%COOH) 

G4RGDSY 

(%COOH ) 

Temp 

(˚C) 

Buffer 

 

Efficiency 

(% ±1 STD) 

1 20 2 37 
MES pH 

6.5 37.0 ± 1.0 

1 20 0.2 37 
MES pH 

6.5 37.8 ± 3.0 

1 20 0.02 37 
MES pH 

6.5 30.9 ± 3.1 

1 10 2 37 
MES pH 

6.5 33.3 ± 2.8 

1 5 2 37 
MES pH 

6.5 24.4 ± 3.1 

1 20 2 21 
MES pH 6.5 35.2 

± 0.3 

1 20 2 60 
MES pH 6.5 26.9 

± 2.3 

1 0 2 37 
MES pH 6.5 9.7 ± 

0.6 

0.5 20 2 37 
MES pH 6.5 35.3 

± 0.4 

0.1 20 2 37 
MES pH 6.5 18.7 

± 0.7 

1 20 2 37 MES pH 5.0 
9.92 
± 0.8 

1 20 2 37 
Na3PO4 pH 

8.0 
15.1 
± 0.3 

1 20 2 37 
NaC2H3O2 

pH 6.7 
13.7 
± 1.1 

1 20 2 37 
Milli-Q 

H2O 
11.8 
± 0.8 

Figure 3: Peptide (G4RGDSY) conjugation efficiencies as determined after 
HPLC by gamma counting of radio-labelled iodine on the terminal tyrosine 
of the G4RGDSY peptide. Efficiencies were compared in terms of separation 
method (A), NaGG concentration (B), EDC concentration (C), peptide 
concentration (D), reaction temperature (E) and buffer selection (F). Blue 
shaded data indicate the conditions that were carried across to the other 
reactions shown, white bars indicate the additional tested conditions. Red 
bars in (A) represent control reactions with no added EDC. Error bars 
represent 1 standard deviation of the mean. 

The EDC concentration was varied from 0-20 mol% of 
available carboxylate groups, with reaction efficiencies rising 
four fold over that range. This result is similar to that 
previously observed for alginate25, i.e. peak efficiency at an 
EDC concentration of 10% of available carboxylate groups. 
EDC concentrations above 20% were not employed to 
minimise a previously reported side reaction in which the active 
ester undergoes internal rearrangement and incorporates into 


