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24

25 Abstract

26 Mimicking the fibrous structures of meat is a significant challenge as natural plant protein 

27 assemblies lack the fibrous organisation ubiquitous in mammalian muscle tissues. In this work, 

28 wet-spun hydrogel fibres resembling the anisotropic fibrous microstructure of meat are 

29 fabricated using carboxymethyl cellulose as a model polysaccharide and sodium caseinate as a 

30 model protein which are crosslinked using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

31 (EDC). Hydrogels and spun fibres were characterised using a combination of rheology (shear, 

32 oscillatory, and extensional), microscopy (light, polarised, and fluorescence), rheo-NMR, and 

33 x-ray diffraction. Examination of structuring behaviour under shear uncovered a relationship 

34 between enhanced biopolymer orientation along the fibre axis and a viscoelastic time-

35 dependent ageing window for optimal hydrogel spinnability. This study provides novel 

36 rheological and structural insights into mechanisms of protein-polysaccharide assembly that 

37 may prove instrumental for development of tuneable fibres for applications in plant-based 

38 foods, tissue engineering, and biomaterials.

39

40 Keywords: fibre spinning; carboxymethyl cellulose; hydrogel; plant-based meat analogue; 

41 anisotropy; rheo-NMR
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42 1. Introduction.

43 The growing demand for sustainable, protein-rich foods requires the development of 

44 innovative technologies to mimic the texture of meat-based products using plant-based 

45 ingredients1, 2. The distinctive fibrous texture of meat stems from the arrangement of collagen 

46 fibres and myofibrils in the muscle tissue. However, creating analogous fibrous structures using 

47 plant-based proteins poses a marked challenge, as most commercial plant proteins, such as 

48 those derived from soy or pea, lack the inherent fibrous organisation in their native state3, 4.  

49 The use of hydrogel fibres is rapidly expanding across food and biomaterial applications, 

50 including the alternative meat products, where fibres have been used for imparting meat-like 

51 texture attributes to the plant-based analogue products5. Equally, fibres are routinely used to 

52 design scaffolds for cellular-agriculture applications, also known as lab-grown meat6. The 

53 fibre-based structures are favoured due to high versatility, tuneability, and a wide spectrum of 

54 mechanical behaviours that fibres can impart to the final products7, 8. In addition, the inherent 

55 ability to hold large amounts of water provides high structuring efficiency using small amounts 

56 of fibre material, thus providing cost-effective solutions for food reformulation and material 

57 design9.

58 Despite these advantages, progress in the spinning of fibres remains limited, 

59 particularly with respect to spinnability and scalability for industrial applications, hampering 

60 its widespread adoption, with the food industry being in a particularly challenging position due 

61 to stringent requirements of cost, performance, scalability, and safety. Recently, both wet and 

62 dry spinning techniques for hydrogel fibres have gained attention. For instance, Bordignon and 

63 coworkers explored the spinning of low molecular weight gels and demonstrated that altering 

64 the molecular structure of carbohydrates allows fragile hydrogels to be wet-spun, making them 

65 suitable for 3D printing applications10. Lundahl and coworkers investigated the impact of shear 

66 and extensional viscosities on carbon nanofibrils and found that improved spinnability was 
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67 associated with increased shear viscosity, storage modulus, and extensional viscosity11. 

68 Rheological studies of polyacrylonitrile (PAN)-carbon nanotube (CNT) dispersions carried out 

69 by Lu and coworkers revealed that increasing CNT concentration enhances elastic-like 

70 behaviour and shear thinning, alongside fibre spinning performance improving for lower 

71 molecular weight PAN and similar rheological properties observed in PAN/CNT dispersions 

72 at high filler loading12. Tan and coworkers13 studied the effects of temperature, coagulation 

73 conditions, and non-solvent on the spinnability of polyacrylonitrile-dimethyl sulfoxide 

74 solutions, showing that wet spinning is strongly influenced by the temperature and 

75 concentration of the coagulating bath, while dry spinning is primarily affected by the air gap. 

76 It was also found that addition of non-solvent such as water deteriorated the quality of wet spun 

77 fibre. Sharma and coworkers studied the extensional rheology of weakly elastic, polymeric 

78 complex fluids, by characterising their extensional relaxation time and extensional viscosity14-

79 16. By analysing the elastocapillary self-thinning, they have established the relationship 

80 between extensional relaxation time and polymer concentration17. 

81 Despite these advancements, optimising fibre formation remains challenging18. A 

82 particularly challenging aspect is achieving a balance between extensibility and structural 

83 integrity during the sol-gel transition19. This balance should be considered across the length 

84 scales, starting from the molecular level and extending to micro- and macrostructures. 

85 Understanding the fundamental rheological and crosslinking properties that govern this 

86 transition is essential, as they ultimately determine the final structure and mechanical 

87 characteristics of fibrous hydrogels. These properties are key for final applications across 

88 foods, pharmaceuticals, and (bio)materials. 

89 In this work, we aim to address some of these challenges. One of the key targets is to 

90 identify hydrogel formulations and crosslinking conditions where gel-setting properties are 

91 optimised to allow the formation of consistent and uniform protein-polysaccharide fibres. For 
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92 this purpose, we utilise a model binary, weakly associating biopolymer system containing the 

93 sodium salt of carboxymethyl cellulose (NaCMC) and sodium caseinate (NaCas) which is 

94 crosslinked into a hydrogel using 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide 

95 hydrochloride (EDC). Sodium carboxymethyl cellulose is a water-soluble polysaccharide, a 

96 cellulose derivative that is widely used in industrial applications across foods, hygiene 

97 products, pharmaceuticals and materials. This is due to tuneable and well-defined viscosifying 

98 and, more broadly, rheological properties, biocompatibility, biodegradability, and crosslinking 

99 abilities20-23. NaCas is a protein derived from milk24, 25. Its secondary protein structure features 

100 a high content of random coil configurations (~ 20%)25, 26, which makes it effective at tethering 

101 NaCMC chains due to higher conformational flexibility27 (i.e., as compared to tightly folded 

102 globular proteins such as, for example, lysozyme28. Previous studies on carboxymethyl 

103 cellulose and sodium caseinate hydrogels have primarily focussed on the bulk gels and their 

104 viscoelastic properties26, 29-31. Although a wide range of cross-linking and complexation 

105 mechanisms have been explored20, 32 which includes physical interactions33, irradiation34, use 

106 of multi-valent metal ions35-37 and low-molecular weight crosslinkers23, 38-40, little is known 

107 about the mechanisms of fibre formation when fibre spinning is performed under transient 

108 crosslinking conditions i.e., when the cross-linking reaction is not fully completed. To 

109 modulate the conditions of the crosslinking reaction, we systematically vary the concentrations 

110 of the tethering molecule (NaCas) and the crosslinker (EDC). By decoupling the two key 

111 factors of cross-linking, i.e., tether density and the speed of crosslinking, we attain the 

112 possibility of adjusting and probing the dynamic balance between extension of the polymer 

113 network in a sol state during spinning and its relaxation during the transition into a hydrogel. 

114 We hypothesise that the emergence of anisotropic characteristics of biologic fibrous 

115 materials is associated with the alignment of polysaccharide chains in extensional flow41, which 

116 is subsequently stabilised by covalent bonds between the polysaccharide and protein (i.e., 
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117 supressing chain relaxation upon shear cessation). To probe and scrutinise this hypothesis, we 

118 employed a range of rheological methods, including steady shear rotational rheometry, small 

119 amplitude oscillatory shear rheometry, and capillary breakup and extensional rheometry 

120 (CABER). These techniques were used to probe viscoelastic properties of the hydrogels. 

121 Polarised light microscopy has been used to reveal the effect of crosslinking conditions on the 

122 microstructure that formed during fibre spinning process. The structural characteristics on the 

123 molecular level have been probed using X-ray diffraction (XRD) and rheology coupled to 

124 sodium nuclear magnetic resonance (rheo-23Na-NMR) spectroscopy42, 43. Our results highlight 

125 the importance of rheological characteristics in the fibre spinning process and provide a deeper 

126 understanding of the factors that govern spinnability which remains underexplored, especially 

127 in the context of the controlled formation of fibrous structures with tuneable mechanical 

128 properties. As such, our work aims to provide foundational insights into designing plant-based 

129 fibrous structures for food applications, which could extend to fields like biomedical 

130 scaffolding and sustainable packaging.

131
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132 2. Experimental

133 2.1. Materials

134 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC, 99%) and calcofluor white stain were 

135 purchased from Sigma-Aldrich, UK. Sodium caseinate (NaCas, ≥ 92% protein) was purchased 

136 from Thermo Scientific Chemicals. Sodium carboxymethyl cellulose (NaCMC) was supplied 

137 by CP Kelco, Norway (CEKOL 4000: Mw, 450 kDa; DS, 0.8). Molecular weight was verified 

138 using intrinsic viscosity [η] measurements (details of experimental procedure is in 

139 Supplementary methods S1 and S2). The [η] was found to be ~18 dL g-1 in 100 mM NaCl 

140 leading to an estimated Mw of 340 - 470 kDa and is consistent with the information provided 

141 by the manufacturer (Supplementary Information S1 and Supplementary Figure S1). Milli-Q 

142 water (Millipore Corp., USA) was used throughout the experiments (18.2 MΩ.cm ionic purity 

143 at 25 °C). All experiments were carried out at 25 °C.

144 2.2. Preparation of NaCMC-NaCas hydrogels

145 Hydrogels were prepared at different concentrations of NaCas (0.1, 0.3, 0.5, 1, and 2 wt.%) in 

146 0.5 wt.% NaCMC, using the ‘zero-length’ crosslinker, EDC (0, 1, 5, 10, 20 and 50 mM) (Table 

147 1). Briefly, the mechanism of the crosslinking reaction comprises a step of: (i) EDC forming 

148 an unstable reactive ester upon interaction with a carboxyl group of the polysaccharide, and 

149 (ii) the intermediate ester then interacts with a primary amine of protein to form a peptide 

150 bond44. For the formation of hydrogels, NaCas and NaCMC solutions were prepared separately 

151 in 50 mL deionized water.  EDC was added to the NaCMC solution at pH 4.5 with continuous 

152 stirring for 60 sec, followed by addition of the NaCas solution. The pH was lowered to 4.5 to 

153 ensure optimal EDC activity and stability of the intermediates formed during the crosslinking 

154 process.

155
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156 Table 1. Concentrations of EDC and NaCas used with 1 wt.% NaCMC.

Variables Concentrations

NaCMC 0.5%

EDC 0 mM
1 mM
5 mM
10 mM
20 mM
50 mM

NaCas 0.1%
0.3%
0.5%
1%
2%

157 NaCas, Sodium caseinate; EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; NaCMC, Sodium 
158 carboxymethyl cellulose. Note, percentages are wt.%.

159

160 2.3. Steady-state shear and oscillatory rheology

161 The flow behaviour and viscoelastic properties of the hydrogel were measured on a MCR 301 

162 rheometer (Anton Paar GmbH, Austria) equipped with a Peltier temperature control system. A 

163 concentric cylinder geometry (CC27; outer diameter, 28.9 mm; inner diameter, 26.66 mm; gap 

164 size, 1.13 mm; cone angle, 120°; effective cylinder height, 39.997 mm) was used for testing 

165 bulk solutions and gel samples. Amplitude sweeps were performed with a constant angular 

166 frequency, ω = 10 rad s-1, to identify the linear viscoelastic regime (Figure S2). Optimum 

167 angular frequency, ω and shear strain, γ were determined by performing frequency sweeps for 

168 sample containing NaCMC and NaCas in 1:1 ratio, in the frequency range, ω = 1 – 100 rad s-

169 1, at constant strains of 1%. Time-dependent oscillatory shear experiments were carried out 

170 with varying concentrations of NaCas and EDC (Table 1) to identify the optimum 

171 concentrations for crosslinking and fibre spinnability. Measurements were carried out within 

172 the linear viscoelastic range to ensure that sample properties were not affected by the imposed 

173 strain or stress.  Experiments were performed at a constant angular frequency, ω = 6.28 rad s-

174 1, and constant strain, 1% for 120 min. For constructing a crosslinking diagram for biopolymer 
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175 mixtures, the G  values at t = 100 min of the reaction were plotted as a function of concentration 

176 of EDC and NaCas. 

177 2.4. Capillary breakup and extensional rheology 

178 Extensional capillary breakup tests were performed using a CaBER-1 extensional rheometer 

179 (Thermo Scientific Haake, Germany) equipped with an enclosed measuring unit to minimise 

180 evaporation, as described in our earlier study45. For all measurements (n = 5), 76 μL of sample 

181 was utilised in the parallel geometry (diameter, 6 mm; initial gap, 3.01mm, and final gap, 9.92 

182 mm). The initial and final aspect ratio were 1 and 3.31, respectively, corresponding to a Hencky 

183 strain of 1.19. Hydrogels were tested at different time intervals to determine the effects of time-

184 dependent ageing on crosslinking via analysis of capillary thinning and breakup15, 17, 18.

185

186 Figure 1. Changes in the extensional behaviour of a liquid bridge filament as a function of 
187 crosslinking time. During extensional flow measurements, the liquid sample is placed between 
188 two plates of the CaBER apparatus (plate diameter, 6 mm, initial height, ca. 3 mm); then the 
189 upper movable plate rapidly opens the gap, allowing the formation of a filament (final height, 
190 ca. 10 mm). Initially (t = 2 min), breakup is rapid as expected for low viscosity, Newtonian-
191 like fluids. With the increase in crosslinking time, the filament breakup slows down, indicating 
192 the growing contribution of fluid elasticity. At t = 30 min of the crosslinking reaction, the 
193 filament remains sustained between the plates without breaking. As the crosslinking reaction 
194 continues, the formation of the filament represents the uniaxial extension of a viscoelastic gel. 
195 Ultimately, the strength of the gel exceeds the adhesion force between the plate and the sample, 
196 making the formation of a filament unfeasible.

197
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198 2.5. Sodium rheo-NMR

199 A non-magnetic cone and plate geometry with 8 cone angle and 12 mm diameter (Bruker, 

200 Germany) was placed inside the 25 mm dual channel 23Na/1H resonator (Bruker, Germany) 

201 tuned to 105.68 MHz and 400.18 MHz corresponding to sodium and proton resonance 

202 frequencies, respectively. Using a specialised shaft, the assembly was positioned in the centre 

203 of the 9.4T superconducting magnet and connected to the shear control unit (RheoSpin, Bruker, 

204 Germany). Shear rate in all rheo-NMR experiments was controlled using automated TopSpin 

205 software and maintained within +/- 0.01 s-1. The employed shear rates were 10.89, 21.00, and 

206 30.00 s1. Sodium detection in rheo-NMR experiments was performed using two-dimensional 

207 triple quantum time proportional phase increment method (TQ-TPPI) with 1024 complex 

208 points sampled in the direct dimension and 512 points in the indirect dimension with 50 s 

209 increment steps. The width of sodium 𝜋 2 was 50 s, recycle delay was 100 ms, and a total 

210 time for a TQTPPI scan was under 5 min. Further details of this method are provided 

211 elsewhere42, 46.

212 2.6. X-ray diffraction

213 NaCMC-NaCas crosslinked fibres under different time-dependent ageing and crosslinking 

214 conditions were studied using an Echo D8 Advance Bruker AXS powder diffractometer 

215 (Bruker, UK) equipped with a copper tube operating at a tube voltage of 40 kV and an 

216 accelerating current of 25 mA, using Cu-Kα radiation at a wavelength of 0.1541 nm and 

217 controlled by DIFFRAC EVA software. The diffraction range (2θ) was 4 to 45°, with a step 

218 size of 0.02° (n = 3). 

219 2.7. Wet Spinning of hydrogel fibres

220 NaCMC-NaCas fibres were spun using a syringe pump (KD Scientific, USA), as described 

221 previously by Li and coworkers47, with some modifications. The experimental setup for 
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222 spinning hydrogel fibres is illustrated in Figure 2. Briefly, fibres were spun from hydrocolloid 

223 mixtures containing varying concentration of sodium caseinate (0.5, 0.75, 1 and 1.5 wt.%), 

224 EDC (10, 15, 20 and 30 mM), and 0.5 wt.% NaCMC. The flow rate was fixed at 0.4 mL min-1 

225 for all experiments. Acetone was used as coagulant. After spinning, the fibres were air-dried. 

226 Additionally, the time-dependent ageing of hydrogels was studied using a representative 

227 hydrocolloid mixture containing 0.5 wt.% of NaCMC, 0.5 wt.% of NaCas (i.e., 1:1 ratio) and 

228 20 mM EDC).

229

230 Figure 2. (a) Experimental set up for spinning hydrogel fibres using a syringe Pump (KD 
231 Scientific, USA): (b) Visual representation of hydrogel filament obtained after spinning 0.5 
232 wt.% NaCMC-NaCas solution, 30 minutes after onset of crosslinking (0.4 mL min-1, 21G 
233 needle, ID 800 μm).

234    

235 2.8. Microscopy

236 Bright field and polarised light micrographs of the fibre samples were obtained using an Eclipse 

237 Ci-POL microscope (Nikon, Japan). Fluorescence micrographs were obtained on a EVOS FL 

238 microscope (Life technologies, USA) using the DAPI light cube (λex = 350 nm; λem = 440). 

239 Briefly, calcofluor white stain was prepared in water at a concentration of 0.1 mg mL-1. Fibre 

240 samples were stained for 1 min before observation under the microscope. Mean diameter of 

241 fibres were estimated (n = 5) using ImageJ software (NIH, USA). Microscope images have 

(b)
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242 been adjusted to improve contrast and brightness to accurately represent the data or to highlight 

243 specific features of interest. The original images are provided in the Figure S3 and S4.

244
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245 3. Results and Discussion

246 The ability to successfully wet-spin hydrogel fibres is highly dependent on optimising 

247 the formulation parameters, particularly the concentration of biopolymer components and the 

248 rheological properties of the precursor solution48. Previous studies have demonstrated that an 

249 optimal balance of viscoelasticity, surface tension, and shear-thinning behaviour is required to 

250 ensure continuous fibre formation and structural integrity during extrusion12, 49, 50. Building 

251 upon these insights, we explored the effect of hydrogel composition on spinnability by varying 

252 systematically the concentrations of a tether (NaCas) and a crosslinker (EDC). The choice of a 

253 model system has been instrumental in studying the relationship between viscoelastic 

254 properties of hydrogels and fibre spinnability. Using carboxymethyl cellulose (NaCMC) as a 

255 model polysaccharide and sodium caseinate (NaCas) as a model protein, we have formulated 

256 a crosslinked hydrogel system with tuneable gel-setting properties. This is achieved by 

257 independently varying the concentration of tethers that determines cross-linking density and 

258 the concentration of a crosslinker, which influences the kinetics of the crosslinking reaction 

259 (Due to a size difference of approximately two orders of magnitude between EDC (~ 5Å) and 

260 NaCas (~ 500Å), it is assumed that EDC has much higher diffusivity compared to NaCas). 

261 Our hypothesis suggests that under specific spinning conditions, the extension of 

262 polysaccharide molecules will occur, resulting in stable fibres with an anisotropic molecular 

263 and microstructure which resembles collagen and myofibril. The concept of anisotropic fibre 

264 formation is particularly important in this context, as it replicates the structural organisation 

265 observed in natural fibres like collagen, which achieve high tensile strength through their 

266 aligned molecular arrangement as reported by Li and coworkers7. 

267 3.1. Rheological properties of the hydrogel

268 The rheological properties of NaCMC-NaCas crosslinked hydrogels were assessed in 

269 the concentrations ranging from semi-dilute state to concentrated solution state51, covering 

Page 13 of 33 Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/2
4/

20
25

 1
0:

45
:0

3 
PM

. 
 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
DOI: 10.1039/D4SM00705K

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm00705k


14

270 relevant regions for technical applications. To determine the relationship between biopolymer 

271 concentration and hydrogel formation, the crosslinking process was monitored using small 

272 amplitude oscillatory shear (SAOS) rheology as a function of time. This is in agreement with 

273 the work of Lopez and coworkers 20, 51, 52. SAOS measurements yielded values of 𝐺′ and 𝐺′′ as 

274 a function of time and formulation. Monitoring the evolution of 𝐺′ enables assessment of the 

275 changes in crosslinking density (𝑣) of the hydrogel as53, 54:

276                                                                    𝑣𝑐 =
𝐺′𝐶
𝑅𝑇                                                                         (1)

277 where R is the gas constant, T is the absolute temperature and 𝐺′𝐶 is the storage modulus of the 

278 gel. Using the above equation, it is possible to understand the relative change in crosslinking 

279 density by normalising the storage modulus as:

280                                                         𝑣 = (𝐺′ 𝐺′0) 𝐺′0                                                           (2)

281 where, 𝐺′ is the storage modulus of the gel at time = t and 𝐺′0 is the storage modulus of the gel 

282 at time t = 0. The changes in crosslinking densities over time for various concentrations of 

283 NaCas and EDC are presented in Figure S5, provide important insights into the dynamics of 

284 hydrogel formation. The storage modulus of the gel can be correlated with the strength 𝑆𝜔0 of 

285 the gel at a given angular frequency, 𝜔0  as55:

𝑆𝜔0 = 𝐺′tan𝛿=1
1
2𝜋𝜔0

―1 2
(3)

286 where 𝐺′tan𝛿=1 is the value of 𝐺′ at the time point of its intersection with intersects 𝐺′′. The gel 

287 strength, 𝑆𝜔0 is also proportional to the degree of crosslinking that enables monitoring the 

288 crosslinking reaction by measuring the corresponding time evolution of 𝐺′ (data not shown).
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289

290 Figure 3. (a) Evolution of the small amplitude oscillatory shear (SAOS) rheological behaviour 
291 of NaCMC-NaCas crosslinked hydrogel (1:1 ratio of protein and cellulose gum) with 20 mM 
292 EDC showing changes in storage modulus (𝐺 ), loss modulus (𝐺 ) and tan δ values during 
293 gelation as a function of time. The sol-gel transition time is achieved at tan δ = 1 when 𝐺
294  =  𝐺. This transition time can vary depending on the concentration of crosslinking agent or 
295 concentration of biopolymers. Black dashed line is a visual guide to show tan 𝛿 = 1. (b) 
296 ‘Protorheological’56 inference of (a) as a function of crosslinking time. Here, ‘zones’ 
297 correspond to the following crosslinking times: 0 - 20 min (Zone 1), 20 - 40 min (Zone 2), 40 
298 - 60 min (Zone 3), 60 - 80 min (Zone 4), and 80 - 100 min (Zone 5). (c) Variation in storage 
299 modulus (𝐺 ) with concentration of EDC and NaCas (𝐺 ′ at ω = 6.28 rad sec-1) for NaCMC-
300 NaCas hydrogel at cross-linking time t = 100 mins. (d) Variation in tan 𝛿 as a function of 
301 concentration of EDC and NaCas. Solid black line is a visual guide to denote the tan 𝛿 = 1 
302 boundary.
303

304 Figure 3a shows the corresponding values of the storage, 𝐺′ and loss moduli,  𝐺′′ as a 

305 function of reaction time for NaCMC crosslinked with NaCas mixed in 1:1 ratio using 20 mM 

306 EDC. Prior to the crosslinking reaction, 𝐺′′ is greater than 𝐺′, indicating that the mixture is in 

307 the free-flowing state. The crossover point of the loss and storage moduli after 30 min of 

308 reaction, represents the sol-to-gel transition and it can be used to define the onset point of 
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309 crosslinking/gelation (𝐺′ = 𝐺′′ or 𝐺′′/𝐺′ = tan 𝛿 = 1). At the end of the reaction the 𝐺′  values 

310 were found to be significantly greater as compared to 𝐺′′ indicating gel-like behaviour. At this 

311 point in time, the mixture sets to form a self-supporting gel. Figure 3a shows the tan𝛿 values 

312 with respect to time and depicts that the gelation point is obtained at 35 min where tan 𝛿 = 1. 

313 ‘Protorheological’56 inference of the sample as a function of crosslinking time are shown in 

314 Figure 3b, and clearly shows the emergence of the storage, 𝐺′ moduli in the gels. Here, ‘zones’ 

315 refer to the ranges of crosslinking times and compositions that represent specific phases in the 

316 hydrogel’s rheo-mechanical evolution: Zone 1: G << G, rapid filament breakup; Zone 2: G 

317 < G, slowly thinning filament; Zone 3: G > G stable filament; Zone 4: G >> G, filament 

318 dominated by elastic extension; Zone 5: G >> G, elastic extension.

319 To map the crosslinking reaction as a function of composition, the 𝐺 values at t = 100 

320 min of crosslinking were plotted against the concentration of NaCas and EDC. The variation   

321 in the 𝐺′ values over time with increasing EDC concentrations is plotted in the Figure S6.  

322 Figure 3c shows the comparison of storage modulus at t = 100 min with increasing 

323 concentrations of both NaCas and EDC. The variation in  𝐺′  and 𝐺′′ over time for different of 

324 NaCas concentrations, specific to each EDC concentration are plotted separately in the Figure 

325 S7. In un-crosslinked systems the loss modulus (𝐺 ) value was greater than the storage 

326 modulus (G). As the gel crosslinks the storage modulus increases (𝐺 < 𝐺 ).  It was observed 

327 that crosslinking occurred at a minimum concentration of 10 mM EDC with 1 wt.% NaCas and 

328 50 mM EDC with 0.3 wt.% NaCas. The storage modulus and crosslinking density increase in 

329 tandem with increasing concentration of EDC and NaCas. Figure 3d shows that the tan  value 

330 decreased with increasing concentration of EDC and NaCas indicating the formation of 

331 crosslinked gel. At low concentrations of NaCas and EDC, there was a delay in the onset of 

332 crosslinking, while at higher concentrations, the gel sets rapidly, leaving very little window for 
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333 the fibres to be spun. The optimum concentration for favourable gel setting behaviour was 

334 obtained with a 1:1 ratio of NaCMC to NaCas and 20 mM EDC.

335

336 Figure 4. Normalised filament diameter as a function of time for crosslinking hydrogel with a 
337 total polymer concentration of 1 wt.% and 20 mM EDC. Early filament thinning and breakage 
338 was observed in weakly crosslinked polymer while completely crosslinked polymers exhibited 
339 no filament formation. (b) Characteristic relaxation time (𝜆𝐸) from CaBER experiments as a 
340 function of crosslinking time obtained by fitting the exponential phase of CaBER data. Red 
341 dashed box is a visual guide to indicate the evidence of percolation threshold behaviour. Error 
342 bars represent n = 5. Fitted curves for extensional relaxation time, 𝜆𝐸 are shown in Figure S8.
343

344 We also studied the extensional flow behaviour of the hydrogels using capillary 

345 breakup and extensional rheology (CaBER)57. Capillary breakup is widely understood as a 

346 surface tension induced breakup of filaments at low concentrations of the crosslinked solution 

347 which determines the lower limit of spinnability58, 59. The time t = 0 is defined as the time at 

348 which the upper plate has reached its final position (Hencky strain, 1.19). It was observed that 

349 the hydrogel starts crosslinking immediately after sample preparation and forms a highly 

350 viscous gel within two hours of preparation. The gel showed marked extensional properties for 

351 a long period of time at a concentration of NaCMC and NaCas at 1:1 ratio with 20 mM of EDC. 

352 The gel formed is highly flexible within the range of 30 min to 60 min after which it sets 

353 completely. Figure 4a shows the evolution of fibre diameter on the CaBER with respect to 
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354 time. The extensional relaxation time, 𝜆𝐸 were determined from the exponential function (at 

355 the initial stages of capillary thinning) as60:

356                                         𝐷(𝑡) = 𝐷𝑜𝑒𝑥𝑝 ― 𝑡
3𝜆                                                  (4)

357 where, 𝐷 is the diameter of the thinning capillary and 𝐷0 is the diameter of the thinning 

358 capillary at time, t = 0. One can clearly observe the evolution of the hydrogel from completely 

359 un-crosslinked to completely crosslinked as a function of time. Changes in relaxation time of 

360 the gel in response to crosslinking time provides further evidence of percolation and three-

361 dimensional network formation as the sol-to-gel transformation takes place61, and is shown in 

362 Figure 4b. When 𝐺 > 𝐺  in the system, the gel network is weakly formed, and the relaxation 

363 time is lower than the percolation threshold value (𝑟 <  𝑟𝑐). When 𝑟 >  𝑟𝑐;  𝐺 > 𝐺 and a 

364 plateau region is observed, providing indications that the polymer network has completely 

365 developed. We have provided a visual depiction of the network formation as a function of the 

366 crosslinking time within insets in Figure 4b.

367 3.2. Microstructural analysis of hydrogel fibres

368 Hydrogel fibres were spun at a constant flow rate of 0.4 mL min-1 at different 

369 crosslinking times using a syringe pump. Microscopic images of EDC crosslinked NaCMC-

370 NaCas fibres were analysed to determine the average diameter of the fibres spun at different 

371 time intervals. Figure 5a displays the variation in diameters of fibres spun at various time 

372 intervals following the initiation of crosslinking. The results show that the fibre diameter 

373 increased with the increase in polymer concentration and crosslinking time. The variation in 

374 fibre diameter at different concentration regimes is displayed in Figure 5b. Smooth fibres were 

375 obtained by wet spinning NaCMC-NaCas hydrogel within the interval of optimum spinnability 

376 as discussed in section 3.1. These changes can be attributed to the increase in the extensional 

377 viscosity of the biopolymer mixture. The wet spun hydrogel fibres were coagulated in an 
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378 acetone bath. This resulted in dehydration of the gel-fibres. After air drying, the resulting fibres 

379 had a white, lustrous appearance.

380
381 Figure 5. (a) Images of hydrogel fibres formed at different crosslinking times viewed using an 
382 EVOS fluorescent microscope.  Fibre diameters were calculated using ImageJ (NIH, USA). 
383 *Star marks within the plot are relative to the corresponding *marks in the associated 
384 fluorescent micrographs. (b) Fibre diameter in different concentration regimes. The weak 
385 hydrogels formed at lower concentrations resulted in thin filaments. By contrast, rapid gelation 
386 at higher polymer concentrations led to the formation of fibres with irregular thickness. Inset 
387 is a rendition of Figure 3d, but with added demarcations for different regimes. Regimes I-IV 
388 indicates transition from viscosity-dominated to elasticity-dominated as a function of NaCas 
389 and EDC concentrations. Fluorescent micrographs show spun fibres at regimes I and IV.
390

391 The polarized images of NaCMC-NaCas crosslinked fibres alongside comparative 

392 optical micrographs at different rheo-mechanical zones during the crosslinking process are 

393 shown in Figure 6. Refractive index of the spun fibres was greater than air, evidenced by the 

394 presence of Becke lines with positive relief (Figure 6, highlighted by arrows). Increased 

395 crosslinking time results in thicker fibres and the surface of the fibre transitioned from smooth 

396 to irregular with scalloped edges. As can be seen, within the zones of optimum spinnability 

397 (particularly Zone 3), fibres demonstrated strong birefringence, i.e., anisotropy in the 

398 transmission of light. The fibre appears to have a principle linear optical axis along the major 

399 axis, where the polarised light is disintegrated into slow and fast components which were not 

Page 19 of 33 Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/2
4/

20
25

 1
0:

45
:0

3 
PM

. 
 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
DOI: 10.1039/D4SM00705K

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm00705k


20

400 in phase with each other. Note, the extinction events upon rotation of the sample stage are 

401 shown in Figure S9. Here, the transmission intensity is a function of the angle, θ that the fibre 

402 principal linear axis makes with the axis of polarisation; extinction is observed when θ ≈ zero 

403 or 𝜋
2, whereas transmission is high when θ ≈ 𝜋

4 (transmitted light intensity ≈ sin2(2θ)). 

404 Fibres within Zones 1, 2, and 5 did not demonstrate extinction as a function of θ, whereas a 

405 strong effect of θ was observed for fibres within Zones 3 and 4; the latter is indicative of fibre 

406 anisotropy plausibly with nematic ordering. Previous studies have shown similar results for 

407 fibril alignment in collagen fibres62, 63. 

408  

409 Figure 6. Polarised optical micrographs (θ ≈ 𝜋 4) of crosslinked NaCMC-NaCas fibres spun 
410 at different rheo-mechanical zones during crosslinking. Zones correspond to crosslinking time 
411 as: 0 - 20 min (Zone 1), 20 - 40 min (Zone 2), 40 - 60 min (Zone 3), 60 - 80 min (Zone 4), and 
412 80 - 100 min (Zone 5). White arrows are a visual guide indicating Becke lines. Scale bar is 
413 100μm. θ ≈ zero or 𝜋 2 are shown in Figure S9.
414

415 3.3. Short-range molecular order of hydrogel fibres

416 Powder x-ray diffraction (XRD) enables ascertaining molecular orientation in 

417 biopolymer fibres and was utilised to characterise such systems as spider silk64 and binary 

418 polysaccharide gels based on xanthan gum65. In this work XRD is used to investigate the 

419 emergence of molecular ordering in the NaCMC-NaCas crosslinked fibres as a function of 

420 crosslinking time. Figure 7a shows XRD diffraction patterns of pure NaCMC and hydrogel 
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421 fibres spun at different zones of the sol-gel transition. The data show the presence of a smaller 

422 peak at 2𝜃 ≈ 9° and a larger peak at 2𝜃 ≈  20°. The peak at 2𝜃 ≈  20° can be primarily 

423 attributed to the intermolecular spacing in the amorphous NaCMC37, 53, 66.

424 For the hydrogel fibres, this peak becomes broader, indicating wider distribution of 

425 intermolecular distances. Notably, a marked increase in peak intensity at 2θ ≈ 9° was observed 

426 for the hydrogel fibres compared to NaCMC alone, as well as compared to fibres spun in Zone 

427 1. Our findings align with previous research conducted by Souza and coworkers53. The latter 

428 are equivalent to quiescently cross-linked gels, because NaCMC chains in these fibres have 

429 sufficient time to relax before cross-linking takes place. Thus, we suggest that the peak at 2θ ≈ 

430 9° is associated with longer range structure, which gets accentuated by the spinning process 

431 during fibre manufacture. The ratio of peak areas was used to estimate the degree of long-range 

432 structuring as shown in Table 2. The fibres spun within Zone 3 showed the highest degree of 

433 long-range structuring, followed closely by Zone 4 with the peak intensity ratio of 0.1 

434 compared to 0 for pure NaCMC. Although specific details of long-range structuring require 

435 further analysis, it is evident that XRD findings appear to be consistent with the results obtained 

436 from polarised microscopy.

437 Table 2.  Peak areas and the ratio of area of peaks at 2𝜃 ≈ 9° to 2𝜃 ≈ 20°.

Zone Peak 1 Peak 2 Ratio
NaCMC 0 14857.73 0

1 270.48 31116.51 0.0087
2 1279.19 38632.77 0.0331
3 2404.99 23910.67 0.1006
4 2911.11 29348.14 0.0992
5 1856.37 32880.64 0.0565

438

439 To probe the hydrogel structure further, we used sodium rheo-NMR - a versatile and 

440 sensitive technique which provides insights into molecular alignment within sodium-

441 containing hydrogel networks under shear46. Since both our biopolymers, NaCas and NaCMC, 

442 contain Na ions, 23Na rheo-NMR would provide a means of distinguishing between free and 
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443 bound sodium ions42. The triple quantum (TQ) coherence, contribution to sodium NMR signal 

444 arises from slow-motion states of sodium ions as compared to the freely diffusing ones. Such 

445 slow-motion states can arise, for example, from electrostatic binding of sodium ions to 

446 hydrogel macromolecules. This interaction can be detected using a two-dimensional (2D) scan 

447 induced through specific 23Na TQ-TPPI MR protocol, employed in this work. Figure 7b shows 

448 the 2D 23Na TQ-TPPI spectrum, where sodium chemical shift is shown in the direct (horizontal) 

449 dimension, while sodium multiple quantum spectra are shown in the indirect (vertical) 

450 dimension that separates the single quantum and triple quantum coherences. Analysis of 

451 sodium multiple quantum spectra taken at the sodium chemical shift frequency (dotted blue 

452 line in Figure 7b) enables monitoring the degree of association of sodium cations with hydrogel 

453 biomolecules by analysing the intensity of TQ population under shear. Figure 7c shows sodium 

454 multiple quantum (MQ) spectra produced in this manner in the gel under pre-shear, sheared at 

455 11 s-1, 20 s-1, 30 s-1 and post shear conditions. No TQ sodium peaks were detected in the absence 

456 of shear. This indicates an isotropic environment of the static crosslinked gel as probed by 

457 sodium cations. The introduction of shear, however, results in the emergence of distinct TQ 

458 peaks in the sheared gel system as seen in Figure 7c (highlighted with black arrow).

459

460 Figure 7. X-ray diffraction curves for NaCMC and hydrogel fibres spun at different 
461 crosslinking times and rheo-mechanical zones: 0 - 20 min (Zone 1), 20 - 40 min (Zone 2), 40 - 
462 60 min (Zone 3), 60 - 80 min (Zone 4) and 80 - 100 min (Zone 5). Dashed lines are a visual 
463 guide to denote the diffraction peaks. NaCMC, sodium carboxymethyl cellulose. (b) 23Na TQ-
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464 TPPI spectra of 1 wt.% NaCMC-NaCas crosslinked gels: 2D TQ-TPPI map measured under 
465 30 s-1 with all relative terminology. Dotted blue line is a visual guide denoting the sodium 
466 chemical shift frequency. (c) 23Na multiple quantum (MQ) spectra taken from 2D maps as 
467 shown by dashed blue line in (b) at 0 s-1, 11s-1, 20 s-1, 30 s-1, and post shear. MQ spectrum of 
468 mix solution of biopolymers without crosslinking agent added and sheared at 30s-1 is shown in 
469 red. Please note the absence of TQ peak at the highest shear rate as shown by arrows. 
470

471 We postulate the emergence of the 23Na TQ signals to the molecular order or molecular 

472 alignment formed in the gel at the onset of shear. Tests were also performed on a mixed solution 

473 of NaCMC and NaCas, without the addition of the crosslinking agent. As can be seen from 

474 Figure 7c (MQ spectrum shown in red), no TQ sodium signal was detected in the mixed 

475 biopolymer system under shear. This indicates that molecular alignment must be emerging at 

476 the interface of shear gel particles, most likely in a form of an electrical double layer. In the 

477 mixed, un-crosslinked biopolymer system the ionic interactions lack a distinct interface, 

478 making their relaxation more random than in the case of an interfacial layer of aligned counter-

479 ions. During shear, the requirement of electroneutrality generates a streaming potential in the 

480 direction of flow that separates sodium ions between those in a slow-motion state and freely 

481 diffusing ones. Similar effects have been observed before in other biopolymeric fluids46 where 

482 the formation of molecular order was confirmed by detection of sodium residual quadrupolar 

483 coupling constant. Although the likely location of the sodium ions in slow-motion states is at 

484 the interface between shear-gel particles, it is possible to propose an alternative localisation of 

485 electrokinetically trapped states. Considering small amplitudes of TQ signals, the effects of gel 

486 friction against the walls of the measuring geometry cannot be excluded46.

487 In summary, the results of this study reveal a clear relationship between the rheological 

488 properties of covalently crosslinked NaCMC-NaCas hydrogels and their spinnability. The 

489 observed trends suggest that specific rheological parameters - such as viscoelasticity, precursor 

490 concentrations, sol-gel transition time, and polymer relaxation behaviour - play critical roles in 

491 determining molecular alignment and orientation during the fibre spinning process. In this 
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492 context, a suite of quantifiable parameters provides a valuable toolbox for optimising spinning 

493 conditions and enabling the rational design of biopolymer fibres. 
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494 4. Conclusions

495 In this study, a model protein-polysaccharide hydrogel system was designed to probe 

496 the effects of crosslinking on fibre spinnability and structural alignment during extension. The 

497 EDC-mediated crosslinking of NaCMC and NaCas resulted in the formation of homogenous 

498 gel. Hydrogels were prepared in different ratios by varying the concentrations of EDC and 

499 NaCas at a constant concentration of NaCMC, 1.0 wt.%. By exploring capillary breakup and 

500 rheological behaviour using small amplitude oscillatory shear rheology, a direct connection 

501 between the rheological properties of hydrogels and fibre spinnability was uncovered. This 

502 study demonstrates that fibre spinnability is intricately linked to the evolution of viscoelastic 

503 properties and is influenced by the sol-gel transition time. During the sol-to-gel transition, the 

504 dynamic properties of the transient molecular networks facilitate the spinning of highly regular 

505 and homogeneous fibres. Specifically, for the 1 wt.% NaCMC-NaCas hydrogel, optimal 

506 spinnability was observed between 40 and 60 min into the crosslinking reaction, where tan  

507 1. Notably, evidence of shear-induced anisotropic alignment of polysaccharide chains was 

508 identified. This alignment was characterized using polarized light microscopy, XRD, and rheo-

509 NMR.

510 Overall, our findings provide a foundational platform for future studies. By exploring 

511 the fundamental principles governing spinnability and through careful tailoring of the 

512 crosslinking conditions, we have uncovered a dynamic balance between extension and 

513 relaxation of weakly associated polymer networks to form aligned fibres. These insights will 

514 help guiding the development and optimisation of materials tailored to specific applications in 

515 fibre spinnability across diverse fields, including applications in foods, drug delivery, wound 

516 care scaffolding, tissue engineering67, and sustainable packaging. From our perspective, the 

517 insights generated using a model hydrocolloid system will enable the development of edible 

518 fibres designed with food-grade hydrocolloids and food-compatible crosslinking agents.
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546 Abbreviations

547 DS, degree of substitution

548 EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide

549 𝐺′, storage Modulus

550 𝐺′′, loss Modulus

551 NaCMC, sodium carboxymethyl cellulose

552 NaCas, sodium caseinate

553 Rheo-NMR, rheology-nuclear magnetic resonance

554 tan 𝛿, loss Factor

555 TQF, triple Quantum Filter

556 TPPI, time-proportional phase incrementation

557 XRD, x-ray diffraction

558 𝜆𝐸, extensional relaxation time 

559 ω, angular frequency

560
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561 Software:
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