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Abstract 

It has been proposed that hydrogen bonding plays a role in promoting the electrospinnability 

of some materials. In this work, the significance of non-covalent interactions in the 

electrospinnability of aqueous sugar solutions (i.e. mono- and disaccharide) was investigated 

as a function of carbohydrate concentration. The electrospinnability of concentrated aqueous 

solutions of glucose, fructose and sucrose was studied by physicochemical and rheological 

characterization methods, and by subsequently examining the resulting morphology via 

scanning electron microscopy. The results on the electrospinning of concentrated saccharide 

solutions indicated the significance of non-covalent interactions on the electrospinning of 

these systems. Electrospinnability models based on critical concentration and visco-elasto 

capillary theories were compared with the experimental results. It is shown that visco-elasto 

capillary theory has the closest correlation with the experimental data. The electrospinnability 

of highly concentrated saccharide solutions appears to be directly related to the density and 

intermolecular bonding capacity of the solution. 
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1. Introduction 

Electrospinning is a method for the production of continuous polymer fibres with diameters 

in the sub-micron range [1-3]. During the electrospinning process, a high voltage is applied to 

a droplet of a polymer solution (or melt), stretching the droplet into a conical shape (known 

as the Taylor cone) by means of electrostatic repulsion [4]. A jet of polymer solution is 

emitted from the tip of the Taylor cone if the build-up of internal electrical charge overcomes 

the surface tension of the droplet. Given an appropriate combination of electro-viscoelastic 

properties, the polymer jet initially follows a stable, linear trajectory that resists the Plateau-

Rayleigh instability, enabling it to be drawn into a fibre. Following stable jet formation, the 

jet typically undergoes a chaotic bending instability that leads to extensive jet thinning 

through solvent loss. A solid polymer fibre is then collected at an earthed electrode if 

sufficient solvent has been evaporated during the flight from tip to collector [1, 3, 5]. The 

ability of a polymer solution to resist the Plateau-Rayleigh instability during flight is usually 

attributed to the entanglement of polymeric molecules, and chain entanglement is commonly 

proposed to be the leading mechanism of fibre formation during electrospinning of polymeric 

systems [6, 7]. The formation of uniform electrospun polymeric fibres is thought to rely on 

the presence of at least 2 entanglements per chain [8, 9], although this may vary with polymer 

and its polydispersity and/or degree of branching [10]. However, some polymers may 

transition from electrospraying to electrospinning (as evidenced by the formation of beads-

on-a-string) at concentrations between the critical overlap concentration (c∗) (i.e. semi-dilute, 

un-entangled) and the entanglement concentration (Ce) (i.e. semi-dilute, entangled), where 

Ce is typically ~10 × c∗ [6, 54]. 

 

An alternative approach used to describe the concept of electrospinnability is the visco-elasto 

capillary theory [11-14]. According to visco-elasto-capillary thinning theory, non-Newtonian 
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fluids that undergo shear thinning and where G′ > G″ at higher angular frequencies are able to 

better resist extensional capillary thinning and filament break-up when compared with 

Newtonian fluids for which G′ < G″ at lower angular frequencies. Also, fluid inertia, as 

evidence by beads-on-string morphology, is also an important factor on the development of 

capillary waves. According to the visco-elasto-capillary theory, when the inverse of the 

fluid’s relaxation time exceeds the rate of capillary thinning (wave propagation), Rayleigh 

instabilities can be supressed; resulting on uniform fibres [43]. Furthermore, visco-elasto-

capillary theory sets boundaries for fibre spinnability that depend on several non-dimensional 

numbers describing the elastocapillary thinning rate in relation to the characteristic material’s 

relaxation time. Usually, Deborah (De) and Onsager (Oh) numbers describe the 

electrospinnability of most polymers, when the condition De ≥ Oh ≥ 1 is met [11-14].  

 

Oligosaccharides are carbohydrates that consist of monosaccharide units linked together to 

form short chains of varying length (di-, tri-, tetra-, pentasaccharides, etc.). Oligoaccharides 

have multiple chiral centres, including the anomeric centres of each monosaccharide unit. 

Each monosaccharide unit (6 carbons) may exist in either the pyranose (6-ring) or furanose 

(5-ring) form [15]. Saccharides which possess a terminal hemiacetal group are commonly 

denoted as reducing sugars, as these readily undergo mutarotation, a process which involves 

ring opening to the acyclic aldehyde and subsequent re-closure, equilibrating the 

diastereomeric α and β isomeric forms [15-17].  Similarly, the facile ring opening of reducing 

sugars allows equilibrium between pyranose and furanose forms, meaning that in aqueous 

solution a small amount of the open chain aldehyde is invariably present.  

 

Polysaccharide concentrations leading to ten times the chain entanglement condition (i.e. 2 

entanglements per chain) are able to form uniform fibres during electrospinning [20]. Also, it 
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is believed that the potential of saccharides to create metastable “supramolecular-like’ 

architectures may underpin the electrospinnability of such materials [18, 19]. For example, 

the presence of hydrogen bonding is thought to influence the electrospinnability of food-

grade polysaccharide solutions [20-22]. Likewise, non-covalent interactions between 

cyclodextrin (CD) molecules and hydrocolloids are thought to be responsible for the 

electrospinnability of highly concentrated aqueous solutions of CDs [23-30].  As evidence by 

Uyar et al., who demonstrated that α-, β- and γ-CDs and their derivatives may be electrospun 

into continuous fibres in spite of their low molecular weight (972-1297 g/mol) [26]. 

Moreover, the authors proposed that the formation of molecular aggregates of aqueous CDs, 

can be attributable to extensive hydrogen bonding; a critical mechanism allowing the 

formation of α-, β- and γ-CDs fibres during electrospinning [24-26]. Bounded water on CDs 

aqueous solutions was reported be as high as 100% for solutions over 60% CDs wt. % 

concentrations, and as suggested by the authors, electrospinnability by depletion flocculation 

was the driving mechanism for the observed results [23]. 

 

The present authors recently reported that mono-, di- and tri-saccharide solutions exhibit 

reversible gel-like behaviour with a molecular cohesion that permits the electrospinning of 

these saccharides [31]. In the present work, the electrospinnability of aqueous solutions of 

reducing (glucose, fructose) and non-reducing (sucrose) saccharide solutions is investigated. 

Both single component solutions and mixtures of the saccharide solutions were examined to 

determine the effect of composition and concentration on the electrospinnability of 

saccharides. The saccharide concentration in aqueous solution was either under-saturated (-

SAT), saturated (SAT), or super-saturated (+SAT). The electrospinnability of the saccharide 

solutions was then compared with the chain entanglement and visco-elasto-capillary theories 

that are typically used to model the electrospinnability of polymers. New experimental 
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evidence is provided on the electrospinnability of non-polymeric saccharides that might have 

implications for the development of new bio-nanomaterials for medical, food and 

pharmaceutical applications [21, 30]. 

 

2. Experimental procedures 

2.1 Materials and solution preparation 

D-glucose (C6H12O6, > 99.5 %, CAS # 50-99-7), D-sucrose (C12H22O11, > 99.5 %, CAS # 57-

50-1) and D-fructose (C6H12O6, > 99%, CAS # 57-48-7) were used as supplied (Sigma-

Aldrich, Germany) without further purification. Various under-saturated, saturated and super-

saturated solutions composed of single, binary and ternary combinations of glucose, fructose 

and sucrose were prepared for electrospinning. The super-saturated solutions were prepared 

by increasing the dissolution temperature to 75 ± 2 °C for short periods of time, and then 

promptly storing the solutions at lower temperatures (50 ± 2 °C) on air-tight sealed container 

to avoid precipitation. Solutions were prepared, processed and characterized in triplicate. 

Density was measured on a Mettler-Toledo (XPE) analytical microbalance. The naming of 

the various solution compositions was abbreviated as follows: glucose (G), fructose (F), 

sucrose (S), glucose-fructose-sucrose (GFS), glucose-fructose (GF) and glucose-sucrose 

(GS). Additionally, the samples were labelled according to the concentration regime: under-

saturated (-SAT), saturated (SAT) and supersaturated (+SAT). For example, FS/+SAT 

indicates a supersaturated solution with equal amounts of both fructose and sucrose. 

 

2.2 Physical properties of the electrospinning solutions 

The average electrical conductivity and surface tension of the solutions were measured in 

triplicate at a temperature of 50 ± 2 °C. The surface tension was measured using an optical 

goniometer (KSV CAM200, KSV Instruments Ltd., Finland). The electrical conductivity of 
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the solutions was measured using a conductivity meter (EDT Instruments, RE387TX, Dover, 

United Kingdom), with a claimed precision of ± 0.5 %. 

 

2.3 Rheological characterization of electrospinning solutions 

The rheological behaviour of saccharide solutions was measured using an Anton-Paar 

Physica MCR 310 Rheometer (Anton Paar, Australia). All experiments were performed with 

a cone and plate geometry (CP50–2) with a diameter of 50 mm and an angle of 2° at a 

constant temperature of 50 ± 1 °C. The Dynamic viscosity (µ) of the saccharide solutions was 

measured in both oscillatory and flow tests with shear rates (�̇�) or varying frequencies from 

0.1 to 1000 s-1. A strain of 0.1 % was determined to be within the linear viscoelastic range of 

the solutions as determined from a strain sweep measured at a frequency of 1.5 Hz. The zero-

shear viscosity was determined from the complex viscosity data obtained by oscillatory tests 

using the standard Cox-Merz relation at an average shear rate of 0.1 s-1. The storage (G′) and 

loss (G″) moduli were measured in oscillatory mode over an angular frequency (ω) range of 

0.1-1000 s-1. However, shear viscosity and storage moduli (G′) data, is only reported for 

saccharide /+SAT solutions, as lower concentrations did not show a marked difference on the 

measured rheological properties.  

 

2.4 Electrospinning procedure and characterization 

A syringe pump (NE-500, New Era Pump Systems Inc., NY, USA) was used to deliver the 

electrospinning solution to the spinneret (metal hypodermic syringe needle, internal diameter 

of 0.3 mm) at a flow rate of 0.3 µl/min. All of the solutions were too viscous to be delivered 

to the spinneret at room temperature (20 °C). Thus, all solutions were supplied to the 

spinneret at a temperature of 50 ± 2 °C to facilitate the delivery of the solution to the 

spinneret. The electrospinning apparatus was enclosed in a grounded Faraday cage at a 
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temperature and relative humidity of 35 ± 1 °C and 38 ± 3 %, respectively. Electrospinning of 

the various solutions was performed using an applied voltage of +15 kV and a spinneret-to-

collector distance of 15 cm, resulting in an electric field strength (E) of 1 ± 0.02 kV/cm. All 

solutions were supplied to the spinneret at a temperature of 50 ± 2 °C; via a heated glass 

syringe with a temperature controlled coil, since the solutions were too viscous to be 

delivered to the spinneret at room temperature (20 °C). The polarity of the applied voltage 

was not found to influence the electrospinnability of any of the saccharide solutions. A high-

speed motion camera (MotionPro® X3) with sensitivity of 1280 × 1024 pixels was used for 

capturing photographic images of the jet during flight. The fibre in flight was illuminated 

during video capture by 6 × 12 V/50 W halogen lamps. Electrospun specimens were collected 

using a grounded aluminium foil substrate and subsequently stored in a temperature-

controlled vacuum desiccator with a relative humidity content of 10% ± 2% prior to 

characterization by microscopy. The microstructures of the electrospun samples were 

examined with scanning electron microscopy (SEM, JEOL JCM-5000 NeoScope Tokyo, 

Japan). Specimens were observed by secondary electron imaging without the use of a 

conductive coating at an accelerating voltage of 10 kV in high vacuum mode. 
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3. Results and discussion 

3.1 Electrospinnability of concentrated saccharide solutions.  

Fructose and Sucrose /SAT and /+SAT solutions and their combinations, showed the best 

electrospinnability results, in comparison with Glucose containing solutions (Figures 1 and 

2). However, both Glucose and Fructose /SAT and /+SAT solutions showed filament 

formation (Figure 2). Likewise, the ternary combination of Glucose, Sucrose and Fructose 

/+SAT solution also showed filament formation (Figure 3). In contrast, both Glucose and 

Sucrose /SAT and /+SAT solutions did not show any filament formation (Figures 1 and 2).  

   

   

Figure 1. Electrospun sub-micron filaments of single saccharide solutions at 50 ˚C. 
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Figure 2. Electrospun sub-micron filaments with binary combinations of saccharide at 50 ˚C. 

 

 

   

Figure 3. Electrospun sub-micron filaments and electrospinning of solutions with ternary 

combinations of saccharide at 50 ˚C. 
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Figure 4. Electrospinning of single saccharide solutions at 50 ˚C. 

 

   

Figure 5. Electrospinning of solutions with binary combinations of saccharide at 50 ˚C. 
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Both stable jet formation and chaotic whipping instability was observed for most sucrose 

containing solutions at super saturated concentrations (Figures 3-5). However, no stable jet 

formation was observed for SG/-SAT (Figure 5). In particular F/+SAT showed the longest 

straight jet and the best electrospinnability behaviour for single saccharide solutions, as 

evidenced by their continuous filament formation (Figure 1 and 4). Although highly 

hydrophilic, FS/+SAT filaments remained stable in geometry after several days.  

 

3.2 Effect of saccharide concentration and composition on the physical properties of aqueous 

solutions 

The highest density (1.61 g/ml), electrical conductivity (4.39 × 10-4 S/m), and surface tension 

(12.109 N/m) was found for FS/+SAT, GFS/-SAT, and GS/+SAT, respectively. In contrast, 

the lowest density (1.36 g/ml), conductivity (0.03 × 10-4 S/m), and surface tension (7.687 

N/m) was found for G/-SAT, F/+SAT, and G/-SAT, respectively. Higher densities related to 

greater electrospinnability (Figure 6). In contrast, lower conductivities at higher 

concentrations promoted filament formation (Figure 8). However, no obvious relationship 

between surface tension and electrospinnability was observed (Figure 7). The average 

standard deviations for the density, conductivity and surface tension were 0.0617 g/ml, for 0. 

228 10-4 S/m and 0.4457 N/m, respectively. Circled areas on all graphs (Figures 6-10) 

exhibited the highest electrospinnability, taken as the formation of the longest continuous 

non-beaded filaments with stable jet formation. 
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Figure 6. The density of the aqueous saccharide solutions as a function of the saccharide 

concentration at 50 ˚C. Circle indicates those solutions with improved electrospinnability 

(greater filament formation). The average standard deviation for the density was 0.0617. 
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Figure 7. Surface tension as a function of density at 50 ˚C. Circle indicates those solutions 

with improved electrospinnability (greater filament formation). The average standard 

deviation for surface tension was 0.4457 N/m. 
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Figure 8. Conductivity as a function of density at 50 ˚C. Circle indicates those solutions with 

improved electrospinnability (i.e. higher filament formation). The average standard deviation 

for conductivity was 0. 228 10-4 S/m. 

 

In contrast to the expectation that relatively higher conductivities correspond to higher ionic 

mobility, hence increased electrospinnability, samples with lower conductivities electrospun 

best (Figure 8) [7-9]. Lower conductivity values could suggest that charge during 

electrospinning, might not be entirely transported by ionic diffusion. Likewise, longer jet 

lengths (Figures 3-5) were observed to correlate with formation of continuous filaments, or 

enhanced electrospinnability (Figure 1-3).  

 

   

3.3 Effect of solution viscosity on the stable jet length 

Surface tension and conductivity are important factors for the electrospinnability of any given 

material, in addition to visco-elasticity. This is especially the case for many bio–polymers 

and supramolecular polymers which rely on secondary forces to electrospin, rather than 

covalent entangled chains [32-35]. For example, hydrogen bonding can have a significant 

effect on capillary driven processes [36-40]. Also, longer relaxation times of some 

supramolecular polymer solutions, can be associated with higher electro-visco-elasticities, 

often resulting on improved electrospinnability [41, 52]. Often, such behaviour could be 

explained by the sticky reptation model of associating networks, which proposes that fast 

reversible (short-term) bonds in supramolecular polymers, such as hydrogen bonds, can act as 

“sticky points” for the so called “associative supramolecular networks”, and so dictate the 

long-term stress and strain dynamics of the bulk solution [49]. In other words, concentrated 

saccharide solutions could behave as an interconnected network or gel, for time scales shorter 

than the lifetime of these reversible bonds (i.e. hydrogen bonding) [49]. Moreover, it is 
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known that increased jet length or electrospun threads may indicate a polymer solution with a 

higher elasticity [42-47]. The associated electrospinnability for visco-elastic polymer systems 

is also found on non-polymeric systems, as supported by the relationship between higher 

zero-shear viscosities, longer stable jet lengths (elasticity) and electrospinnability of tested 

saccharide solutions (Figures 9 and 10).  

 

 

Figure 9. Zero shear viscosity as a function of density at 50 ˚C. Circle indicates those 

solutions with improved electrospinnability (greater filament formation). 

 

 



17 
 

Figure 10. Stable jet length as a function of density at 50 ˚C. Circle indicates those solutions 

with improved electrospinnability (greater filament formation). 

 

Furthermore, elasticity for supramolecular polymers is often related to electrospinnability, 

through gelation or colloid aggregation via a hydrogen bonding network [41, 48, 49]. Also, 

viscoelasticity plays an important role in the electrospinnability of cyclodextrins [23, 26]. For 

example, Uyar et al. proposed that hydrogen bonding promotes the self-assembly of CD 

molecules into aggregates, resulting in solutions of high elasticity and thus, enhanced 

electrospinnability [26]. Similarly, sucrose in aqueous solutions can strongly bind water 

molecules in its hydration sphere, orienting water molecules even at long distances, as in 

hydrocolloids clusters, a characteristic behavior of supramolecular polymers [15-17, 50].  

 

3.4 Viscoelasticity of saccharide solutions 
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Viscosity values measured for saccharide solutions were relatively lower when compared 

with typical polymeric materials usually measured at 20 ˚C, since the associated dynamic 

shear viscosities for tested saccharide solutions did not exceeded 10 Pa.s at 50 ˚C (Figure 11). 

Moreover, Figure 11 show that most solutions containing fructose and sucrose behaved like 

non-Newtonian fluids. These results are in agreement with previous reported evidence from 

Quintas et al., who reported that nucleation and crystal growth during rheology of metastable 

supersaturated sucrose aqueous solutions does not correlate with the expected Newtonian 

behaviour theoretically predicted by Arrhenius models [51]. However, further understanding 

the effects of such nucleation processes is needed, in order to better understand the associated 

colloid aggregation and self-assembly processes that drives the electrospinnability of 

concentrated saccharide solutions [19, 26, 31]. 
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Figure 11. Shear rate (�̇�) to dynamic viscosity (µ) relationship for single and ternary 

combination of saccharide at 50 ˚C. 

 

Figure 12. Angular Frequency to storage modulus (G′) relationship for single and ternary 

combination of saccharide at 50 ˚C. 

 

The non-Newtonian behaviour of the non-reducing sugars is especially noticeable for the 

sucrose and fructose-sucrose super saturated solutions as evidence by the shear thinning 

behaviour of FS/+SAT (Figure 11).  Also, all samples were more viscous than elastic due to 

the G′ values being always lower than their respective G″ (not shown). However, S/+SAT 

showed the highest G′ at higher angular frequencies while F/+SAT showed the lowest G′ at 

all angular frequencies (Figure 12). Likewise, binary mixtures of sucrose solutions showed 

higher G′ at all angular frequencies, while GF/+SAT showed the lowest G’ of all solutions 

(Figure 12). Moreover, F/+SAT which exhibited the longest stable jet length (Figure 4), also 

showed the second lower G′ of all solutions. This apparent contradictory behaviour may be 
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associated with the non-linear additivity of hydrogen bonding forces when subjected to 

external electric fields [52, 53]. For example, when aqueous solutions of non-polar molecules 

are subjected to high voltage electric fields, electron-dynamic interactions-Liftshitz-van der 

Waals; arising from permanent dipole-dipole interactions (Keesom), dipole-induced dipole 

(dispersion) interactions -London forces, and dipole-induced dipole (induction) interactions-

Debye forces, can promote an asymmetric electronic configuration of the molecules within 

the solution [52, 53].The orientation of charged water molecules can be  in turn  associated to 

the high density of opposing electron-donors, often a sizeable distance away from the 

hydrophobic (electron donating) surfaces, related to the net Liftshitz-van der Waals 

interactions between molecules [52, 53]. These results are in agreement with literature on the 

electrospinnability of food grade polysaccharide [20], also correlating to higher Trouton 

ratios (the ratio of extensional viscosity to shear viscosity). This further suggests that 

rheological elasticity (storage modulus > loss modulus) could be an important property for 

the electrospinnability of most saccharide solutions. 

 

However, neither critical concentration nor elasto-visco capillary theories consider such 

molecular properties on their respective electrospinnability models. Hence, experimental data 

was compared with chain entanglement and visco-elasto capillary theories, to further 

understand the validity of such models when applied to non-polymeric electrospinnability 

systems [6, 11].  

 

3.5 Electrospinnability models 

3.5.1 Critical concentration - chain entanglement 

The stable formation of polymer fibres during electrospinning requires > 2 entanglements per 

chain to provide sufficient molecular cohesion, according to the chain entanglement theory. 
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The critical overlap concentration (c∗) may be calculated using Equation 1, where M is the 

molecular mass, Na is Avogadro’s number, and <r2>3/2 is the root-mean-square end-to-end 

distance.  

 

𝑐∗ ≈  
3𝑀

4п∗[(𝑟2)
3

2⁄ ]∗𝑁𝑎 

    Equation 1 

 

Macromolecules with low molecular mass and many peripheral hydroxyl groups (i.e. high 

hydrophilicity) cannot be described by an end-to-end distance due to fluctuations in their 

hydration shells [40]. Consequently, the use of the hydrodynamic radius (Rh) offers a more 

accurate representation of molecular dimensions than the root-mean-square end-to-end 

distance as given by Equation 2. 

 

Rh= ∑ 2𝑛
𝑖 (

𝑟/𝑛

√2п
)    Equation 2 

 

Using open source software Avogadro 2.0 as the computational method to model the van der 

Waals molecular ratio for each saccharide molecule, the Merck Molecular Force Field 

(MMFF) for sucrose, glucose and fructose, through a standard geometry optimization was 

calculated. Subsequently, an approximate hydrodynamic radius (Rh) of the glucose, fructose 

and sucrose molecules was determined by averaging the linear distances between each carbon 

and peripheral hydrogen and oxygen atom (Figure 13) [40, 45-47]. The critical overlap 

concentration (c∗)∗ was then calculated using Equation 1 (Table 1). 
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Figure 13. Molecular models showing their van der Waals molecular ratios for glucose (A), 

fructose (B) and sucrose (C). 

 

Based on the presented evidence, the critical concentration model applied to electrospinning 

confirms the electrospinnability of tested saccharide solutions with a critical entangled (Ce) 

concentration (Ce ~10 × c∗) of only 2 × c*. In contrast, critical concentration theory for 

polymers predicts a critical entangled concentration orders of magnitude higher than the 

critical overlap concentration (c∗) found for tested saccharide solutions (Table 1). These 

results suggest that the electrospinnability of non-polymeric systems can be achieved with 

less than 2 × c*. Thus, the chain entanglement condition of 2 × Ce (where Ce = 10 × c*) does 

not predetermine electrospinning of the non-polymeric systems examined in the present 

work, as is in the case of polymeric solutions. Presumably, the electrospinning of non-

polymeric systems relies on other non-physical intermolecular interactions that influence 

their complex viscoelastic properties, such as Van der Waals forces and hydrogen bonding 

mechanisms. 
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Table 1: Critical overlap concentration values for all solutions based on the hydrodynamic 

radius (Rh) 

Parameter Solution 

 G F S GFS GF GS FS 

M (g/mol) 180. 2 180. 2 342. 3 210. 6 180. 2 236. 9 228. 8 

Rh (Å) 2. 5 3. 1 6. 2 3. 9 2. 8 4. 4 4. 7 

c* (wt. %) 291. 1 151. 2 36. 8 90. 2 203. 7 72. 9 56. 1 

 

3.5.2 Visco-elasto-capillary theory 

Numerous models from polymer physics, rheology and fluid dynamics have been developed 

to explain the behaviour of non–Newtonian polymer jets [42-44]. Some of these models have 

been applied to electrospinning and incorporate the electro-capillary effects as well as the 

viscoelastic properties of the material. Electrospinnability predicted by these models depend 

on the growth of a visco-elasto-capillary wave, similar to the Rayleigh instability that scales 

with λ-1, where λ is the characteristic polymer relaxation time [14, 43]. Thus, the Deborah 

number must be greater than 1 for stable fibre formation [14]. The relationship between 

visco-elasto-capillary theory and jet formation is summarised in Figure 14. 
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Figure 14. Representation of the visco-elasto-capillary theory and its correlation to jet 

formation, showing the transition from intermittent spraying (low # Re), stable 

electrospraying (high #Re), electrospraying and electrospinning (low #De) and stable 

spinning (high #De). Re is the Reynolds number (𝑅𝑒 = ( 𝜌𝐿𝑉_𝑎𝑣𝑔)/µ) and De is the 

intrinsic Deborah number (De = stress relaxation time / time of observation).  

 

On a capillary thinning process such as electrospinning, surface tension drives the thinning 

and either viscosity or elasticity resist necking. Therefore higher #De and #Re are needed for 

electrospinnability, since both imply that a higher or longer relaxation time of the overall 

system is present in respect to the capillary perturbation wavelength [14, 42-44]. Moreover, 

the longest Rouse relaxation time for polymers is usually in the range of 1 to 3 s. Relaxation 

process that occur on smaller time scales than 10-100 ms cannot be unambiguously resolved 

[14]. Hence, Rouse relaxation times are often inaccurate when predicting stress relaxation in 

processes with large strains in very short times (typical of electrospinning), since the effective 

time for the molecules to relax the applied stresses is typically less than 1 ms [14]. 

Consequently, a simplified version of the tube model i.e. (𝜆 = k(G′)/k′(G″) was used in this 

study for approaching the longest relaxation times of the solutions; where k is a constant 
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derived from the respective best linear and square fitting of the storage (G′=kω) and loss 

modulus (G″= kω2) to the angular frequency (ω). Approximate values were then used to 

estimate the dimensionless numbers (i.e.  Reynolds, Capillary, Weber, Elasticity, Ohnesorge, 

and Weissenberg) required to find the intrinsic Deborah number as described by the visco-

elasto-capillary theory, and as proposed by McKinley et al. (Figure 15) [11, 13, 14]. 

 

 

 

Figure 15. Logarithmic scale of the elasto-capillary numbers plotted against the intrinsic 

Deborah numbers for all saccharide solutions, at all concentrations at 50 ˚C. 

 

Based on the intrinsic Deborah and elasto-capillary number relationship, the visco-elasto-

capillary theory provides a better description than the chain entanglement model of the 

behaviour exhibited by saccharide solutions used in the present work (Figure 15). Further 
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supporting a correlation between increased electrospinnability and higher Deborah and 

elasto-capillary numbers for tested saccharide solutions. However, visco-elasto capillary 

theory does not offer an explanation as to how bounded water and aqueous phase separation 

(aggregate formation) relates to hydrogen bonding interactions and jet charge transport 

mechanisms [55-58]. Non-the less, visco-elasto capillary theory suggests that longer 

relaxation times or the capacity to remain electrically stressed for longer periods of time, 

correlated to a higher electro-visco-elasticity, resulting on improved electrospinnability. 

 

4. Conclusions 

New experimental findings on the electrospinning of sugars are reported. Relationships 

between the physical-chemical properties of the solutions and their associated visco-elastic 

behaviour are discussed. The following electrospinnability trends were observed throughout 

the experimentation. 

 

 Higher density solutions promoted electrospinnability, super saturated > saturated > 

under saturated concentrations (Figure 6).  

 Higher than averaged surface tension values at higher concentrations also promoted 

electrospinnability (Figure 7).  

 Lower conductivities at higher concentrations also promoted electrospinnability of 

sugars (Figure 8).  

 Zero shear viscosities (Figure 4) and longer stable jet lengths (Figure 10) can be also 

regarded as indicators for the electrospinnability of tested materials. 

 Electrospinnability was also promoted by high shear viscosities at lower shear rates 

and higher G′ at high shear rates (G′ > G′’) (Figures 11 and 12).  
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In general, visco-elasto capillary theory offers a reliable prediction of the electrospinnability 

of saccharide solutions. However, it is still not clear how electrospinnability relates to the 

hydrogen donor and hydrogen acceptor interactions, Debye’s length and other complex 

electrodynamic interactions caused by the high voltages that drive the electrospinning 

process. 
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