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A B S T R A C T   

Locust bean gum (LBG) is an industrially important polysaccharide used widely in food, cosmetics, textiles, and 
biopharmaceutical applications, where understanding its solution behaviour is important for formulation design. 
To address this, we investigate the structure and dynamics of LBG in aqueous solution using steady state shear 
rheology, static light scattering (SLS), ultra-small-angle light scattering (USALS), and dynamic light scattering 
(DLS). We find that steady state shear rheology mainly probes the well-dispersed LBG fraction, whereas the 
scattering response is dominated by supramolecular LBG aggregates. We identify three viscosity-concentration 
regimes (dilute, semidilute unentangled, and semidilute entangled), with scaling behaviour largely consistent 
with predictions for neutral flexible polymers. SLS and USALS provide evidence for the existence of two separate 
populations of aggregated structures, where SLS mainly probes the internal structure of the smaller aggregate 
population. The solution dynamics are dominated by a ‘slow’ decay mode, which is consistent with Zimm dy
namics and attributed to relaxations within the aggregates. In dilute solutions, the apparent viscosity associated 
with this mode is greater than the solution viscosity, but the two converge as concentration is increased. An 
additional ‘fast’ mode is observed within the semidilute range, associated with the dispersed polymer fraction, 
and attributed to cooperative diffusion. Our study provides comprehensive insight into the structure and dy
namics of aqueous LBG solutions—paving the way for a greater fundamental understanding of galactomannans 
in solution, and for increased control over LBG-based formulations of industrial interest.   

1. Introduction 

Locust bean gum (LBG) is a polysaccharide produced from the seeds 
of the carob tree, Ceratonia siliqua, used widely in the food industry due 
to its strong thickening properties and natural origins (Saha & Bhatta
charya, 2010). Other uses include cosmetic, paper, and textile products 
(Barak & Mudgil, 2014), as well as an increasing number of niche ap
plications, for example in biopharmacy (Grenha & Dionísio, 2012; 
Perestrelo, Grenha, Rosa Da Costa, & António Belo, 2014; Ventura, 
Paninho, Nunes, Fonseca, & Branco, 2015), nanoparticle synthesis 
(Maiti et al., 2010; Tagad et al., 2014), edible food coatings (Cerqueira 
et al., 2011; Parafati, Vitale, Restuccia, & Cirvilleri, 2016), and as a 
bio-electrolyte in zinc-ion batteries (Liu et al., 2021). 

LBG belongs to the family of galactomannans, and is composed of a 
linear backbone of β-D-mannose units, connected by 1,4-linkages, and 
α-D-galactose side-groups, connected by 1,6-glycosidic linkages (Fig. 1a) 

(Pegg, 2012). The ratio of mannose to galactose units (M:G) for LBG is 
often given as ~ 4:1 (Goff, Ferdinando, & Schorsch, 1999; Richardson & 
Norton, 1998; Tanaka, Hatakeyama, & Hatakeyama, 1998a), although 
this varies due to source, growing conditions, solution preparation, and 
characterisation method. Indeed, published measurements can be found 
in a range as wide as 2.8–4.2 (Andrade, Azero, Luciano, & Gonçalves, 
1999; Daas, Schols, & De Jongh, 2000; Dakia, Blecker, Robert, Wathelet, 
& Paquot, 2008; Launay, Cuvelier, & Martinez-Reyes, 1997; Lopes da 
Silva & Goncalves, 1990; McCleary, Clark, Dea, & Rees, 1985; 
Richardson & Norton, 1998; Sittikijyothin, Torres, & Gonçalves, 2005). 
This is a relatively low degree of galactose content in comparison with 
other galactomannans used commonly in industry, such as guar gum (M: 
G ~ 2:1) and tara gum (M:G ~ 3:1) (Tanaka et al., 1998a). The mo
lecular weight of LBG also varies with growing and processing condi
tions, but is typically reported to be ~ 300–2000 kDa, corresponding to 
a backbone degree of polymerisation of ~ 1300–9000 mannose units 
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(assuming M:G = 4:1) (Barak & Mudgil, 2014). 
The number and distribution of galactose substituents in gal

actomannans strongly influence their properties, as the mannose back
bone is essentially insoluble in water, while the galactose side units 
increase solubility (Doyle, Lyons, & Morris, 2009; Picout, Ross-Murphy, 
Errington, & Harding, 2001). Due to the difference in galactose content, 
LBG (M:G ~ 4:1) is generally less soluble in water than for example guar 
gum (M:G ~ 2:1) and thus typically requires treatment at higher tem
peratures for maximum dissolution. In a given sample of LBG, molecular 
variation in galactose content and distribution leads to polydispersity in 
solubility, allowing for fractionation by variation of temperature 
(Gaisford, Harding, Mitchell, & Bradley, 1986; Lopes da Silva & Gon
calves, 1990). Solubility studies have observed increasing M:G ratios in 
sample fractions prepared at higher dissolution temperatures, and it has 
been demonstrated that treatment at ≳ 80 ◦C is required for maximum 
dissolution (Gaisford et al., 1986; Lopes da Silva & Goncalves, 1990). 
The pattern of galactose substitution is also known to influence chain 
conformation, flexibility, and other properties such as the interactions 
with xanthan gum (Dea, Clark, & McCleary, 1986; Petkowicz, Reicher, & 
Mazeau, 1998). 

The galactose distribution in LBG has been studied through analysis 
of the oligomers produced by enzymatic hydrolysis (Daas et al., 2000; 
McCleary et al., 1985). In one of these studies, the distribution was 
found to be more block-like than random for all LBG sources, with a 
greater number of substituted couplets and long unsubstituted backbone 
regions than expected for a random distribution (McCleary et al., 1985). 
Fig. 1b illustrates a section of an LBG molecule, which we created by 
chain extension using a second nearest-neighbour Markov chain process 
based on these results. However, a similar study, which included a wider 
range of galactomannans, found either more block-like or more 
evenly-spaced distributions for LBG, depending on the source (Daas 
et al., 2000); thus, the results of such studies have been somewhat 
inconclusive. 

LBG exhibits interesting phase behaviour in solution, such as cry
ogelation (Goff et al., 1999; Patmore, Goff, & Fernandes, 2003; Tanaka 
et al., 1998a; Tanaka, Hatakeyama, & Hatakeyama, 1998b), weak 
gelation upon long-term storage (Dea et al., 1977; Garnier, Schorsch, & 
Doublier, 1995), and phase separation in the presence of milk proteins 
(Patmore et al., 2003; Schorsch, Jones, & Norton, 1999). Associations 
between galactose-poor backbone regions have been suggested as the 

mechanism for gelation (Dea et al., 1986), and have also been used to 
explain the strong thickening behaviour in solution (in which context 
they have been termed ‘hyperentanglements’) (Morris, Cutler, 
Ross-Murphy, Rees, & Price, 1981). It has been suggested that unsub
stituted regions of six or more adjacent mannose units are required for 
these associations, and thus that ‘blockier’ galactose distributions will 
lead to greater levels of association than random distributions, as the 
latter will have fewer stretches of unsubstituted backbone segments 
(Dea et al., 1986). Experimentally, it has been observed that gal
actomannan gelation requires a sufficiently low degree of galactose 
substitution (Dea et al., 1977; Tanaka et al., 1998a), but studies on the 
viscosity scaling of highly substituted galactomannans (M:G ~ 1:1) have 
reached conflicting conclusions on the nature of proposed ‘hyper
entanglements’, and indeed whether such an interaction is necessary to 
explain galactomannan solution viscosity behaviour (Doyle et al., 2009; 
Ganter, Milas, Corrêa, Reicher, & Rinaudo, 1992). 

In this work, we characterised industrially relevant solutions of LBG 
in water using steady state shear rheology, static light scattering, ultra- 
small-angle light scattering, and dynamic light scattering. These tech
niques were found to be highly complementary, and their combined use 
on consistently prepared solutions allowed for a detailed understanding 
of LBG solution behaviour. 

2. Theory and methodology background 

2.1. Viscosity scaling of polymer solutions 

The viscosity scaling of polymer solutions is typically characterised 
by the relationship between two dimensionless variables: the specific 
viscosity and the reduced polymer concentration. The specific viscosity 
characterises the relative increase in solution viscosity due to the 
addition of a solute, and is defined as ηsp = (η0− ηs)/ηs, where ηs is the 
solvent viscosity, and η0 is the zero-shear viscosity, as determined by e.g. 
steady shear rheology or capillary viscometry. The reduced concentra
tion is defined as c[η], where [η] is the intrinsic viscosity (Rubinstein & 
Colby, 2003), typically calculated as the zero-concentration limit of 
ηsp/c. [η] is approximately equal to the inverse of the chain overlap 
concentration (1/c*), and M[η], where M is the chain molar weight, is 
thus a measure of the volume occupied by a single polymer coil at 
infinite dilution (Rubinstein & Colby, 2003). The scaling of ηsp with c[η] 
is generally described by power laws, characterised by different scaling 
exponents in different concentration regimes. 

For c < c*, solutions are in the dilute regime. Here, molecules 
essentially adopt the dimensions of isolated molecules and occupy less 
than the full volume of the solution. Hydrodynamic interactions are 
important and the Zimm model predicts that the specific viscosity scales 
as ηsp ~ c[η] (Colby, 2010; Rubinstein & Colby, 2003). 

For c* < c < ce (the entanglement concentration), solutions are in the 
semidilute unentangled regime. Here, molecules interpenetrate, leading 
to a change in viscosity scaling. Hydrodynamic interactions are screened 
by neighbouring molecules, and are no longer significant on the length- 
scale of entire chain relaxation. Thus, the Rouse model is used to predict 
the viscosity scaling, giving ηsp ~ (c[η])1.3 or ηsp ~ (c[η])2.0, for good and 
θ solvents, respectively (Colby, 2010; Rubinstein & Colby, 2003). 

For c > ce, solutions are in the entangled regime. The onset of mo
lecular entanglements leads to a significantly enhanced growth of vis
cosity with concentration, predicted as ηsp ~ (c[η])3.9 or ηsp ~ (c[η])4.7, 
for good and θ solvents, respectively (Colby, 2010; Rubinstein & Colby, 
2003). Excluded volume interactions are progressively screened by 
interpenetrating neighbouring molecules as concentration is increased 
within the semidilute regimes (Rubinstein & Colby, 2003). 

The concentration-dependent polymer solution viscosity is some
times alternatively described using a simpler approach including only 
two power law regimes, particularly when the semidilute unentangled 
regime is very narrow (Doyle et al., 2009; Dumitriu, 2004; Pollard & 
Fischer, 2014). We also note an alternative description based on a 

Fig. 1. The chemical structure of LBG. (a) A representative section of the 
mannose backbone with a single galactose side unit. (b) A larger section of an 
LBG molecule illustrating the distribution of galactose residues; the galactose 
content of this section is 18%. 
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hydrodynamic scaling theory (Phillies, 1995, 2011), for which the spe
cific viscosity is expected to follow a stretched exponential form: 

ηsp = exp(acζH ) − 1 , (1)  

where a is a system-dependent prefactor and the exponent ζH typically 
falls within the range 0.5–1.0 (Phillies, 1995, 2011; Potier, Tea, 
Benyahia, Nicolai, & Renou, 2020). This form has been demonstrated to 
successfully describe viscosity scaling over a broad concentration range 
for many polymer systems, although a transition to power law scaling at 
high concentrations has sometimes been invoked (Phillies, 1995). 

2.2. Light scattering on polymer solutions 

In light scattering experiments, the intensity of scattered light is 
recorded at different angles with respect to the incoming beam. The 
scattering angle, θ, corresponds to a scattering wavevector of 
magnitude: 

q =
4πn
λ0

sin
(

θ
2

)

, (2)  

where n is the sample refractive index and λ0 is the vacuum wavelength 
of the used laser source. The length-scale probed is ∼ 1/ q; thus, a 
variation of θ provides a means to study length-scale-dependent 
behaviour. 

2.2.1. Static light scattering (SLS) 
The scattered intensity recorded in SLS, I(q), contains contributions 

from the solvent as well as the solute, and is also affected by experi
mental factors such as the incoming laser intensity, scattering volume, 
detector properties etc. These factors are accounted for by conversion of 
I(q) to the excess Rayleigh ratio, ΔR(q), using 

ΔR(q) =
I(q) − Is(q)

Iref(q)

(
n

nref

)2

Rref , (3)  

where Is(q) is the solvent scattering intensity, n is the solution refractive 
index, and Iref(q), nref, and Rref, are respectively the measured scattering 
intensity, refractive index, and Rayleigh ratio of a reference sample 
(Berry & Cotts, 1999; Schärtl, 2007). 

As q is varied, polymers in solution can be probed on length-scales 
ranging from greater than the size of individual molecules (charac
terised by their radius of gyration, Rg) to length-scales corresponding to 
their internal structure (1/q < Rg). The internal polymer structure is 
typically fractal, where the mass contained within a sphere of size L 
scales as ∼ Ldf , where df is the fractal dimension (Rubinstein & Colby, 
2003). Static scattering from fractal objects typically reflects the mass 
scaling law, with the form ΔR(q) ∼ q− df (Teixeira, 1986). 

Neutral polymers in dilute θ solvent conditions adopt a random walk 
conformation, characterised by df = 2. In good solvent conditions, 
excluded volume interactions lead to more extended conformations, 
characterised by df ≈ 1.7. A fractal dimension greater than 2 indicates 
either poor solvent conditions, branching, or aggregation (Gittings et al., 
2000). The expected scattering profile for dilute solutions of unbranched 
neutral polymers is thus a plateau of constant intensity for q < 1/Rg, 
followed by the form ΔR(q) ∼ q− df for q > 1/Rg. For fractal polymeric 
aggregates, the overall form is the same, but the crossover q-value and 
power law exponent correspond to 1/Rg and the fractal dimension of the 
aggregates, respectively. 

In semidilute solutions, polymer scattering is determined by the 
static correlation length ξs, the length-scale on which excluded volume 
interactions are screened (approximately corresponding to the distance 
between polymer chains) (Colby, 2010; Uematsu, Svanberg, & Jacobs
son, 2005). A scattering plateau is observed for length-scales above ξs, 
while the scattering at length-scales below ξs reflects the internal 
structure of the coils (de Gennes, 1979), which can change with 

concentration. 

2.2.2. Dynamic light scattering (DLS) 
In DLS, the time-dependent scattered intensity I(t) is measured and 

the intensity autocorrelation function, g2(τ), is determined as a function 
of lag time (τ): 

g2(q, τ) = 〈I(t)I(t + τ)〉
〈I(t)〉2 . (4)  

In the Gaussian approximation, g2(τ) can be related to the field auto
correlation function, g1(τ), using the Siegert relation: 

g2(τ) = 1 + σ|g1(τ)|2 , (5)  

where σ is the coherence factor, set by the specifics of the scattering set- 
up (Borsali & Pecora, 2008). The motion of scatterers leads to a decor
relation and thus a decay in the correlation function. This decay is 
typically characterised by a distribution of relaxation times. For mono
modal distributions the decay may be fitted with a stretched exponential 
function or a cumulant expansion (Schärtl, 2007), while multimodal 
distributions may be fitted using a sum of stretched exponential func
tions as: 

g1(τ) =
∑

i
Aie− [τ/τi ]

βi
, (6)  

where Ai is the amplitude, τi the relaxation time, and βi (0 < β < 1) the 
stretching parameter of the ith decay, respectively. The mean relaxation 
time 〈τi〉 for a stretched exponential is: 

〈τi〉 =
τi

βi
Γ̃
(

1
βi

)

, (7)  

where Γ̃ is the gamma function (Ioan, Aberle, & Burchard, 2001). 
In dilute solutions, the dominant relaxation process on length-scales 

larger than the dispersed molecules or aggregates (q ≪ 1/Rg) is due to 
translational diffusion. Here, the decay rate (Γi ≡ 1/〈τi〉) is Γ = Dq2, 
where D is the diffusion coefficient. From D, the hydrodynamic radius Rh 
can be determined using the Stokes-Einstein relation: 

D =
kBT

6πηRh
, (8)  

where kB is the Boltzmann constant, T is the temperature, and η is the 
viscosity relevant for the diffusion. 

At smaller length-scales (q ≫ 1/Rg), internal molecular dynamics 
typically dominate, although translational diffusion can give contribu
tions (Burchard & Richtering, 1989). Transitions from diffusive to in
ternal motion behaviour can thus be observed as q is increased (Adam & 
Delsanti, 1977; Han & Akcasu, 1981; Sorlie & Pecora, 1988). In the 
internal motion regime, polymer subsections of size L ~ 1/q are probed, 
which undergo diffusive dynamics with a diffusion coefficient that scales 
inversely with their size (D ~ 1/L ~ q), such that Γ = Dq2 ~ q3. This 
scaling can be derived more rigorously using the Zimm model, which 
leads to the relation (Adam & Delsanti, 1977; Berne & Pecora, 2000; Doi 
& Edwards, 1986; Dubois-Violette & de Gennes, 1967; Sorlie & Pecora, 
1988; Witte et al., 2019): 

Γ = Λ
kBT

6πηapp
q3 , (9)  

where Λ is a constant and ηapp is the apparent viscosity (Adam & Del
santi, 1977; Doi & Edwards, 1986; Richter, Monkenbusch, Arbe, & 
Colmenero, 2005; Witte et al., 2019). Notably, the hydrodynamic radius 
of the scattering object can not be determined from DLS measurements 
in this regime, but one can determine the apparent viscosity experienced 
by the polymer subsections. The full Zimm prediction for the decay of 
g1(τ) is an integral over exponential functions, which can be 
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approximated in different ways (Adam & Delsanti, 1977; Doi & 
Edwards, 1986; Richter et al., 2005), leading to somewhat different 
values of Λ. However, Λ is typically ∼ ℴ(1) and example values include 
0.74 by Richter et al. (2005), 0.71 by Adam and Delsanti (1977), and 
1.49 and 1.18 by Doi and Edwards (1986) (for good and θ solvent 
conditions, respectively). 

Moreover, for fully dispersed neutral polymers in semidilute solu
tions, a relaxation arising from so-called cooperative diffusion is 
generally observed (Adam & Delsanti, 1977; Brown & Zhou, 1991; 
Burchard & Richtering, 1989; Cosgrove & Sutherland, 1983; Kanematsu, 
Sato, Imai, Ute, & Kitayama, 2005; Zettl et al., 2009). This relaxation is 
related to concentration fluctuations on the scale of the hydrodynamic 
correlation length, ξh, which in turn is approximately related to the 
static correlation length by the empirical relation ξs ≈ ξh/2 (valid for 
semidilute solutions) (Brown & Nicolai, 1990; Uematsu et al., 2005; 
Uematsu, Svanberg, Nydén, & Jacobsson, 2003). The decay rate for 
cooperative diffusion is described by Γ = Dcoopq2, and the length-scale ξh 
may be calculated using the Stokes-Einstein relation: Dcoop = kBT/6πηξh 
(Uematsu et al., 2005). Dcoop typically increases with increasing con
centration (as ξh decreases, causing the characteristic decay time-scale 
to decrease) (Amis & Han, 1982; Burchard & Eisele, 1984; de Gennes, 
1979; Uematsu et al., 2005; Yuan, Wang, Han, & Wu, 2006; Zettl et al., 
2009). At high q, internal motions may still be probed in addition to the 
cooperative diffusion mode (Adam & Delsanti, 1977). We also note that 
additional modes have often been observed at slower time-scales, which 
have been attributed to various origins, such as clustering or aggrega
tion, weak gelation, or the presence of dust or undissolved polymer (Li, 
Ngai, & Wu, 2010). 

3. Materials and methods 

3.1. Source material 

A commercial LBG powder, typical of the quality used in industrial 
applications, (Seedgum C–175S, LBG Sicilia) was used. The powder was 
processed by the manufacturer using a chemical-free mechanical process 
to dehusk the seeds, separate the endosperm from the germ, and grind 
the endosperm into a powder. In appearance, the gum is a light yellow 
powder with visible brown specks. 

3.2. Solution preparation 

Milli-Q water was filtered twice using 200 nm pore size nylon 
membrane syringe filters. Stock solutions of 0.25 wt % LBG were pre
pared by dispersing LBG powder in the filtered Milli-Q water at room 
temperature under stirring, heating to 85 ◦C for 45 min under continued 
stirring, and leaving to cool to room temperature whilst stirring for a 
further 30 min. The stock solutions were then diluted to 0.05 wt % and 
left to stir overnight. At this stage, the solutions had a very slightly 
cloudy appearance with some visible impurities, which we expect were 
mainly non-polymeric material remaining from the powder 
manufacturing process. Thus, to enable a detailed characterisation, the 
LBG solutions were filtered to produce clear samples free of visible 
impurities. 

We used a coarse filtration process to minimise influence on solution 
structure: the stock solutions were filtered using 5.0 μm and 1.2 μm 
syringe filters (surfactant-free cellulose acetate membrane) in sequence. 
The solution concentration following filtration was determined using 
density measurements with reference to a calibration curve, as described 
in Sec. 3.3. Following filtration, samples were prepared at a range of 
concentrations either by further dilution, or drying of the stock. Drying 
was achieved by rotary evaporation of filtered stock in a round-bottom 
flask (120 mPa, 57 ◦C, 70 rpm). The prepared solutions were clear at low 
concentrations, becoming very slightly turbid at the highest 
concentrations. 

3.3. Density measurements 

Density measurements were made on a batch of LBG solutions of 
known concentration (determined by drying and weighing of a high 
concentration sample). The resulting data were used to confirm the 
concentration of future batches through further density measurements. 

These measurements were performed using a DMA 4500 M density 
meter (Anton Paar GmbH, Austria), on LBG solutions of concentration 
ranging from 0.01 to 0.21 wt %, at 25 ◦C. Measurements were performed 
in triplicate and the variation between repeat measurements was always 
less than 0.02 kg m− 3. 

3.4. Polarimetry 

The LBG galactose content was determined via polarimetry. Optical 
rotations were measured at the sodium D-line using a Schmidt +
Haensch Polartronic H532 polarimeter, for LBG solutions with concen
trations ranging from 0.1 to 0.37 wt % in a cell of 50 mm path length. 

3.5. Shear rheology 

Steady shear measurements were performed on LBG solutions with 
concentrations ranging from 0.006 to 0.86 wt %, using an MCR 302 
stress-controlled rheometer (Anton Paar GmbH, Austria). A cone and 
plate geometry of 25 mm diameter and 1◦ pitch was used, equipped with 
a solvent trap to reduce evaporation. All measurements were made at 
25 ◦C, and samples were left to equilibrate for 3 min before measure
ments were taken. Flow curves were measured using a stepped shear 
rate ramp. The range of accessible shear rates was limited by the mini
mum torque limit at low shear rates and secondary flow effects at high 
shear rates (Ewoldt, Johnston, & Caretta, 2015). The lowest LBG con
centrations (0.01 wt %) were measured from 10–400 s− 1, while the 
highest concentrations (0.86 wt %) were measured from 0.01–1000 s− 1. 
The measurement duration at each step in the ramp was varied in pro
portion to the shear rate, from 60 s at the lowest shear rate to 15 s at the 
highest. Data were not recorded for the first 25% of each step, allowing 
for sample equilibration. 

3.6. Static and dynamic light scattering (SLS and DLS) 

Light scattering measurements were performed on LBG solutions at 
concentrations from 0.006 to 0.46 wt %, using a photon correlation 
spectrometer (LS Instruments AG, Switzerland) with a diode-pumped 
solid-state laser of vacuum wavelength λ0 = 660 nm. Samples were 
placed in 10 mm diameter glass cuvettes and left in position to equili
brate for at least 30 min before measurements were performed. All 
measurements were made at 25 ◦C. A detector goniometer was used to 
perform measurements across the angular range of 24–110◦, corre
sponding to scattering wavevectors of q = 5.3–20.7 μm− 1. 

For SLS analysis, the excess Rayleigh ratio, ΔR(q), was determined 
from the sample scattering intensity, I(q), using the reported Rayleigh 
ratio of toluene at λ0 = 660 nm (Wu, 2010) as a reference. The sample 
refractive index, n, was estimated using the refractive index of water, a 
literature value of the refractive index increment (dn/dc = 0.15 mL g− 1, 
consistent with previously used and experimentally determined values) 
and the known solution concentration (Richardson, Willmer, & Foster, 
1998; Richter, Boyko, Matzker, & Schröter, 2004; Sébastien et al., 
2014). 

Measurements were performed in pseudo-cross correlation mode, for 
which the signal from the detection optical fibre is split and received by 
two separate photon detectors; the two signals are cross-correlated to 
calculate the intensity autocorrelation function, g2(τ), without interfer
ence from detector after-pulsing artifacts at short lag times. The absence 
of significant multiple scattering was confirmed by comparison with 
measurements made in the 3D correlation mode, which suppresses these 
effects. The pseudo-cross correlation mode was then chosen as it leads to 
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a greater signal to noise ratio and a wider dynamic range. 
DLS data are presented, and were fitted, in the form (g2(τ) − 1)/σ, 

rather than following conversion to g1(τ), as this conversion greatly 
amplifies noise at low correlation values. 

3.7. Ultra-small-angle light scattering (USALS) 

USALS measurements were performed on LBG solutions at concen
trations from 0.01 to 0.86 wt %, using a HeNe laser light source with a 
vacuum wavelength of λ0 = 632.8 nm, and a charge-coupled device 
(CCD) camera detector (Cipelletti & Weitz, 1999; Ferri, 1997). The in
tensity detected by the CCD was radially averaged to calculate intensity 
as a function of wavevector. This was then corrected for solvent scat
tering, cuvette scattering, and dark count intensity to find the excess 
scattering intensity of the sample, I(q). Data were collected at a range of 
scattering wavevectors from roughly 0.07–1.2 μm− 1. Further data pro
cessing is detailed in Section VIA in the Supplementary Information (SI). 

4. Results and discussion 

LBG solutions were prepared following the procedure detailed in 
Section 3, with concentrations calculated based on the amount of water 
added in dilution, or lost during rotary evaporation, both of which were 
tracked by weight. Density measurements were performed on samples 
from 0.01 to 0.21 wt %, to confirm the accuracy of the concentrations 
determined by weight tracking. The measured densities are plotted 
against calculated LBG concentration in Fig. S1 (SI). The data are well 
described by a linear fit, confirming that the LBG concentration 
increased as expected upon drying and that the weight measurements 
yielded accurate results. The density of solutions at higher LBG con
centrations were not measured due to the high solution viscosity, which 
hinders the proper cleaning of the density meter capillary. 

Optical rotation as a function of LBG concentration is shown in 
Fig. S2 (SI). A linear fit was performed with the intercept fixed at the 
origin, and the calculated gradient used, along with the path length, to 
calculate the specific rotation, [θα]D = 14.8 ± 0.5. A calibration from 
literature was then used to determine the corresponding M:G value 
(Noble, Perez, Rochas, & Taravel, 1986). Our own re-analysis of the 
literature dataset found the calibration curve as [θα]D = (267±13)φG −

(45±4), where φG is the galactose molar fraction. The resulting value of 
M:G was (3.4 ± 0.3):1. 

In the following subsections we present the results of the steady state 
shear rheology, SLS, USALS, and DLS. 

4.1. Viscosity scaling 

Representative flow curves, i.e. viscosity η versus shear rate γ̇, 
spanning the investigated range of LBG concentrations are shown in 
Fig. 2. For the lowest concentrations (≲ 0.05 wt %), the viscosity is 
relatively constant within the range of measured shear rates, while shear 
thinning behaviour is clearly observed at higher concentrations. Where 
shear thinning behaviour is observed, the viscosity is seen to approach a 
plateau at low shear rates and fall off at high shear rates, following 
approximately power law behaviour. The viscosity at all shear rates, and 
the slope within the shear thinning region, are both observed to increase 
with concentration. 

To further investigate the concentration dependence, each flow 
curve was fitted using a modified form of the Carreau-Yasuda model 
(Vlassopoulos & Schowalter, 1994): 

η(γ̇) = η0(1 + (τλγ̇)a
)
(n− 1)/a

, (10)  

with three free parameters: the zero-shear viscosity, η0, the relaxation 
time, τλ, and the power law index, n. The transition width, a, was fixed to 
0.75; this was found to satisfactorily fit each curve and allowed for more 
stable fitting of the remaining free parameters. A brief discussion of the 

fitted values of τλ and n is given in the SI—in the following sections we 
focus on the zero-shear viscosity data. 

The intrinsic viscosity [η] was determined by performing a Huggins- 
Kramer double extrapolation (Fig. S5 (SI)). The Huggins and Kramer 
equations are linearisations, valid at low concentrations, of the inherent 
viscosity, ηinh = ln(1 + ηsp)/c (where ηsp is the specific viscosity), and 
reduced viscosity, ηred = ηsp/c, respectively. The two linearisations share 
the intrinsic viscosity as a common intercept (ηinh(c = 0) = ηred(c = 0) =
[η]), so ηinh and ηred were fitted simultaneously using a unified intercept, 
resulting in the intrinsic viscosity [η] = 1660 ± 30 mL g− 1 (16.6 ± 0.3 
(wt%)− 1), consistent with values previously reported for LBG (Dakia 
et al., 2008; Goycoolea, Morris, & Gidley, 1995; Launay et al., 1997; 
Picout, Ross-Murphy, Jumel, & Harding, 2002; Richardson et al., 1998). 

The Mark-Houwink equation, [η] = KMα, allows for an estimate of 
the molecular weight of a polymer based on its intrinsic viscosity in 
solution, given the constants K and α for the particular polymer-solvent 
system (Rubinstein & Colby, 2003). The parameter α characterises the 
structure of the polymer in solution and is directly related to the fractal 
dimension, df, and scaling exponent, ν, by α = 3ν− 1 = (3/df) − 1 
(Rubinstein & Colby, 2003). The Zimm model predicts α = 0.5 (df = 2, ν 
= 0.5) for polymers in θ solvent conditions, and α = 0.76 (df = 1.7, ν =
0.588) for good solvent conditions (Rubinstein & Colby, 2003). A review 
of reported [η]− M datasets for various galactomannans in water found 
that the exponent α was consistent, within experimental uncertainty, so 
long as a proper solubilisation method had been followed (Picout & 
Ross-Murphy, 2007); the exponents found were all in the range 0.70 < α 
< 0.75, suggesting that galactomannans are generally in good, or close 
to good, solvent conditions in water. An earlier study (Picout et al., 
2002) included a unified fit over a number of such datasets, finding α =
0.74 ± 0.01, and our re-analysis of these data yielded K = 0.040 ±
0.001 mL g− 1 (Picout et al., 2002). Using these Mark-Houwink param
eters, characteristic of LBG solutions in water, together with our 
measured intrinsic viscosity, we determine the (weight-averaged) mo
lecular weight of our LBG sample as Mw = 1700 ± 500 kDa. The coil size 

may be estimated using the Flory-Fox equation: 〈R2
ee〉3/2

= M[η]/Φ, 
where Ree is the end-to-end distance, and Φ = 2.5 x 1023 mol− 1 is a 
constant (Rubinstein & Colby, 2003). In turn, this may be used to esti
mate the radius of gyration (Rg), since for a linear polymer in θ solvent 
conditions, 〈R2

g〉 = 〈R2
ee〉/6 (Rubinstein & Colby, 2003). We find Ree =

224 ± 22 nm and Rg = 92 ± 9 nm, close to previously determined values 
for LBG (Picout et al., 2002). 

Fig. 2. Representative flow curves (viscosity, η, against shear rate, γ̇) spanning 
the range of LBG concentrations measured. Solid lines are fits to the modified 
Carreau-Yasuda model. 
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The specific viscosity, ηsp = (η0− ηs)/ηs, where ηs is the solvent vis
cosity, was determined and is shown versus reduced concentration, c[η], 
in Fig. 3. We identify three distinct scaling regimes, and assign these as 
the dilute, semidilute unentangled, and semidilute entangled regimes, 
respectively, although we note that the semidilute unentangled spans a 
narrow range of concentration. The data within each regime were well 
described using power laws of the form ηsp ~ cζ, and were fitted with 
regression lines for determination of the scaling exponents and crossover 
concentrations. We find ζ = 1.03 ± 0.07, 1.65 ± 0.05, and 3.0 ± 0.1, 
within the dilute, semidilute unentangled, and semidilute entangled 
regimes, respectively. The transition from dilute to semidilute solutions 
occurs at the overlap concentration, c*[η] = 0.52 ± 0.08 (c* = 0.031 ±
0.005 wt %), with ηsp(c*[η]) = 0.64 ± 0.12, and that from unentangled 
to entangled solutions occurs at the entanglement concentration, ce[η] 
= 2.1 ± 0.2 (ce = 0.13 ± 0.02 wt %), with ηsp(ce[η]) = 6 ± 2. The vis
cosity values at the overlap and entanglement concentrations are 
consistent with typically observed values (roughly twice the solvent 
viscosity at overlap, >10 times the solvent viscosity at ce) (Colby, 2010), 
supporting the identification of these regimes. 

For neutral polymers in good solvents, the semidilute unentangled 

regime typically spans roughly one decade in concentration (ce/c* ≈
10), while in θ conditions, the regime is expected to be increasingly 
compressed as molecular weight is increased (Colby, 2010). Indeed, for 
polymers in poorer solvent conditions, the regime is often very narrow 
or not clearly observed at all (Colby, 2010; Dumitriu, 2004). The 
observed regime width, ce/c* ≈ 4, therefore appears consistent with a 
neutral linear polymer in solvent conditions somewhere between those 
of θ and good solvents. Such a compression of the semidilute unen
tangled regime is commonly observed for aqueous polysaccharide so
lutions (Dumitriu, 2004). 

Considering the narrow span of the middle regime, we also consid
ered a fitting approach based on the sum of two power laws (ηsp =

b1cζ1 + b2cζ2 , where bi are the amplitudes and ζi the scaling exponents of 
the two regimes, respectively, as shown in Fig. 3). Here, the whole 
dataset is fitted with a continuous expression, and the intermediate 
concentrations are considered a transition between the dilute and 
entangled regimes. This approach proved fairly successful, with the 
exponents ζ1 = 1.0 ± 0.2 and ζ2 = 3.1 ± 0.1 (consistent with those 
found for the dilute and semidilute entangled regimes of the three- 
regime-framework). We also fitted the data using the stretched expo
nential form predicted by the hydrodynamic scaling theory (Eq. (1)). As 
shown in Fig. 3, this form describes the LBG data well, with a = 1.02 ±
0.02 and ζH = 0.97 ± 0.02, from the lowest concentrations measured up 
to c[η] ~ 4 (ηsp ~ 55), beyond which the data require a power law 
description. The transition from stretched exponential to power law 
behaviour typically occurs at higher (and sometimes significantly 
higher) values of both concentration and viscosity, although we note a 
study on 1000 kDa hydroxypropylcellulose which was described using 
the same approach, finding highly similar values (a = 0.97 and ζH =

0.93, with a stretched exponential to power law transition at c[η] ~ 4, 
with ηsp ~ 90) (Phillies, 2011; Phillies & Quinlan, 1995). In summary, 
the viscosity scaling data may be satisfactorily described by a number of 
approaches: as a stretched exponential growth (up to c[η] ~ 4, beyond 
which a power law is required), as a sum of two power laws with a 
continuous transition between these, or as three distinct power law re
gimes. In the following sections, we focus on the parameters found for 
the three-regime approach in order to compare our results both to 
theoretical expectations, and to literature values determined using this 
framework. 

The scaling exponent in the dilute regime (ζ = 1.03 ± 0.07) is 
consistent with ζ = 1, as predicted by the Zimm model for linear flexible 
neutral polymers. The value in the semidilute unentangled regime (ζ =
1.65 ± 0.05) is between the Rouse model predictions of ζ = 1.3 for good 
conditions and ζ = 2.0 for θ solvent conditions. For solvent conditions 
between these two bounds, the exponent in the Rouse model is given by 
ζ = 1/(3ν− 1) (Colby, 2010); our measured value thus corresponds to ν 
= 0.54 ± 0.01. The Mark-Houwink parameter discussed above, α =
0.74, corresponds to ν = 0.58, so the two results are comparable. The 
slope in the entangled regime (ζ = 3.0 ± 0.1) is lower than the theo
retically expected values, which are ζ = 4.7 for θ conditions and ζ = 3.9 
for good solvent conditions (Colby, 2010). 

An influential early study by Morris et al. (1981) interpreted vis
cosity scaling data for LBG, guar gum, and a range of other poly
saccharides in terms of only two regimes—dilute and semidilute, 
although the term ‘concentrated’ was used instead of semidilute. Many 
subsequent studies of galactomannans have used this framework 
(Andrade et al., 1999; Doyle et al., 2009; Gillet et al., 2017; Hellebois 
et al., 2021; Pollard & Fischer, 2014; Wientjes, Duits, Jongschaap, & 
Mellema, 2000). We found only one previous study on LBG which rec
ognised a need to split the semidilute regime into unentangled and 
entangled regimes (Launay et al., 1997). This complicates literature 
comparisons and interpretations, as the three-regime-framework has 
two transition concentrations (c* and ce), while the 
two-regime-framework only involves one, also generally termed c*, with 
a value that lies between the two identified from a 

Fig. 3. Specific viscosity, ηsp, against reduced concentration, c[η]. Error bars 
indicate 95% confidence intervals. Solid red lines are piecewise power law fits, 
each fitted to the data they span, with dashed red lines showing extrapolations 
of these power laws. Grey vertical lines mark the two crossover points, deter
mined as the intersections between neighbouring power law fits, thus marking 
the boundaries of the three identified regimes: I (dilute), II (semidilute unen
tangled), and III (semidilute entangled). The solid blue line denotes a fit using 
the sum of two power laws, and the solid purple line denotes a fit to the 
stretched exponential form arising from a hydrodynamic scaling approach (see 
discussion in the text) and the dashed purple line shows the extrapolation of 
this fit. The data for the latter two fitting approaches are shifted vertically by 
factors of 10 and 100, respectively, for clarity. For each fitting approach, 
excluded data are denoted by light grey data points. 
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three-regime-analysis. Using the two-regime-framework, the fitting 
range for the lower regime may cover dilute concentrations as well as 
much of the semidilute unentangled range, leading to an enhanced 
scaling exponent. Furthermore, our own re-analysis of Morris et al. 
(1981) suggests that most of the data fitted as part of the ‘dilute’ regime 
actually occupied the semidilute unentangled regime (for LBG, the range 
was c[η] = 0.5–3.1), such that the exponent obtained would be more 
appropriately compared to predictions and literature for the semidilute 
unentangled regime. Similar enhancement of the dilute regime scaling 
can be seen in more recent studies using the two-regime-framework; for 
example, see Doyle et al. (2009) and Hellebois et al. (2021). The more 
the fitted concentration range represents the dilute range, the lower this 
effect will be; it may be avoided altogether in two-regime analyses by 
considering the intermediate concentrations as a broad transition region 
and excluding them. For the high concentration regime in the 
two-regime-framework, the fitting range typically matches the semi
dilute entangled regime quite well; this makes comparisons between 
studies more straightforward, regardless of the framework used. 

In the dilute regime, scaling exponents of ~ 1.1–1.2 have been found 
for LBG (Andrade et al., 1999; Launay et al., 1997; Richardson et al., 
1998). In the semidilute entangled regime, Morris et al. (1981) found ζ 
≈ 3.9 for LBG (and guar gum), while they found ζ = 3.3 ± 0.3 for other 
investigated polysaccharides. This enhanced scaling was attributed to 
the presence of intermolecular interactions which the authors termed 
‘hyperentanglements’, although we note that the reported value is 
consistent with the expected value for entangled solutions of flexible 
neutral polymers. Other studies on LBG have found exponents of ζ ≈
3.7–4.8 (Andrade et al., 1999; Doublier & Launary, 1981; Gillet et al., 
2017; Launay et al., 1997; Sittikijyothin et al., 2005), again generally 
consistent with theoretical predictions for entangled solutions. In the 
semidilute unentangled regime, Morris et al. (1981) found a scaling 
exponent of 1.4, while in the study by Launay et al. (1997) a 
three-regime-analysis on LBG solutions found exponents of ζ = 1.16, 1.9, 
and 4.0, respectively, with transition concentrations of c*[η] = 0.76 and 
ce[η] = 3.56. These results are quite consistent with ours, apart from the 
slope in the entangled regime, which is noticeably higher than our 
determination and closer to the theoretically expected value. However, 
we note that neither our results, nor those of other studies (Andrade 
et al., 1999; Doublier & Launary, 1981; Gillet et al., 2017; Launay et al., 
1997; Morris et al., 1981; Sittikijyothin et al., 2005), show evidence for 
so-called ‘hyperentanglements’ based on the scaling exponent within the 
entangled regime. The same holds for many studies on other gal
actomannans (Andrade et al., 1999; Pollard & Fischer, 2014; Sittiki
jyothin et al., 2005), including those nearly fully substituted with 
galactose (M:G ~ 1:1) (Doyle et al., 2009; Ganter et al., 1992; Hellebois 
et al., 2021). 

4.2. Static light scattering (SLS) 

SLS measurements were performed for LBG concentrations ranging 
from 0.006 to 0.83 wt %, thus spanning the concentration regimes 
observed in the viscosity data. Representative profiles of the excess 
Rayleigh ratio ΔR(q) as a function of scattering wavevector are shown in 
Fig. 4. 

For all concentrations, ΔR(q) decreases with q, and exhibits 
approximately a power law scattering profile, which suggests that the 
scattering is mainly due to the internal structure of self-similar scattering 
objects. The results also demonstrate that these structural characteristics 
persist across the entire probed range of q, corresponding to length- 
scales ≈ 50–170 nm (1/qmax–1/qmin). The lack of any roll-off to a 
plateau at low q indicates that the objects themselves are characterised 
by a length-scale greater than roughly 170 nm. This is much larger than 
the expected Rg for a single LBG coil (as discussed above, our estimate 
from the Flory-Fox relationship, assuming an ideal chain, was Rg = 92 ±
9 nm), suggesting that scattering from supramolecular aggregates 
dominates over that from fully dispersed LBG. Indeed, early attempts to 

determine the molecular weight of LBG using light scattering (via the 
Zimm plot method) were rendered unsuccessful due to similar aggre
gation effects (Doublier & Launary, 1981; Gaisford et al., 1986). 

In contrast to this behaviour, the ηsp(c) results, discussed above, are 
generally consistent with expected behaviour for well-dispersed flexible 
polymers (except for the somewhat lower ζ value observed in the sem
idilute entangled regime), demonstrating that the molecular aggregates 
observed in SLS are, at most, weakly affecting the viscosity results, 
which instead mainly probe the well-dispersed polymer fraction. 

The SLS data were fitted with power laws of the form ΔR(q) = Aq− γ, 
and the fitted γ values are shown in the inset to Fig. 4. We find that γ is 
relatively similar across the measured concentration range, with values 
within the range 2.66–3.12 and a mean value (across all concentrations) 
of 〈γ〉c = 2.9 ± 0.1. We note that a small dip in the data is observed 
within the dilute concentration range around 0.02 wt %, as shown in the 
inset. We are not sure of its origin, but note that in addition to the 
scattering from aggregates, we expect to also have a contribution from 
the dispersed polymer fraction and as c increases this could lead to a 
variation in the determined γ, where one could imagine c-dependent 
changes both to the number density and compactness of the aggregates 
and to the scattering contribution from the dispersed fraction. 

It is not clear whether the relatively high value of γ = 2.9 should be 
interpreted as the fractal dimension df of the aggregates. High power law 
exponents ~ 3–4 can arise from surface scattering, and are observed e.g. 
in gels and network-forming systems with dense, porous structures 
(Bhatia, 2005; Ioannidou et al., 2016). Thus, power law-like scattering 
could be observed not only for fractal structures, but as a result of the 
averaging over complex structures, particularly when a limited range of 
length-scales is probed. 

To further investigate the concentration dependence of the scat
tering, the excess Rayleigh ratio at fixed scattering angles are plotted 
versus c in Fig. S6 (SI). Across all scattering angles, the scattered in
tensity increases with c, roughly following a power law ΔR(q) ~ cε. The 
data for each scattering angle were fitted with a power law fit to 

Fig. 4. Excess Rayleigh ratio, ΔR, against scattering wavevector, q, from SLS 
measurements. Solid lines are linear fits. The inset shows the negative of the 
fitted slopes, γ, against reduced concentration, c[η] (error bars indicate 95% 
confidence intervals). Grey dashed lines denote the regimes identified from 
steady shear rheology: I (dilute), II (semidilute unentangled), and III (semi
dilute entangled). The solid black line indicates γ = 3. 
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determine the exponent ε, which is plotted as a function of scattering 
angle in the inset. ε is consistent across the angular range, with a mean 
value of 〈ε〉θ = 0.77 ± 0.01. Thus, we do not find evidence from the SLS 
data of any c-dependent structural transitions in the growth of the excess 
Rayleigh ratio with c for fixed scattering angles, which is consistent with 
the lack of any significant c-dependence in the power law exponents γ. 
This lack of c-dependence stands in direct contrast to the viscosity 
behaviour which demonstrates three distinct concentration regimes. We 
interpret these observations as due to the fact that the scattering is 
dominated by aggregates which remain relatively unchanged in char
acteristics with varying c. The relatively high value of γ, and the fact that 
a consistent behaviour is found also for the lowest investigated con
centrations within the dilute regime, and for length-scales of at least 170 
nm, demonstrates the presence of relatively compact aggregates of size 
> 170 nm. 

4.3. Ultra-small-angle light scattering (USALS) 

USALS measurements were performed for LBG concentrations 
ranging from 0.01 to 0.86 wt %. The recorded scattering intensity in 
excess of the solvent scattering is shown as a function of scattering 
wavevector q in Fig. 5. Data are shown renormalised by concentration, 
although an additional arbitrary intensity rescaling was required for the 
0.07 and 0.86 wt % data, in order for the data to overlay the other 
concentrations. 

The excess scattering profiles are qualitatively similar across all 
measured concentrations, displaying approximately power law scat
tering at low q (≲ 0.2 μm− 1), followed by a flattening into a plateau-like 
region at higher q (approximately 0.2–1 μm− 1), and then decreasing 
more steeply once again at the highest probed q values (≳ 1 μm− 1). 
Overall, the scattering decreases with q across the entire probed range 
(corresponding to length-scales ≈ 0.75–14 μm). As for SLS, the lack of a 
roll-off at low q indicates the presence of structures larger than the 
largest probed length-scales, i.e. larger than ~ 14 μm. This provides 
evidence for the presence of very large supramolecular structures, at 
least 100 times greater than the Rg of a single LBG coil (estimated to be 
≈ 100 nm (Picout et al., 2002)). 

The largest q probed by the USALS measurements was ~ 1.3 μm− 1, 
and the smallest q probed with SLS was ~ 6 μm− 1, leaving an unexplored 
gap of roughly two thirds of an order of magnitude for which the 

scattering profile is not known, although we note that the steeper 
decrease observed in the high-q USALS region appears consistent with a 
transition to the power law profiles observed in SLS. It is thus reasonable 
to expect a smooth transition between the two measurements, with the 
intensity fall-off at ≳ 1 μm− 1 indicating the start of this transition. The 
flattening in the mid-q region demonstrates the clear separation of the 
two power law regimes, suggesting two separate populations of aggre
gated structures. 

To investigate the results further, the data were fitted to a sum of a 
power law and a modified Lorentzian function (Hammouda, Ho, & 
Kline, 2004; Witte et al., 2019), where the latter was chosen as a simple 
empirical function that can describe the data: 

I(q)/c = A1/qγ1 + A2/(1+(lq)γ2 ) , (11)  

where A1 is the amplitude and γ1 the exponent of the low-q power law; 
A2 is the amplitude and γ2 the exponent of the high-q power law; and l is 
the length-scale of the modified Lorentzian. The high-q power law slope 
is not clearly observed, as the transition is close to the end of the mea
surement window; thus, the high-q exponent γ2 was set to 2.9, chosen to 
match the average power law exponent observed by SLS (〈γ〉c = 2.9 ±
0.1), whereas A1, γ1, A2, and l were allowed to vary as free parameters. 

The data were well fitted by this expression and the resulting fitting 
parameters are shown in Fig. S7 (SI). γ1 was generally found to be ~ 
2.4–2.6, although the 0.03 and 0.06 wt % solutions showed smaller 
exponents of ~ 1.8 and 2.0, respectively. The mean value across all 
concentrations was 〈γ1〉c = 2.4 ± 0.3. Thus, the low-q exponent is 
somewhat smaller than that observed for the power law in the high-q 
SLS region. The estimated transition length-scale may offer further 
insight: we obtained l ~ 500–900 nm, with an average over all inves
tigated concentrations of 〈l〉c = 670 ± 140 nm. Notably, this length-scale 
is consistent with the filtration pore size (~ 600 nm radius) used in our 
sample preparation. Thus, we hypothesize that prior to filtration, LBG 
forms aggregates of a size generally larger than the filter pores, but the 
filtration yields aggregates of ~ 600 nm radius. We also hypothesize that 
these filtration-defined ‘primary’ aggregates can undergo further ag
gregation and form larger structures, as observed in the experiments. If 
we interpret both power law-regimes as due to scattering from fractal 
structures, the data indicate a more open and less dense aggregated 
structure on larger length-scales. 

To further investigate the primary aggregates, we note that the 
observation of a roll-off of the scattering, resulting from these aggre
gates, onto an intermediate plateau, suggests the use of a Zimm plot 
analysis (Borsali & Pecora, 2008; Rubinstein & Colby, 2003) to deter
mine the corresponding aggregate molecular weight. Thus, a Zimm plot 
was constructed using scattering data from the upper end of the USALS 
q-range for the 0.01 and 0.03 wt % LBG samples, as shown in Fig. S8. The 
resulting molecular weight was Mw = 1.5 × 1010 g mol− 1 (1.5 × 107 

kDa), which is ∼ 104 times larger than the polymer molecular weight 
determined by the intrinsic viscosity determination, and may be inter
preted as the molecular weight of these primary aggregates. 

In a previously published SLS and USALS study, aqueous solutions of 
guar gum (another galactomannan) were prepared without filtration 
(instead using a purification procedure that consisted of dissolution, 
centrifugation, precipitation, drying, and grinding), finding evidence of 
large structures with characteristic lengths of tens of microns (Gittings 
et al., 2000). SLS demonstrated power law-like scattering which 
continued in the USALS regime, without an intermediate plateau, until a 
roll-off into a low-q plateau took place (the measurements extended 
down to 0.015 μm− 1). The formation of such large structures for guar 
gum lends further support to the suggestion that LBG forms similarly 
large structures upon dissolution, which due to filtration, however, give 
rise to the more complex structure observed here, with an intermediary 
plateau. 

Finally, we note an apparent concentration-grouping in the renor
malised data (Fig. 5); the data appear to collapse into two groups, with 

Fig. 5. Renormalised excess scattering intensity, I(q)/c, versus scattering 
wavevector, q, from USALS measurements. Solid lines are fits to a sum of a 
power law and a modified Lorentzian. An additional intensity rescaling has 
been applied to the 0.07 and 0.86 wt % data. 
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lower concentrations (below ~ 0.07–0.08 wt %, c[η] ~ 1.2–1.3) 
showing a higher renormalised intensity than higher concentrations. 
The separation is increasingly apparent at lower q-values. This suggests 
that the degree of aggregation displayed on the larger length-scales is 
higher in the lower concentration solutions. 

4.4. Dynamic light scattering (DLS) 

Intensity autocorrelation functions g2(τ) were measured for LBG 
concentrations ranging from 0.01 to 0.46 wt %. Fig. 6 shows (g2(τ) − 1)/ 
σ versus lag-time τ, for scattering angles of (a) θ = 30◦ (q = 6.6 μm− 1), 
and (b) θ = 100◦ (q = 19.4 μm− 1). For most of the probed concentrations 
(c ≤ 0.14 wt %, c[η] ≤ 2.1), the data show a single decay mode, here 
termed ‘slow’, while at high concentrations (c ≥ 0.22 wt %, c[η] ≥ 3.2) a 
secondary mode that occurs at shorter time-scales than the primary 
decay, here termed ‘fast’, is also observed; the fast mode is more 
apparent at higher scattering angles, corresponding to higher q and thus 
shorter length-scales. It is clearly observed that the slow relaxation oc
curs at increasingly long time-scales as c is increased. 

For a quantitative study of the variation of the observed relaxations 

with concentration, the data were fitted using either a single stretched 
exponential, or a sum of two stretched exponential functions. For con
centrations of 0.14 wt % or below, where only a single relaxation decay 
was observed, a single stretched exponential function was used: 

(g2(τ) − 1)
/

σ = (exp(− [τ/τs]
βs ))

2
, (12)  

with two free parameters: the decay time-scale, τs, and the stretching 
parameter, βs. The stretching parameter may take values between 0 and 
1, where a value of 1 corresponds to a simple, non-stretched, exponen
tial. For concentrations of 0.22 wt % and above, where a faster sec
ondary mode was also observed, data were fitted with a sum of two 
stretched exponential functions: 

(g2(τ) − 1)
/

σ = (Afexp(− [τ
/

τf ]
βf ) + (1 − Af)exp(− [τ/τs]

βs ))
2
, (13)  

with five free parameters: the time-scales, τf and τs, and stretching pa
rameters, βf and βs, of the fast and slow relaxations, respectively, and the 
fast mode amplitude, Af (the slow mode amplitude was constrained as 
As = 1 − Af). Mean relaxation times were calculated for each mode using 
Eq. (7). This fitting approach generally described the data well, as shown 
by the solid lines in Fig. 6. 

The amplitudes resulting from the combined fitting of the fast and 
slow relaxation modes are shown as a function of q in Fig. S9 (SI), for the 
three concentrations where the fast mode was observed. The amplitude 
of the slow mode increases with concentration and decreases with q, 
whereas Af decreases with concentration and increases with q (being 
very low for the lowest probed q). This reflects the different length- 
scales characterising the two contributions: we expect the slow mode 
to be associated with scattering from larger objects as compared to the 
fast mode. 

We next use these amplitudes, determined by DLS, to determine the 
contributions to the SLS scattering profiles from the structures associ
ated with the fast and slow relaxation modes, respectively. The contri
bution to the total excess Rayleigh ratio from the fast mode, ΔRf, is given 
by: 

ΔRf =
AfΔR

Af + As
, (14)  

where Af + As = 1. The contribution from the slow mode, ΔRs, is 
determined similarly, and ΔRf + ΔRs = ΔR. The two contributions are 
plotted, renormalised by concentration, in Fig. S10 (SI). It is clear that 
the dominant scattering contribution comes from aggregate structures 
associated with the slow mode, and that the fast mode does not 
contribute strongly to the SLS results, particularly at low q. We also note 
that ΔRf is relatively insensitive to q compared with the slow mode 
contribution. 

4.4.1. Fast mode 
Due to the low amplitude of the fast modes, the stretching parame

ters resulting from free fits were generally noisy and showed no clear 
trend with regards to a variation of q. Thus, the fits were instead per
formed using fixed q-independent values of βf, based on the average of 
the values of βf(q) obtained from the free fitting procedure. The values 
chosen were: βf = 0.85 for c = 0.22 wt % and c = 0.3 wt %, and βf = 0.70 
for c = 0.46 wt %. 

The mean decay time-scales 〈τf〉(q) are shown in Fig. S11 (SI). We 
find that 〈τf〉(q) is relatively c-independent, and note that the fast mode 
appears within the entangled semidilute c-regime. However, given the 
weakness of the fast mode contribution it is difficult to pinpoint with any 
accuracy the c-regime where the fast mode originates. The fast mode 
decay rates (Γf = 〈τf〉− 1) could be well described as proportional to q2 

(Fig. S12 (SI)), demonstrating diffusive behaviour. Diffusion coefficients 
(Df) were determined for each concentration as the slope of linear fits to 
these data (Γf = Dfq2), with an average value of 〈Df〉c = 5.8 ± 0.3 

Fig. 6. Intensity autocorrelation functions ((g2− 1)/σ against lag time, τ) from 
DLS measurements performed at scattering angles of (a) 30◦ and (b) 100◦. Solid 
lines are fits to single stretched exponential functions for c ≤ 0.14 wt %, and 
double stretched exponential functions for c ≥ 0.22 wt %. 
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μm2 s− 1. 
The diffusion coefficient for each concentration was also used to 

determine an apparent hydrodynamic radius corresponding to the fast 
mode, Rh,f, using the Stokes-Einstein relation. We expect that the vis
cosity experienced by this relaxation mode will be situated somewhere 
between that of the pure solvent and the bulk solution; thus, these two 
values were used to provide limiting values to Rh,f. Using η = ηs, and 
averaging over c, provides an upper limit of 〈Rh,f〉c = 42 ± 2 nm. Using η 
= η0 provides lower limits of Rh,f, varying from ~ 2.7 to ~ 0.3 nm as c[η] 
varies from 3.2 to 6.8. 

The fact that the fast mode is (i) associated with the dispersed LBG 
phase, (ii) diffusive, (iii) characterised by a relatively fast decay time- 
scale, corresponding to a relatively small length-scale, and (iv) 
observed within the semidilute regime, strongly suggests that it is due to 
cooperative diffusion. Cooperative diffusion is typically expected to 
arise within the semidilute unentangled regime (Burchard & Richtering, 
1989; de Gennes, 1979); however, as discussed above, the weakness of 
the fast mode contribution makes it difficult to pinpoint where it orig
inates. Furthermore, the similarity of Df across the measured concen
trations is somewhat unexpected, as the cooperative diffusion 
coefficient is generally expected to increase with increasing c, as the 
correlation length decreases (Amis & Han, 1982; Burchard & Eisele, 
1984; de Gennes, 1979; Uematsu et al., 2005; Yuan et al., 2006; Zettl 
et al., 2009); however, the measured concentrations might not be high 
enough to observe this. 

We note a study of hydrophobically-modified polyoxyethylene in 
water (Nyström, Walderhaug, & Hansen, 1993), for which a fast mode 
attributed to cooperative diffusion exhibited a decreasing time-scale 
above the crossover concentration, to a plateau value of roughly 2 ms 
at q ≈ 9 μm− 1 for c ≳ 2c*. At a similar scattering wavevector (θ ≈ 40◦), 
the values of 〈τf〉(q) observed here are ~ 1.5–3 ms (Fig. S11 (SI)). Thus, 
our observations show similarity to this study both in the magnitude of 
the fast decay time-scale as well as the approximate independence of this 
mode on concentration in semidilute solutions. 

Values of Dcoop for typical systems include ~ 0.02–20 μm2 s− 1 for 
polystyrene in dioctyl phthalate (Nicolai & Brown, 1996), or ~ 16–160 
μm2 s− 1 for polystyrene in tetrahydrofuran (Amis & Han, 1982). The 
value found here (〈Df〉c = 5.8 ± 0.3 μm2 s− 1) falls well within this 
typical range. Using the cooperative diffusion interpretation, the char
acteristic size determined using the Stokes-Einstein relation (with sol
vent viscosity as an approximation of the local viscosity) represents the 
hydrodynamic correlation length, ξh. Using the empirical relation ξs ≈

ξh/2 (Brown & Nicolai, 1990; Uematsu et al., 2003), we calculate the 
static correlation length as ξs ≈ 21 nm, in fairly good agreement with 
results from a previous Small Angle X-ray Scattering (SAXS) experiment 
on a solution of 0.2% LBG in water, which found ξs = 27 nm (Turquois, 
Rochas, Taravel, Doublier, & Axelos, 1995). 

In conclusion, our observations support that the fast relaxation mode 
is due to cooperative diffusion and thus concentration fluctuations on 
the length-scale of the hydrodynamic correlation length. 

4.4.2. Slow mode 
From Fig. 6 it is clear that the slow decay mode displays a stretched 

nature, indicating a broad distribution of underlying decay time-scales, 
and this stretching is seen to increase with both scattering angle and 
concentration. From the fitting results, we find that βs decreases both 
with increasing q and c (Fig. S14 (SI)), corresponding to the increasing 
stretching. Interestingly, the βs values appear to fall into two groups for 
low and high concentrations, respectively. For c ≲ 0.065 wt % (c[η] ≲ 
1.0), βs spans the range ~ 0.7–1.0, and appears to level off towards ~ 
0.7–0.8 for the highest q. For ≳ 0.1 wt % (c[η] ≳ 1.5), βs is lower, 
spanning the range ~ 0.5–0.8; here, the existence of a high-q plateau is 
not so clear, but a weaker tendency to level off towards ~ 0.5–0.6 is 
observed. The c-dependent time-scale for the slow mode, 〈τs〉, is shown 
in Fig. S11 (SI). The time-scale exhibits a significant c-dependence at all 
probed scattering angles, whereby 〈τs〉 increases with c across the entire 

measured range. A comparison to Fig. 2 demonstrates that the c- 
dependence is similar to that of the specific viscosity and this result will 
be explored in more detail below. 

The slow mode decay rates Γs = 〈τs〉− 1 are shown renormalised by q2, 
as (Γs /q2)/〈Γs/q2〉q versus q in Fig. 7a, where 〈Γs〉q is the Γs value 
averaged over all q-values. For q ≳ 10 μm− 1, the data for all concen
trations increase with q, showing a clear departure from the plateau 
expected for diffusive scaling, for which Γs ∝ q2. In Fig. 7b, the data are 

Fig. 7. The DLS slow mode decay rate: (a) divided by the square of the scat
tering wavevector and then re-normalised by the mean value for each con
centration, plotted versus the scattering wavevector, q. The dashed horizontal 
line indicates Γs ~ q2, as expected for diffusive behaviour. (b) Divided by the 
cube of the scattering wavevector, again re-normalised by the mean value for 
each c and plotted versus q. The dashed horizontal line indicates Γs ~ q3, as 
expected for Zimm behaviour. (c) Plotted versus the cube of the scattering 
wavevector, q3. The solid lines are linear fits fixed to pass through the origin. 
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instead re-normalised by q3, and clearly show a plateau for q ≳ 10 μm− 1. 
We note, however, that the q2-scaled data do appear to flatten and 
approach a plateau for q ≲ 10 μm− 1. Thus, the slow mode decay rate 
transitions from approximately Γs ~ q2 at the lowest scattering wave
vectors to Γs ~ q3, which is valid across most of the measured q range. 
This q3-scaling is consistent with predictions for the Zimm model (Adam 
& Delsanti, 1977; Berne & Pecora, 2000; Doi & Edwards, 1986; 
Dubois-Violette & de Gennes, 1967; Sorlie & Pecora, 1988; Witte et al., 
2019), indicating a transition with decreasing probed length-scale from 
simple diffusive behaviour to a probing of internal motions. We note 
that, for the Zimm model, the stretching parameter is predicted as βs =

2/3 in the asymptotic high-q regime (Doi & Edwards, 1986), which is 
generally consistent with the βs values found for the slow mode in the 
low concentration data (Fig. S14 (SI)). 

In Fig. 7c, the slow mode decay rates are plotted versus q3 (for 10 
μm− 1 < q < 20 μm− 1, the Γs ~ q3 regime) and linear fits are performed. 
The apparent viscosity ηapp experienced by the polymer undergoing 
Zimm dynamics can be determined using the Zimm model (Eq. (9)), 
given the temperature and a value for the constant Λ. Thus, for a chosen 
Λ, the slope of each fit in Fig. 7c was used to calculate ηapp, which was 
then converted to an apparent specific viscosity (ηsp,app = (ηapp− ηs)/ηs). 
The resulting ηsp,app(c) are shown in Fig. 8 for Λ = 0.45, for which the 
higher concentration data (c[η] ≳ 1) overlap with ηsp(c). This empirical 
approach for choosing Λ was chosen since the theoretically predicted 
value varies somewhat depending on the approximations used, as dis
cussed in Section 2. We note, however, that our chosen Λ is close to (~ 
40% below) the values proposed by Adam and Delsanti (1977) and 
Richter et al. (2005). Within the dilute and lower semidilute unen
tangled regimes, ηsp,app shows a reduced c-dependence, with enhanced 
values compared with ηsp as obtained from shear rheology. The two 
viscosities become closer as the concentration is increased, starting to 
overlap roughly halfway into the semidilute unentangled regime. Within 
the upper semidilute unentangled and semidilute entangled regimes the 
two viscosities show excellent agreement. 

We suggest that the slow mode primarily arises from internal re
laxations within LBG aggregates. This would explain why the corre
sponding apparent viscosities are relatively independent of c and larger 

than the solution viscosity (which is mainly controlled by the dispersed 
polymer) in dilute solutions, where we expect little solute-solute inter
action. As c is increased, however, interactions between dispersed LBG 
molecules and the aggregates cause the apparent viscosity and solution 
viscosity to approach each other, and they coincide for sufficiently high 
concentration. 

Finally, apparent hydrodynamic radii were determined for the slow 
mode (Rh,s) by first calculating the average diffusion coefficient over the 
lowest two scattering wavevectors (q = 6.6 and 8.7 μm− 1), for which 
near-diffusive behaviour was observed. The Stokes-Einstein relation (Eq. 
(7)) was then used to calculate Rh,s using these diffusion coefficients and 
the solution viscosity. Rh,s was observed to decrease with concentration, 
from ~ 400 nm to ~ 200 nm as c[η] varied from 0.2 to 7.6. Averaging 
over all concentrations, we found 〈Rh,s〉c = 290 ± 100 nm. This is 
significantly larger than one would expect for a single LBG molecule, 
further supporting the identification of the slow mode with supramo
lecular aggregates. 

5. Conclusions 

We have characterised the concentration-dependent structure and 
dynamics of locust bean gum (LBG) in aqueous solutions using a com
bination of static and dynamic light scattering, and steady state shear 
rheology. The weight-averaged molecular weight of LBG was deter
mined from the intrinsic viscosity as Mw = 1700 ± 500 kDa; the radius 
of gyration of the LBG polymer coil was estimated as Rg = 92 ± 9 nm 
using the Flory-Fox relationship (assuming ideal chain conditions); and 
the mannose to galactose ratio (M:G) was determined as 3.4:1, using 
polarimetry. Steady shear rheology experiments were used to determine 
the concentration-dependent zero shear viscosity, which was found to 
split into three concentration scaling regimes, identified as the dilute, 
semidilute unentangled, and semidilute entangled regimes, respectively. 
Alternatively, the data could be adequately described either as a sum of 
two power laws, treating the intermediate concentrations as a contin
uous transition between the dilute and semidilute entangled regimes, or 
as a stretched exponential function, derived from hydrodynamic scaling 
theory (up to c[η] = 4, beyond which a power law description was 
required). 

For the three-regime description, the regimes were described by ηsp 
~ cζ with ζ = 1.03, 1.65, and 3.0, respectively, with boundaries defined 
by the overlap concentration c* = 0.031 wt % (c*[η] = 0.52, with ηsp(c* 
[η]) = 0.64) and the entanglement concentration ce = 0.13 wt % (ce[η] 
= 2.1, with ηsp(ce[η]) = 6). For the dilute and semidilute regimes, ζ is 
consistent with the predictions from scaling theory for neutral linear 
flexible polymers (Colby, 2010). For the entangled regime, however, our 
value is somewhat lower than the theoretically predicted value (ζ = 3.9 
for good solvent conditions). The specific viscosity values at c* and ce, as 
well as the width (ce/c*) of the semidilute unentangled regime, are 
consistent with previous results for neutral linear flexible polymers 
(Colby, 2010; Dumitriu, 2004). Our results are thus largely consistent 
with predictions for neutral flexible polymers and demonstrate that the 
solution viscosity mainly probes the well-dispersed polymer fraction. 

The solution structure was investigated using a combination of static 
light scattering (SLS) and ultra-small-angle light scattering (USALS), 
where SLS probed the wavevector range q = 5.3–20.7 μm− 1 and USALS 
the range 0.08–1.2 μm− 1. Within the SLS q-range, the excess Rayleigh 
ratio showed a power law behaviour ΔR(q) ∝ cεq− γ for all concentra
tions, with average values of γ = 2.9 and ε = 0.77. No evidence was 
found for concentration-dependent structural transitions and the data 
instead demonstrates that the scattering is dominated by the internal 
structure of supramolecular aggregates whose properties change little 
with concentration. In future work, hydrodynamic separation tech
niques such as asymmetric flow field-flow fractionation may prove 
successful in separating the dispersed polymer from the aggregates, 
allowing for a more complete characterisation of these fractions, as has 
been achieved for other biopolymers (González-Espinosa, Sabagh, 

Fig. 8. Specific viscosity, ηsp, against reduced concentration, c[η]. Black data 
are determined from shear rheology measurements, as shown in Fig. 3. Red data 
are apparent specific viscosities, calculated using the Zimm relation (Eq. (9)) 
analysis of the slow mode DLS data, as described in the text. The concentration 
regimes identified from steady shear rheology are shown with grey dashed 
lines: I (dilute), II (semidilute unentangled), and III (semidilute entangled). 

A. O’Connell et al.                                                                                                                                                                                                                              



Food Hydrocolloids 138 (2023) 108446

12

Moldenhauer, Clarke, & Goycoolea, 2019). For lower q-values, USALS 
showed a plateau-like regime followed by a further increase in scattering 
intensity for q ≤ 0.2 μm− 1, where the behaviour is well-described as 
ΔR(q)∝qγ1 , for all c, with an average value of γ1 = 2.4. The SLS and 
USALS results together provide evidence for the existence of two sepa
rate populations of aggregated structures. We estimate the size of the 
smaller aggregates as l ≈ 670 nm, consistent with the 600 nm pore-size 
of the filters used for sample preparation, and their molecular weight as 
1.5 x 107 kDa—around 104 times larger than the polymer molecular 
weight. The lack of a roll-off for the lowest q probed with USALS, in turn, 
shows that the larger aggregates are characterised by a size greater than 
~ 14 μm, providing evidence for large supramolecular structures, at 
least 100 times greater than the expected Rg of a single LBG coil in dilute 
solution. We hypothesize that the unfiltered solutions contain aggre
gates larger than the pore size. Filtration, however, sets the aggregate 
size to roughly 600–700 nm and, in turn, these aggregates further 
associate into structures larger than ~ 14 μm. 

The solution dynamics were investigated using dynamic light scat
tering (DLS), showing a single ‘slow’ decay mode across the three con
centration regimes, and an additional faster decay mode for the higher 
concentrations within the semidilute range; the data were thus fitted 
using either a single stretched exponential, or a sum of two stretched 
exponentials, as appropriate. Based on the amplitudes of the two decay 
modes, their respective contributions to the static scattering were 
determined. The main contribution to the SLS originates from polymer 
aggregates associated with the slow decay mode, whereas the fast mode 
contribution is very weak and becomes non-negligible only for the 
highest probed q-values; thus, the well-dispersed polymer fraction 
contributes only very weakly to the static scattering. We note that future 
complementary work using experimental techniques which can offer 
simultaneous insight into the dynamics of both the dispersed polymer 
and aggregates would be interesting; this might include pulsed field 
gradient nuclear magnetic resonance (NMR), for which the aggregate 
contribution should not dominate as in light scattering (Griffiths et al., 
2002; Macdonald, Uemura, Dyke, & Zhu, 1996; Nilsson, Hâkansson, 
Söderman, & Topgaard, 2007). 

The fast decay mode in DLS is associated with the dispersed LBG 
phase. This decay mode is diffusive, characterised by a relatively fast 
time-scale and thus corresponding to short length-scale fluctuations 
(0.4–4 ms, with an apparent hydrodynamic radius of Rh,f = 42 nm using 
the solvent viscosity, or ~ 2.7–0.3 nm using the solution viscosity, over 
the investigated concentration range), and observed within the semi
dilute entangled concentration regime. Based on these results, we assign 
the fast decay mode to cooperative diffusion and thus to fluctuations on 
the scale of the hydrodynamic correlation length, ξh, an assignment 
which is further supported by comparisons to the static correlation 
length (ξs) of LBG previously determined using small angle X-ray scat
tering and typical values of the cooperative diffusion coefficient deter
mined for standard polymer systems. 

In contrast to the fast decay mode, the slow mode decay rate follows 
a q3 dependence over most of the q range. We interpret this as being due 
to internal Zimm relaxations within the LBG aggregates. Using Zimm 
theory, we determine the apparent specific viscosity (ηsp,app) from the 
slow mode decay rate, finding that this shows enhanced values and a 
weaker c-dependence compared to the solution viscosity within the 
dilute and lower semi-dilute unentangled regimes. The two viscosities 
approach as concentration is increased, and they overlap within the 
semi-dilute entangled regime. Within the dilute regime, the aggregates 
and dispersed LBG do not interact strongly, and the solution viscosity is 
mainly set by the dispersed polymer, explaining the behaviour. How
ever, for higher concentrations, increased interactions between the 
dispersed polymer and aggregates lead to the convergence of the two 
viscosities. 

In summary, we have combined light scattering with viscosity 
measurements to provide a comprehensive insight into both structure 
and dynamics of LBG in aqueous solution. To the best of our knowledge, 

this represents the first published dynamic light scattering investigation 
of aqueous LBG solutions. We demonstrate that a detailed determination 
of structure, dynamics, and viscosity can be achieved using only a 
relatively simple sample purification, which is important in order to 
ensure industrial relevance. This approach should also be valuable for 
other galactomannans, such as guar or tara gums, which have higher 
galactose content, and are thus more easily solubilised in water. Future 
work using a similar approach will investigate the influence of both 
temperature variation and the addition of co-solutes, providing funda
mental as well as industrially relevant insight into the behaviour of LBG. 
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