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ABSTRACT 
This study investigated emulsions for 

use as saliva substitutes in patients with 
xerostomia.  Rheological properties of these 
emulsions changed as a function of 
frequency and small-angle light scattering 
(SALS) was investigated as a tool to 
quantify changes to droplet microstructure at 
different frequencies.  SALS was 
successfully used to differentiate between 
formulations, but was unable to detect 
changes in droplet microstructure within 
compositions.  Viscous behaviour of 
emulsions at lower frequencies may 
improve lubrication of the oral cavity 
whereas elasticity at higher frequencies may 
improve retention during chewing and 
swallowing. 

 
INTRODUCTION 

The oral cavity is a complex, dynamic 
environment1,2 with different forces and 
stresses occurring simultaneously on 
different surfaces and in different functional 
entities within the mouth3,4.  Saliva is a 
complex, viscoelastic fluid that is 
continually secreted at a flow rate and 
composition dependent on a myriad of 
external factors.  Salivary hypofunction is 
the objective reduction in flow rate or 
altered composition of stimulated or 
unstimulated saliva5,6 and is often associated 
with xerostomia, defined as the subjective 
feeling of dry mouth.  Current treatment 

options for xerostomia are limited, aiming to 
relieve oral discomfort by keeping the 
mouth moist7,8.  

Previous research has shown that 
emulsions consisting of rice bran oil (RBO), 
soy lecithin and water may offer improved 
relief in patients with xerostomia.  These 
compositions exhibited rheological 
properties that were frequency-dependent, 
where viscous behaviour dominating at 
frequencies below 5 Hz and elastic 
behaviour dominating at higher 
frequencies9.  This feature was thought to be 
beneficial in a saliva substitute, with viscous 
behaviour improving lubrication at rest and 
elastic behaviour improving retention during 
high-shear tasks such as speaking and 
swallowing.  Reversible peaks in G’ and G” 
were observed in many formulations, with 
the critical frequency at which the peak 
occurred depending upon the relative 
concentration of each component.  This was 
thought to be related a frequency-dependent 
temporary aggregation of the dispersed 
phase. 

The purpose of this study was to explore 
changes in the microstructure of these RBO 
and lecithin systems as a function of 
frequency.  Small-angle light scattering 
(SALS) was investigated as a tool to 
quantify changes to droplet microstructure at 
different frequencies.   
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MATERIALS AND METHODS 
Preparation of compositions 

A surfactant mix (SM) was prepared by 
mixing soybean lecithin (Lipoid GmBH, 
Ludwigshafen, Germany) and propylene 
glycol (Sigma, St Louis, MO, USA) at a 
weight ratio of 1:1 w/w until a transparent 
mixture was achieved.   

Compositions were prepared as 
previously described9 by magnetically 
stirring different ratios of rice bran oil 
(RBO, Bespoke Foods, London, UK), SM 
and distilled water.  The ratio of each 
component varied by 10% w/w such that 66 
different combinations were possible.  
Selected compositions containing up to 60% 
w/w SM, 30% w/w RBO and distilled water 
were examined using laser diffraction and 
SALS. 

 
Droplet size analysis of compositions 

The droplet size distribution of 
compositions was investigated using a laser 
diffraction particle sizer (LA-950V2, Horiba 
Instruments Inc., Irvine, CA, USA) with 
distilled water as the dispersion media.  To 
ensure even distribution of each 
composition, 0.1 mL mixture was added to 
0.9 mL water and gently mixed with a 360q 
rotary mixer. This was added drop-wise to 
the dispersion media in the particle sizer to 
achieve the desired red transmission 
between 92% and 89% (approximately 
300 µL).  Volume mean diameter was 
calculated from three measurements and the 
coefficient of variation (CV) was 
determined by dividing the standard 
deviation by the mean volume distribution 
of 10% (D10), 50% (D50; also the median) 
and 90% (D90) of the droplets. 

Compositions were examined under both 
polarised and non-polarised light using a 
Motic BA 300Pol light microscope (Motic 
Incorporation, Hong Kong) coupled with a 
Moticam 2300 digital camera (Motic 
Incorporation, Hong Kong).  Droplet size 
was then estimated using ImageJ 10.2 

software (Public Domain Java Image 
Processing Programme, National Institute of 
Health, USA).  

 
Scattering pattern of compositions 

Oscillatory rheological analyses were 
performed at 20ιC to reduce evaporation of 
the compositions during the testing period, 
using a DHR Series rotational rheometer 
(T.A. Instruments, Surrey, England).  A 
SALS accessory (T.A. Instruments, Surrey, 
England) was attached to the top of the 
rheometer with a Class II 0.95 mW diode 
laser (with wavelength of 0.6328 µm, 
1.1 mm circular beam and beam divergence 
of 0.7 mrad).  A 50 mm quartz parallel plate 
geometry was used with a fixed gap of 
1000 µm and stress amplitude of 5 Pa. 

Calibration of the SALS set-up was 
performed according to the T.A. Instruments 
operating manual (Surrey, England), using a 
polystyrene bead suspension (Fluka 
Analytical, Buchs, Switzerland) with 
calibrated particle diameter of 3.113 µm, 
CV of 1.97% and refractive index of 1.5905, 
diluted to obtain a microparticle 
concentration of 0.05% w/v.  To determine 
correction factors for the observed data, the 
predicted scattering pattern (relative 
intensity as a function of scattering angle, ș) 
was calculated using MiePlot 4.3 (Philip 
Laven, Geneva, Switzerland) and overlaid 
on the plot of observed scattering pattern.  A 
correction factor (Fc) was calculated to 
adjust for pixel position relative to the light 
source (Eq. 1).  Intensity (I) was corrected 
(Icorr) using Fc and a y-shift correction factor 
(Fy), which was manually adjusted until the 
first peak of the observed scattering pattern 
had the same magnitude as the first peak of 
the predicted scattering pattern (Eq. 2).  The 
measured radius in pixels (r) was converted 
to scattering angle (ș) using Eq. 3, where the 
optics factor (Fo) was adjusted until the first 
peak of the observed scattering pattern 
overlapped the first peak of the predicted 
pattern.  These correction factors were then 
applied to the sample data. 
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To obtain an optimal dilution factor, a 5 µm 
microparticle size standard suspension 
(Fluka Analytical, Buchs, Switzerland) was 
diluted to obtain particle concentrations of 
0.1%, 0.05% and 0.03% (w/v).  A step 
sweep was conducted on each composition 
within a frequency range of 0.1 to 1.0 Hz.  
Approximately 1.96 mL mixture was 
applied to the lower stationary plate of the 
rheometer and allowed to equilibrate for 
three minutes.  Each composition was held 
for 30 seconds at pre-determined 
frequencies of 0.1, 2, 4, 6, 8 and 10 Hz so 
that five images could be captured using a 
LuCam Capture camera (Lumenera 
Corporation, Nepean, ON, Canada).  These 
were averaged using ImageJ 10.2 (Public 
Domain Java Image Processing Programme, 
National Institute of Health, USA) and the 
averaged water background image was 
subtracted.  Radial profile angle was 
determined and a correction factor was 
applied to normalise the intensity as a 
function of scattering angle.  This procedure 
was then repeated using Intralipid® 
(Pharmatel Fresenius Kabi AB, Sweden) as 
a standard emulsion, diluted by a factor of 
200, 500, 1000, 2000 and 4000 using 
distilled water.  Intralipid® contains 20% 
w/v oil, so these dilution factors 
corresponded with an oil concentration 
(w/v) of 0.1%, 0.04%, 0.02%, 0.01% and 
0.05%, respectively.  From these 
preliminary tests, a target emulsion 
concentration between 0.02% and 0.04% 
(w/v) was identified for the SALS analysis. 

The selected test compositions contained 
up to 30% w/w RBO and between 30% and 
60% w/w water.  To obtain an emulsion 
concentration within the desired range of 
0.02% to 0.04% w/v, each composition was 
diluted by a factor of 2000 using distilled 
water and mixed gently using a 360ι	������	
�����.	 	 �������������	 1.96	��	 ������	
���	 ���� applied to the lower stationary 
plate of the rheometer and allowed to 
equilibrate for three minutes before a step 
sweep was conducted within a frequency 
range of 0.1 to 10 Hz.  Each composition 
was held for 30 seconds at pre-determined 
frequencies of 0.1, 2, 4, 6, 8 and 10 Hz so 
that images could be captured.  Five images 
were obtained at each frequency using a 
LuCam Capture camera (Lumenera 
Corporation, Nepean, ON, Canada).  These 
were averaged using ImageJ 10.2 (Public 
Domain Java Image Processing Programme, 
National Institute of Health, USA) and the 
averaged water background image was 
subtracted.  Radial profile angle was 
determined and data was adjusted using the 
correction factors described above to gain 
adjusted intensity as a function of scattering 
angle. 

 
Statistical analysis 

The droplet size diameters of 
compositions were compared using a one-
way analysis of variance (ANOVA) with 
Bonferroni post hoc corrections.  Data were 
analysed using R (version 3.0.3, www.r-
project.org) coupled with RStudio (version 
0.98.501, www.rstudio.com). 
 
RESULTS AND DISCUSSION 
Droplet size analysis of compositions 

The CV values of D10, D50 and D90 for 
each composition were all less than 5%, 
except for that consisting of 10% RBO, 60% 
SM and 30% water (w/w), which had a CV 
of 22% at D10 (Table 1).  These were below 
the precision limits indicated by the United 
States Pharmacopoeia of 10% for D50 and 
15% for D10 and D90, doubled if samples are 
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under 10 µm10.  Emulsions had bimodal or 
trimodal distribution, with droplet size 
dependent upon composition.  Droplet size 
distribution correlated with images obtained 
using light microscopy, although droplet 
diameters less than 2 µm were not 
detectable with the light microscopy method 
(Fig. 1). 

 
Table 1. Mean droplet diameter D10, D50 and D90 

(± SD) and CV of different concentrations (conc.) of 
RBO (O), SM and water (W) (n = 3; * denotes 

p < 0.001 compared to other compositions). 
Conc.  

(% w/w) 
Droplet diameter (µm) CV (%) 

O SM W D10 D50 D90 D10 D50 D90

10 30 60 0.32 (0.00)* 4.32 (0.03)* 7.74 (0.10)* 0.97 0.66 1.23

10 40 50 1.92 (0.04)* 4.91 (0.01)* 10.6 (0.51)* 2.29 0.29 4.78

10 60 30 0.65 (0.14) 3.27 (0.04)* 5.41 (0.10)* 22.0 1.28 1.89

20 30 50 1.55 (0.02)* 11.18 (0.08)* 25.6 (0.09)* 1.21 0.67 0.37

20 40 40 0.64 (0.02) 10.50 (0.09)* 29.5 (0.30)* 3.89 0.81 1.03

30 40 30 1.41 (0.01)* 23.24 (0.05)* 42.2 (0.53)* 0.60 0.23 1.26

 
 

 
Figure 1. Typical droplet diameters obtained by a) 
light microscopy and b) laser diffractometry for a 

representative composition of 20% w/w RBO, 40% 
w/w SM and 40% w/w water.  Scale bar represents 

10 µm. 
 

Scattering pattern of compositions 
The scattering patterns observed when 

the 5 µm microparticles were diluted to 
0.1%, 0.05% and 0.03% in distilled water 
(w/v) are shown in Fig. 2a.  Clear peaks 
were observed at particle concentrations of 
0.05% w/v and 0.03% w/v.  Similarly, peaks 

were clearest when Intralipid® was diluted 
to 0.02% w/v and 0.04% w/v (Fig. 2b).  

No differences in scattering pattern were 
observed at different frequencies for any of 
the emulsion compositions (Fig. 3), which 
were diluted by a factor of 2000 to avoid 
multiple light scattering, a known limiting 
factor in the application of SALS to 
rheology11.   

Dilution results in a larger spatial 
distance between droplets and is therefore 
expected to alter droplet characteristics.  If 
some sort of aggregation were responsible 
for the peaks, this would not occur in these 
dilute conditions.  In addition, the diluted 
compositions had little rheological structure 
(Fig. 4).   

 
 

 
Figure 2.  Averaged images after water 

subtraction and resulting scattering patterns observed 
when diluting a) 5 µm particles  and b) Intralipid® 

emulsion at different particle concentrations. 
 
A previous investigation of the 

rheological properties of undiluted 
emulsions showed that RBO compositions 
containing less than 40% w/w SM had 

a) b) 

a) 

b) 
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frequency-dependent behaviour, where the 
G” dominated G’ at oscillatory frequencies 
below 5 Hz (tan į > 1) and elastic behaviour 
dominated at higher oscillatory frequencies 
(tan į < 1)9 in a similar pattern to that 
observed for natural saliva12,13.  Previously, 
a reversible peak in G’ and G” was observed 
at a frequency dependent on composition, 
but this was not observed in the diluted 
compositions, which may explain the lack of 
change in microstructure. 

 
 

 
Figure 3.  Typical scattering patterns at 

frequencies of 0.1, 2, 4, 6, 8  and 10 Hz of 
compositions with a weight ratio of a) 20% RBO, 
40% SM, 40% water and b) 20% RBO, 30% SM, 

50% water.  Averaged images with water subtracted 
are shown at a representative frequency of 6 Hz. 

Figure 4.  Viscoelastic profile (mean ± SD; n=5) of a 
composition of 30% RBO, 40% SM and 30% water 

(w/w), showing typical G’ ( ) and G” (z) of 
compositions diluted by a factor of 2000 for SALS.   

 
Different light scattering patterns were 

observed between compositions (Fig. 5), 
where at any given frequency, compositions 
with a higher SM concentration had higher 
peak intensities.  As the wavelength was 
fixed, the light intensity observed at any 
scattering angle was dependent on droplet 
diameter, as well as destructive or 
constructive interference between 
transmitted and reflected light14.  In 
scattering measurements, peak intensity of 
smaller particles occurs at larger angles.  As 
particle diameter increases, this peak is 
observed at smaller angles15.  Therefore, a 
higher peak angle is associated with a 
smaller droplet size.  In the present study, 
droplet size was inversely proportional to 
SM concentration and indeed, peaks were 
observed at larger angles in compositions 
containing 20% w/w RBO with a SM 
concentration of 40% w/w compared to 30% 
w/w (Fig. 5).  This corresponded with the 
D50 values, which were 11.18 ± 0.08 µm and 
10.50 ± 0.09 µm for the compositions 
containing 40% w/w and 30% w/w SM, 
respectively (Table 1). 

 
 
 

a) 

b) 
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Figure 5.  Typical SALS image and corresponding 

scattering pattern of compositions composed of 
different weight ratios (w/w) of RBO:SM:water, at a 

representative frequency of 8 Hz. 
 
CONCLUSION 

The droplet size distribution of the tested 
compositions were biomodal or trimodal, 
depending on their composition.  Droplet 
size was similar using both light microscopy 
and laser diffraction.  Rheologically 
structured RBO compositions may offer  
superior relief in patients with xerostomia, 
whereby viscous behaviour observed at 
lower frequencies may improve lubrication 
of the oral cavity whereas elasticity at higher 
frequencies may improve retention during 
chewing and swallowing.  SALS could be 
used to differentiate between formulations, 
but further work is required to optimise this 
technique for application in the 
quantification of changes in droplet 
microstructure within compositions. 
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