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Measurement of the fluorescence lifetime of
GFP in high refractive index levitated droplets
using FLIM

N. M. Davidson,a P. J. Gallimore,b B. Bateman, c A. D. Ward,c S. W. Botchway,c

M. Kalberer,b M. K. Kuimova d and F. D. Pope *a

Green fluorescent protein (GFP) is a widely used fluorescent probe in the life sciences and biosciences

due to its high quantum yield and extinction coefficient, and its ability to bind to biological systems of

interest. This study measures the fluorescence lifetime of GFP in sucrose/water solutions of known

molarity in order to determine the refractive index dependent lifetime of GFP. A range of refractive

indices from 1.43–1.53 were probed by levitating micron sized droplets composed of water/sucrose/

GFP in an optical trap under well-constrained conditions of relative humidity. This setup allows for the

first reported measurements of the fluorescence lifetime of GFP at refractive indices greater than 1.46.

The results obtained at refractive indices less than 1.46 show good agreement with previous studies.

Further experiments that trapped droplets of deionised water containing GFP allowed the hygroscopic

properties of GFP to be measured. GFP is found to be mildly hygroscopic by mass, but the high ratio

of molecular masses of GFP to water (ca. 1500 : 1) signifies that water uptake is large on a per-mole

basis. Hygroscopic properties are verified using brightfield microscope imaging, of GFP droplets at low

and high relative humidity, by measuring the humidity dependent droplet size. In addition, this

experiment allowed the refractive index of pure GFP to be estimated for the first time (1.72 � 0.07).

This work provides reference data for future experiments involving GFP, especially for those

conducted in high refractive index media. The work also demonstrates that GFP can be used as a

probe for aerosol studies, which require determination of the refractive index of the aerosol of

any shape.

1. Introduction

Green fluorescent protein (GFP) has been widely used in cellular
imaging since its isolation from Aqueorea victoria jellyfish.1

It contains an intrinsic fluorophore which remains functional
when encoded into other organisms,2 therefore, it is used as a
fluorescent tag for a range of proteins. GFP has been used as a
fluorescent marker to determine the extent of gene expression
and spatial location of proteins in cells. In recent years, Fluores-
cence Lifetime Imaging (FLIM) has been particularly useful for
probing protein–protein interactions using GFP as a donor in
Förster Resonance Energy Transfer (FRET) experiments.

As well as specific molecular interactions, the lifetime of
a fluorophore may depend on other characteristics of the
surrounding solution. For GFP, the solution viscosity3 has been
found not to influence lifetime. However, several studies have
found that lifetime varies with refractive index (n).4–7 This is
theoretically predicted; Strickler and Berg8 proposed that the
inverse natural lifetime of a fluorophore (1/t) scales with the
square of the refractive index n2, see eqn (1), where n2 is also
referred to as the relative permittivity.

1

t
/ n2: (1)

Subsequent theoretical work9–12 suggests that other power-
law relationships may be more appropriate depending on
the nature of fluorophore–solvent interactions (e.g. solvent
‘‘caging’’), or if constants in the Strickler–Berg equation also
vary with n. To date, however, GFP lifetimes measured as a
function of refractive index are consistent with eqn (1).

Across two studies, Suhling et al.3,5 measured the lifetime
of GFP in bulk mixtures of water and glycerol (n = 1.33–1.46),
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and found good agreement with eqn (1). Similar experiments
by Borst et al.13 found that related yellow and cyan fluores-
cent proteins show the same functional dependence on
refractive index.

On this basis, GFP lifetime has been used to estimate
refractive index in living cells. Tregidgo et al.1 used GFP-
tagged proteins to estimate ncell = 1.45 and found that the
refractive index of the medium surrounding the cells influenced
lifetime, again consistent with eqn (1). Van Manen et al.11

measured the lifetimes of GFP-tagged proteins localised to the
cytosol and the cell membrane and found ncytosol = 1.38 and
nmembrane = 1.46. They also noted that GFP physisorbed to
high-refractive index polystyrene beads (n = 1.60) had a corre-
spondingly short lifetime.

Systematic studies of GFP lifetime at high refractive index
(n 4 1.46) have not been reported, likely due to difficulties in
preparing suitable bulk aqueous solutions. However, regions of
the cell which are rich in proteins, nucleic acids and lipids
may possess n above this range, as high as 1.6.14 Zhang et al.15

recently determined the distribution of refractive index in
whole cells and noted significant heterogeneity, including
regions with n 4 1.50.

In this study, we determine the fluorescent lifetime of GFP
in a high refractive index environment. Lifetime studies have
also been carried out in reverse micelles to study the behaviour
of enclosed water pools,16 and within cells during mitosis to
monitor protein concentrations at different stages of the cell
cycle.17 Specifically, we employ optical trapping18,19 to optically
levitate micron-sized sucrose/water aerosols containing GFP.
Aerosols provide well constrained systems, where the thermo-
dynamic equilibrium of the particle water content is deter-
mined by the surrounding ambient relative humidity (RH).
At low RH (o30%), sucrose aerosols do not crystallise like
corresponding bulk sucrose solutions, but instead form a
metastable ‘‘glassy’’ state with a high mass fraction of sucrose
and hence high refractive index.20 Using Fluorescent Lifetime
Imaging, we measure GFP lifetimes using over a range of RH
corresponding to n = 1.43–1.53, to test the applicability of
eqn (1) to previously unexplored conditions. Earlier FLIM work
illustrated the changes in GFP lifetime as a result of medium
refractive index.21 Furthermore, since aerosol refractive index is
an important parameter in determining the radiative properties
of atmospheric particles,22,23 we demonstrate that GFP could be
used to probe atmospheric aerosol refractive index in labora-
tory studies employing FLIM.

We also investigate optical trapping of binary GFP/water
mixtures and perform imaging over a wide range of RH. This
exploratory work allows us to relate changes in refractive index
to particle water content, including a tentative estimate of the
refractive index of ‘‘pure’’ GFP at low RH by extrapolation.
We also observe increases in droplet size with increasing RH as
a consequence of hygroscopic water uptake by the protein.

This paper provides a methodology for determining the
refractive index of aerosol particles and droplets, which are
relevant for atmospheric science, including air quality and
climate change, and potentially other applications.

2. Methods and materials
2.1 Calculation of refractive index of sucrose/water aerosols
under controlled RH conditions

The refractive index (n) and hygroscopic properties of binary
sucrose/water solutions are well defined. Tong et al.20 mea-
sured the refractive indices of a series of aqueous sucrose
solutions at varying concentration and hence mass fraction of
solute (MFS), as parameterised in eqn (2).

n = 0.071w2 + 0.1358w + 1.3339 (2)

where n = refractive index and w = mass fraction of
solute (MFS).

This formula allows the refractive index of a sucrose solution
to be calculated based upon the MFS. For sucrose/water aero-
sols at a given RH, the MFS can be calculated using the
parameterisation of eqn (10) in Zobrist et al.24 which is shown
in eqn (3).

aw T ;wð Þ ¼ ð1þ awÞ
ð1þ bwþ cw2Þ þ T � Ty� �

dwþ ew2 þ fw3 þ gw4
� �

:

(3)

Where aw = water activity, Ty = 298.151 K, T = experimental
temperature (293.651 K in this case), w = mass fraction of
solute/MFS (sucrose/water), and a, b, c, d, e, f and g are fitting
constants. The small difference between T and Ty means that
only the first term in eqn (3) has a significant impact on aw, and
the equation simplifies to easily soluble quadratic equation,
hence the n of an aqueous sucrose droplet can be predicted
from the measured RH of the surrounding air.

2.2 Green fluorescent protein solutions

A stock solution of the ternary mixture of GFP/sucrose/water
was made from solid crystalline GFP (made in house), analytical
grade sucrose (Sigma Aldrich), and deionised water. The concen-
tration of the stock solution was 0.375 M sucrose (342.3 g mol�1)
and 36 mM GFP (ca. 27 000 g mol�1). The molarity and mass of
sucrose in solution is in large excess compared to GFP, therefore,
the hygroscopicity of the generated aerosol droplets is dependent
solely on the sucrose to water ratio.

It is noted, that whilst the work of Suhling et al. used
solutions of lower GFP concentration compared to this work,
their fluorescence measurements were taken from bulk solutions
in cuvettes (diameter = 1 cm) as opposed to micron-sized droplets.
The corresponding number of fluorophores in the cuvette experi-
ments far exceeds those in the droplets. Hence it was necessary to
use higher GFP concentrations (36 mM) in these experiments in
order to generate enough photons from 4–5 mm diameter aerosol
droplets to have sufficient fluorescence to measure. Lower
concentration solutions (18 mM) did not produce droplets with
sufficient fluorescence for imaging.

2.3 Sample delivery

GFP solutions were aerosolised by adding approximately 1.5 ml of
stock solution to the reservoir of an Aerosonic Travel Nebulizer
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(Schill Medical). Droplets were carried into the trapping chamber
via a modified Aerochamber Plus spacer (Trudell Medical
International) to reduce droplet velocity approaching the chamber
and improve the chances of successful trapping. The front baffle
inside the mouthpiece of the spacer was removed to allow more
droplets to pass through. Average droplets from the nebulizer had
a diameter of r1 mm. Once a droplet was trapped it was allowed
to collide with additional droplets, until multiple collisions had
occurred and the trapped droplet diameter was 4–5 mm across.
The trapping chamber was a 1 � 2 � 10 cm aluminium cuboid
with borosilicate glass coverslips above and below to admit laser
light and similar windows on the sides to allow direct imaging
otrapped droplets. Aerosol droplets were pulled through the system
by a vacuum pump attached to the chamber outlet. The vacuum
pump’s pull from the chamber was limited to 100 cm3 min�1 using
a needle valve, as higher flow rates tended to dislodge trapped
droplets. An open side line was installed to avoid damaging the
pump by restricting air flow. The pump exhaust was connected to
the lab extraction vent.

Dry nitrogen gas, from the boil-off from a liquid nitrogen
tank, was fed to the chamber at 100 cm3 min�1 via a mass flow
meter (Bronkhorst MV-301) to lower RH. To raise RH, the
nitrogen feed was run from the mass flow meter through a
water bubbler. Once the desired low RH was reached, the line
from the mass flow controller was detached intermittently
while the RH was monitored throughout each FLIM measure-
ment. RH was monitored within the chamber with a Sensirion
SHT75 temperature-RH probe (manufacturer stated RH uncer-
tainty = �1.8% over the range from 10% to 90%25).

2.4 Flim & droplet imaging setup

The optical trap was a counter-propagating dual beam setup
similar to the apparatus described by ref. 19 and 26, using
a 1064 nm Nd:YAG CW laser (Ventus 1064, Laser Quantum)
split across a beam splitter and carried to their respective
objectives by optical fibres. The top objective was a �50 N.A.
0.42 NIR Mplan Apo by Mitutoyo, and the bottom objective
was a �60 N.A. 1.2 Nikon Apochromat installed in a Nikon
Eclipse Ti inverted scanning confocal microscope. Laser out-
put from the top objective was 11.4 mW and 11.7 mW from the
bottom objective. The bottom objective is a water immersion
objective and requires a water drop external to the lower
coverslip of the chamber. The optical trap was positioned
40 mm above the cover slip with a separation of 10 mm between
the focal planes.

Excitation of the GFP was achieved using a SuperK Compact
Supercontinuum white light laser set to 488 nm with a mea-
sured beam output of 0.744 mW. The supercontinuum is
separated into the desired wavelength using an AOTF: a narrow
band of the correct wavelength is selected to excite fluores-
cence. This is focussed to a diffraction limited spot using the
same lower objective that is used for trapping. The spot is raster
scanned across the field of view and the droplet. The beam
waist is approximately 500 nm, contrasted with a droplet size of
4–5 mm. Droplet illumination is point by point and the fluores-
cence collection is via confocal microscopy.

2.5 Data processing

Fluorescence lifetime readings were collected using SPCM
application software (Becker and Hickl), and results were
processed in Tri2 (version 2.8). Each fluorescence measurement
was binned by a factor of 8 (17 � 17 pixels) in order to reach a
threshold of at least 100 counts per pixel, enough to generate
a Gaussian distribution, following Suhling et al. 2002.5

A bi-exponential Marquardt fit was applied since this gave the
best fit to the data and matched the fits produced by Suhling
et al. in 2001.3 A X2 range of 0.8–1.2 was selected to exclude poor
distributions and improve the shape of the resulting lifetime
readings. Sample readings from SPCM and Tri2 are shown in
Fig. 1.

Histograms of the fluorescence lifetime were analysed to
obtain the full-width half-maximum (FWHM) of each measure-
ment of a droplet at a fixed RH for a period of B60 seconds.
The mid-point of the FWHM region was taken to be the average
lifetime value, while the upper and lower bounds of the FWHM
define the error bars on the y-axis. The error in n was calculated
by defining upper and lower bounds of each RH reading using
the known uncertainty in the RH measurements. The error in
the relative permittivity was calculated using standard error
propagation methodology.

A graticule (Pyser-SGI S16 stage micrometer with 1 mm/
100 � 0.01 mm divisions) was imaged in brightfield to allow for
the droplet size to be measured and calibrated. Images were
processed with the ImageJ processing software (v1.51n).

3. Results
3.1 Dependence of inverse fluorescence lifetime on refractive
index

The average fluorescence lifetime of droplets composed of
sucrose/water/GFP were measured. In total three droplets were
measured with each droplet analysed under multiple RH con-
ditions, thereby resulting in 19 measurements in the RH range
17–90% and MFS range of 0.58–0.97. The relationship between
inverse fluorescence lifetime and relative permittivity is found
to be near linear, in the range of relative permittivity of
2.05–2.33, as shown previously by Suhling et al.,3 see Fig. 2.

In the region of overlap of relative permitivities, measured
both by this study and by Suhling et al., there is good agree-
ment and all measurements agree within error. This study has
extended the measurements of relative permittivity beyond
2.14 and up to 2.35 thereby increasing the measurement region
beyond an n of 1.50, the highest n so far recorded within cells.14

While the Strickler & Berg formula8 predicts a linear rela-
tionship between inverse fluorescence lifetime and relative
permittivity, at the highest measured relative permitivities
there appears to be a deviation from linearity. Aerosolised
sucrose becomes highly viscous at low RH and reaches a glass
transition point to a glassy state at o24% RH.4 In cognate
experiments with similar sized sucrose/water droplets, this
transition, according to Tong et al.’s measurements, takes at
least 20 minutes to occur.
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Due to the instability of particles in the optical trap at low
RH (thus high relative permittivity), readings were collected
at r20% RH (corresponding to n2 4 2.34) as soon as the
humidity reading had stabilised but while the particle was still
undergoing transition. If these thermodynamically unstable
readings are excluded, the remaining readings (including those
collected by Suhling et al.) correlate linearly in agreement with
the Strickler & Berg formula as stated in eqn (4). It is noted that
the Strickler & Berg formula is an empirical relationship and
more advanced theoretical treatments are available, e.g.27,28

However, for the data in this paper, Strickler & Berg was found
to be sufficient.

1

t
¼ 0:32n2 � 0:22: (4)

where t = fluorescence lifetime and n = refractive index.
According to the calculations of Shiraiwa et al.29 the droplet
water content of the sucrose/GFP/water droplets measured at
RH greater than or equal to 60% will be in equilibrium with
the surrounding atmospheric environment. At lower RH, the
droplets will likely not be at full equilibrium and this may
explain the wider spread of values seen in Fig. 2 at relative
permittivities greater than 2.2. Where data overlaps between
this study and the Suhling data, there is agreement within
stated error bars. However, the gradient and the intercept
achieved from the linear fitting are distinct. The gradient and

Fig. 1 Top: Example fluorescence lifetime images of the same droplet of GFP in sucrose/water at 40, 60, 80 & 90% RH collected by SPCimage. Bottom
left: Log time-resolved fluorescence decay of the 40% RH droplet in Tri2. Bottom right: Lifetime histogram of the same droplet, with lifetime on the x-axis
and number of counts on the y-axis.

Fig. 2 Inverse fluorescence lifetime of GFP versus relative permittivity of
droplets composed of sucrose/water/GFP. Data from this study are compared
alongside the results from Suhling et al. Readings collected at RH below the
glass transition point identified by Tong et al. are highlighted in the red circle
and are excluded from the calculation of the trendline. The red solid trendline
follows both the data from this study and from the studies of Suhling et al. The
purple dashed trendline follows the Suhling data alone.
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intercept for the Suhling data is 0.2386 and �0.0619, respectively.
The difference in the intercept value is unsurprising due to the
long extrapolation to the origin required. Measurements were not
possible to the lower values of relative permittivity probed by
Suhling et al., because of weak fluorescence leading to low counts
in droplets compared to bulk solution.

Some heterogeneity is visible in the range of fluorescence
lifetime values recorded in the GFP/sucrose droplets shown in
Fig. 1 (top images), although the resulting histograms illustrate
that the influence over the average lifetime measurement is
small. The recorded histograms show a normal distribution of
lifetimes with no strong second peaks that would indicate
heterogeneous regions within the droplet.

3.2 Hygroscopicity and the refractive index of GFP

The results shown in Section 3.1, along with the work of
Suhling et al., establish the relationship between n and GFP
fluorescence lifetime. We now show results from binary
GFP/water droplets. The n of GFP/water droplets are calculated
by converting the fluorescence lifetime of the droplet to refrac-
tive index using eqn (4).

In total five GFP/water droplets were measured with each droplet
being measured at multiple RH conditions, thereby resulting in
13 measurements in the RH range 11–91%. Fig. 3a shows the

measured n of the GFP/water droplets versus RH. It is unknown
whether there are any kinetic limitations for water loss with
GFP/water particles under low RH conditions, as there are for
sucrose/water particles, but our readings do not indicate such
a limit.

The n of the GFP/water droplets rise with falling RH because
the loss of the water solvent, which has a lower n index than
GFP, causes the droplet to become more concentrated with
regard to the solute. The n of pure GFP can thus be estimated by
plotting the curve of n versus RH and measuring the n value
where RH = 0. This value is likely to be an upper limit estimate
since GFP (a 27 000 Dalton protein) is anticipated to retain
some associated water even under dry conditions.

The relationship of the n of GFP/water droplets appears to be
approximately linear with respect to RH over the RH range
investigated, with the data set having an R2 value of 0.79.

Assuming a linear relationship between n and RH, and using
a short extrapolation to an RH of 0%, i.e., completely dry air;
GFP in isolation is estimated to have an n of 1.72 � 0.07. The
error bars are defined by the upper and lower bounds of the
confidence interval limits. It is noted, the error bars of 11 of
the 13 readings overlap the 95% confidence interval of the
linear fitting.

GFP droplets might be expected to follow a hygroscopic
growth curve in which the uptake of water becomes more
significant at higher RH, i.e., the relationship between n and
RH would not be linear. This type of hygroscopic behaviour is
observed for simple inorganic and organic aerosol systems,
for example: Pope et al.30 but the GFP relationship appears
approximately linear within the specified errors.

To estimate the water content of GFP particles at different
RH, a simple mixing rule was employed using the volume
fractions of water and GFP in the droplets, see eqn (4). Where
VGFP = volume fraction of GFP at a given RH, nGFP = refractive
index of GFP, VH2O = volume fraction of water at a given RH,
nH2O = refractive index of water and nmix = refractive index of
droplet at a given RH. Mole fraction is more often employed in
mixing rules, but given the large difference in molecular
weights between GFP and water (B27 000 versus 18 Daltons)
volume fraction was deemed to be more representative.

nmix = VGFP�nGFP + VH2O�nH2O. (5)

Since VGFP + VH2O = 1, VH2O can be expressed as 1 � VGFP and
eqn (5) can be rearranged into eqn (6):

VGFP ¼
nmix � nH2O

nGFP � nH2O

� � (6)

This equation allows VGFP and thus VH2O to be calculated
from known nH2O, nmix values taken from eqn (1) (using MFS
values calculated from the directly measured RH of droplets),
and nGFP obtained from the formula of the trendline in Fig. 3a.
Fig. 3b gives the estimated water content of GFP as a function
of RH. The equation of the line in Fig. 3b shows that from the
data VH2O should be close to ze at 0% RH, as was determined
experimentally.

Fig. 3 Upper panel – Measured refractive index of GFP as a function of RH.
Lower panel – Derived volume fraction of water in aqueous GFP droplets as a
function of RH. The green and red lines define the upper and lower 95%
confidence intervals. Equations for the regression line and upper and lower
confidence intervals match the colour of the corresponding line.

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 8

/1
/2

02
5 

11
:0

7:
27

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9cp06395a


This journal is©the Owner Societies 2020 Phys. Chem. Chem. Phys., 2020, 22, 14704--14711 | 14709

It is noted, that two of the 13 readings collected for Fig. 3
generated average lifetime values that imply that the VH2O in the
droplets is less than zero, which is physically impossible.
However, these negative values provide an indication of the
level of scatter in the fluorescence lifetime values collected by
this technique, which is reflected in the size of the 95%
confidence interval shown in the figure.

3.3 Droplet volume changes at different RH

Fig. 3b indicates that GFP/water droplets increase in volume
when the RH is increased from low to high. This result is
further verified by direct brightfield observations of a droplet at
low and high RH, as illustrated in Fig. 4, in which the environ-
mental RH surrounding the trapped droplet is increased from
17 to 77% RH. The change in droplet volume, predicted by
eqn (6), using the calculated confidence limit is 27 � 21%, and
is measured to be approximately 14% based on area analysis of
the 2D images in Fig. 4 using ImageJ software.31 Hence, within
associated errors the change in volume is found to be within
similar ranges regardless of measurement technique.

Conclusions

This paper reports on a series of experiments that investigate
optically levitated droplets which are part composed of GFP.
Droplets contained either GFP mixed with sucrose solution or
GFP in deionised water. The results demonstrate that viable
fluorescence lifetime measurements can be collected from
optically levitated droplets containing GFP at concentrations
above B35 mM.

The refractive indices for the droplets can be reliably calcu-
lated based on mass fraction of solute, which in turn can be
calculated from the RH measured in situ. The combination of
optical trap and fluorescence lifetime imaging allows droplets
to be examined at a higher mass fraction of solute than is
feasible in a bulk solution. Therefore, the fluorescence lifetime
of GFP could be collected at high refractive indices using GFP
in sucrose/water solutions.

Applying the trendline from the plot of relative permittivity
vs. the inverse of the measured fluorescence lifetime allowed
refractive index values to be obtained directly and thus pre-
dicted for GFP in aqueous aerosol droplets down to around
10% RH. Bulk liquid fluorimeter observations by Suhling et al.
have monitored the RI of GFP at a mass fraction of up to 0.9,

while this technique allowed readings to be collected at a GFP
mass fraction of B0.985. Plotting the resulting refractive index
values in a humidogram allowed the refractive index of pure
GFP to be estimated at around 1.72 � 0.07. This value is similar
to values for n observed32 and predicted33 in the literature.

The hygroscopic properties of GFP were observed by mea-
suring brightfield microscope images of aqueous GFP droplets
at low and high RH, and verified by comparing the changes in
droplet area with those predicted by a volume-based mixing
rule. These results show that GFP has the potential to be
employed as a probe compound for aerosol droplets. The
FLIM/optical trap setup demonstrates that GFP aerosol solution
concentrations can be modified in situ to a high degree of
accuracy. The refractive index of pure GFP should be an asset to
future researchers examining GFP’s optical properties. For
example, it could be exploited for situations using high RI
media like Mowiols, or GFP localised in non-cytoplasm parts of
the cell, which have higher n.34

The experiments reported in this paper highlight a new
methodology for measuring droplet properties, in particular
refractive index and hygroscopicity. Further iterations on the
experimental setup should focus on droplet stability and
fluorescence collection to increase the measured fluorescence
intensity. These modifications will allow the approach to mea-
sure a greater number of droplets over a wider range of solute
concentrations with a greater spatial resolution, for example,
future experiments could investigate potential edge effects
upon droplet refractive index as suggested by Jones and Suhling
(2006),35 and characterise other dynamically heterogeneous
systems of interest. Longer term or higher concentration
studies with greater fluorescence intensity will allow for more
precise measurements, which will reduce the spread in the
data, and hence allow further physico-chemical insights and
testing of theories such as more advanced mixing rules than
attempted in this paper, such as the Lorentz–Lorenz fitting
model proposed by Cai et al.29
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