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Abstract

The aging mechanisms of perfluorocarbon emulsions were investigated using image analysis. Oil-in-water emulsions of two pe
bons,n-perfluorohexane and perfluorodecalin, were prepared with three emulsifiers, Lecithin, Span 20, and Pluronic F-68. The ef
temperature and the replacement of water by an aqueous phase consisting of a microbial culture medium were also studied. The
were prepared by sonication and their stability was followed through analysis of the evolution of mean droplet size. The results ind
the stability of perfluorocarbon in water emulsions depends on all the parameters investigated and that two aging mechanisms, c
and molecular diffusion, may take place. Analysis of the evolution of the mean droplet size during long time periods indicate that co
is more common than previously reported for these systems and seems to be favored by a temperature increase.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The use of perfluorocarbons (PFCs) as oxygen car
was first proposed in 1966, when Clark and Gollan at
University of Cincinnati demonstrated the capacity of th
liquids to support animal life through liquid breathing[1].
PFCs are highly fluorinated, inert organic compounds
can dissolve large volumes of respiratory gases such as
gen and carbon dioxide[2–5]. Liquid PFCs are colorless
odorless, and noncorrosive[6]. As they are immiscible in
aqueous systems, including biological fluids such as pla
and cell culture medium, they have to be emulsified for
travascular administration and for use in biological react
The transport and delivery of oxygen in vivo by means ot
than red blood cells has become one of the most challen
research topics of the past 25 years and PFC emulsions
become one of the main candidates for a safe and rel
artificial blood substitute[6–8].
* Corresponding author. Fax: +351-234-370084.
E-mail address:imarrucho@dq.ua.pt(I.M. Marrucho).
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The application of PFC-based emulsions in the biom
ical and biotechnological fields has experienced some de
opments and drawbacks. Apart from suitable thermoph
cal properties and inertness, emulsion stability plays a
mary role in their use as injectable oxygen carriers, con
agents, drug delivery systems, or cell culture medium s
plements[7]. There has been a considerable effort to f
mulate stable PFC emulsions and to understand the dr
forces and mechanisms responsible for their aging[9–11].
Emulsion stability can be studied through the evolut
of the droplet size and size distribution. The increase
droplet diameter is an indicator of the loss of stabi
of the emulsion and the growth rate of the droplets
veals the mechanism responsible for their aging. Two m
mechanisms have been proposed for the loss of st
ity of these emulsions: coalescence and molecular d
sion [12]. Previous works dealt with dilute emulsions a
short times of analysis and contradictory results have b

reported in the literature, with most researchers support-
ing molecular diffusion as the most frequent aging mecha-
nism[13–18].

http://www.elsevier.com/locate/jcis
mailto:imarrucho@dq.ua.pt
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2. Aging mechanisms

The physical degradation of emulsions is due to the sp
taneous trend toward a reduction in the Gibbs free en
(�G), achieved by reducing the size of the oil/water int
face,A, and/or of the interfacial tension between the con
uous and the dispersed phases,γ :

(1)�G = γ�A − T �S.

The reduction of the interfacial area is achieved mainly
two mechanisms: coagulation, followed by coalescence,
molecular diffusion.

Coalescence is the formation of a larger droplet from
merging of smaller ones. This requires that the small drop
come into contact, with thinning and disruption of the fi
that covers them. Emulsion degradation by coalescenc
characterized by a broadening in particle size distribut
with an exponential increase in the mean droplet size w
time, according to the Van den Tempel Theory[19],

(2)a3 = a3
0 exp(Kt),

wherea0 is the initial average particle radius,a is the av-
erage particle radius at timet , and K is the coalescenc
constant.

The coarsening of emulsions through molecular dif
sion, also known as Ostwald ripening, is due to the grad
growth of the larger droplets of the emulsion at the
penses of smaller ones. This is a direct consequence o
Kelvin effect, which states that the solubility of a partic
is inversely proportional to its radius, meaning that indiv
ual molecules tend to leave smaller particles and to diff
through the continuous phase to join larger ones. Thus, p
cle growth is achieved without physical contact of the pa
cles. There is essentially one theoretical treatment know
the Lifshitz–Slyozov–Wagner (LSW) theory[20,21]and its
modifications[22,23], where the molecular diffusion mech
nism is characterized by linear growth of the droplet volu
with time,

(3)
d

dt
(a)3 = 8CDγV 2

m

9RT
,

whereC andD are respectively the solubility and the d
fusion coefficient of the dispersed phase in the continu
medium,Vm is the molar volume of the dispersed substan
R is the usual gas constant, andT is the absolute tempe
ature. According to Eq.(3), an increase in the particle
volume is proportional to the solubility, the diffusion coef
cient, and the interfacial tension of the dispersed phase
fluorocarbon) in the continuous phase (water). Theref
emulsions that undergo Ostwald ripening can be stabil
by decreasing at least one of these three factors.

It has been reported that molecular diffusion plays a
cisive role in the coarsening of fluorocarbon-in-water m

croemulsions up to 50% (v/v)[8]. A higher percentage of oil
in the emulsions results in a larger mean droplet diameter for
the same homogenization conditions. As the organic phase
Interface Science 286 (2005) 224–232 225
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content increases the available surfactant decreases, lim
its stabilizing effects and acting in favor of oil droplet coale
cence[24]. Since the effective transport of adequate amou
of oxygen requires the development of injectable emuls
with concentrations higher than 50% (w/v), it is important
verify whether molecular diffusion is still the primary degr
dation process in this PFC’s concentration range and f
longer analysis period[11,25]. For biological reactors th
composition of the aqueous phase, the cell culture med
might also affect the aging mechanisms of the emulsion.
purpose of this study is to identify and understand the
ing mechanisms ofn-perfluorohexane and perfluorodeca
(50% (w/v)) in water emulsions and its dependence on
surfactant, the temperature, and the aqueous phase use

3. Experimental

3.1. Materials and methods

The perfluorocarbons used weren-perfluorohexane
(C6F14) and perfluorodecalin (C10F18), both 95% pure from
Flutec (PP6 and PP1, respectively). Three surfactants
tested: lecithin (L-α-phosphatidylcholine) from egg yol
with an average purity of 88.6% (acid value< 25, ion-
dine value < 80, peroxide value< 5) from Fluka, and
Pluronic F-68, 10% aqueous solution, and Span 20, b
from Sigma–Aldrich. Fluorocarbons and emulsifiers w
used as received without any further purification. Deioni
and double-distilled water was used. YPD medium cont
ing yeast extract (1.0%) from Oxoid, casein peptone (0.6
from Merck, and glucose (2.0%) from Vetec was prepa
and autoclaved before being used in the formulation of
emulsions.

Emulsions of 50% (w/v) of each perfluorocarbon in aq
ous phases using 5% (w/v) of each of the three sur
tants were prepared by sonication, using a Branson Son
model Cell Disruptor B15. The sonication was performed
two cycles of 1 min each, with 1 min of interval, in contin
ous phase and duty cycle at 40%, keeping the tube imme
in ice to avoid heating. The 10.0 ml of each emulsion w
prepared with composition summarized inTable 1.

Table 1
Composition of the emulsions studied

Emulsion Perfluorocarbon
(50% (w/v))

Surfactant
(5% (w/v))

Aqueous
phase

1 C6F14 Lecithin Water
2 C6F14 Span 20 Water
3 C6F14 Pluronic F-68 Water
4 C10F18 Lecithin Water
5 C10F18 Span 20 Water
6 C10F18 Pluronic F-68 Water
7 C F Lecithin YPD medium
10 18
8 C10F18 Span 20 YPD medium
9 C10F18 Pluronic F-68 YPD medium
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The emulsions stability was studied through the evolu
of the mean particle size at two different temperatures, 3
and 310.2 K. Two sets of emulsions 1–6 were prepared
each set was placed at a different temperature in a the
static oven (±0.5 K) for 42 days. For emulsions 7–9 just o
set was prepared and kept at 301.2 K. At the temperatu
310.2 K, emulsion 4 was followed up to 78 days and em
sions 5 and 6 were followed up to 106 days to confirm
observations. The former was kept for less time since a
that period lecithin suffered degradation. The temperat
were chosen according to two common perfluorocarbon
plications, as oxygen vectors in yeast cultures, for wh
301 K is the optimum growth temperature of microorga
isms such asYarrowia lipolytica[26], and in artificial blood
substitutes, 310 K.

The evolution of the particle size in the emulsions w
followed with a Nikon optical microscope, model Eclip
200, with a digital camera, Nikon Coolpix 990. The obtain
images were processed with a program developed in Ma
6.1 for this purpose. A micrometer and appropriate softw
Image-Pro Plus 5.0, were used for calibration of the dro
size.

3.2. Validation of the image analysis

The image analysis performed followed a three-step
quence: image binarization, droplet quantification, and e
uation of statistical parameters.

The binarization consisted in the conversion of the c
tured image to black and white and in the removal of no
The sequence of the operations performed can be div
into five primordial parts: (a) conversion of a RGB (re
green–blue) image to an intensity image with previous s
traction of the background; (b) creation of a binary ima
from an intensity image based on a luminance thresh
(c) use of a median filtering to remove salt and pepper no

(d) suppression of the structures connected to image border

(a)

Fig. 1. Microscopic images for the final states (42 days) of Em
Interface Science 286 (2005) 224–232
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is the vital part of the image analysis process, since all
measurable data are going to be taken from it.

The second step quantifies the droplets in the im
yielding parameters such as droplet diameter, droplet
ume, droplet area, and particle sharpening.

During the last step a statistical analysis of the data
quired from several images was performed in order to ev
ate the total number of analyzed objects, the average dr
diameter and its standard deviation. It also provides the
ticle roundness, useful in detecting if objects other t
droplets are being analyzed, as well as the particle size
tribution.

The use of this automatized procedure allowed the an
sis of a larger number of objects with higher precision a
accuracy compared to manual quantification.

4. Results and discussion

For each emulsion, the droplet diameter was meas
periodically for 42 days, with the exception of emulsions
6 at 310.2 K. For each time an average of 100 droplets
image and about 12 different pictures from different samp
of n-perfluorohexane emulsions and 200 droplets per im
and 20 different pictures from different samples of perfl
rodecalin emulsions were analyzed. The larger numbe
globules analyzed in perfluorodecalin emulsions is du
their smaller size. Since the precision of the program
creases with the decreasing size of objects a larger nu
were analyzed to reduce the systematic errors. An ex
ple of the microscopic images obtained for the two differ
PFC emulsions at the final state is presented inFig. 1. The
droplets in the perfluorodecalin emulsions are about 7
smaller than the droplets in the perfluorohexane emulsi
due to the differences in interfacial tension and viscosity
tween the two perfluorocarbons, as can be seen fromTable 2.

;It has been shown that oils with high viscosity and low inter-

fter
and (e) erosion of the binary image and morphological re-
construction using a mask previously created. This first step

facial tension yield emulsions with smaller droplet size a
homogenization[27].
(b)

ulsion 1 (a) and Emulsion 4 (b). The bar corresponds to 10 µm.
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Table 2
Comparison between the thermophysical properties ofn-perfluorohexane, perfluorodecalin, andn-hexane at 298 K

Property n-Perfluorohexane Perfluorodecalin n-Hexane

Molecular weight (g mol−1) [28] 337.9018 461.8983 86.1754

Density (kg m−3) [29,30] 1.678 1.930 0.65521

Vapor pressure (kPa)[29,31] 29.41 1.02 19.98

Viscosity (N s m−2) [32–34] 6.6× 10−4 5.14× 10−3 2.94× 10−4

Interfacial tensiona (N m−1) [30,35] 0.05720 0.05661 0.0497

Water solubility (mol L−1) [36,37] 2.7× 10−7 9.9× 10−9 1.430× 10−4

Diffusion coefficienta (m2 s−1) [38] 6.79× 10−10 6.34× 10−10 9.97× 10−10

Ostwald ripening ratea (mol s−1) 3.9× 10−22 1.5× 10−23 1.8× 10−19

a In water.

(a) (b)
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Fig. 2. Distribution of the droplet size populations for Emu

A statistical analysis of the experimental data aiming
assuring that no systematic errors (or bias) were made du
the particle diameter measurements was performed. Am
other issues, it is important to ensure that the program
detecting the smallest droplets and that the samples are
domly analyzed with no preferential droplet size detecti
When no systematic errors are present, the population
lows a Gaussian distribution. This fact was observed in
the cases studied, as for example is depicted inFig. 2 for
Emulsions 3 and 6. Also note that these two examples s
scaling of the particle size distribution functions as descri
by the LSW theory[20–23].

Figs. 3–8show the evolution of the average droplet s
with time and the respective error bars for Emulsions 1–
both temperatures. The uncertainty associated witha3 was
calculated for the universe of objects analyzed in a 99% c
fidence interval[39]. Some emulsions presented very hete

geneous droplets size, thus leading to large error bars, which
is a consequence of broadening in the population universe
Eqs.(2) and (3)were used to correlate the experimental data
3 (a) and Emulsion 6 (b) at different periods of storage at 301.2 K.

-

Fig. 3. Cube of the droplet diameter ofn-perfluorohexane emulsions as
.
a function of time at 301.2 K for Emulsion 1(+), Emulsion 2(�), and
Emulsion 3 ("). The dashed and the solid lines represent respectively the
coalescence and the molecular diffusion mechanisms.
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Fig. 4. Cube of the droplet diameter ofn-perfluorohexane emulsions as function of time at 310.2 K for Emulsion 1(+), Emulsion 2(�), and Emulsion 3 (").
The dashed and solid lines represent respectively the coalescence and the molecular diffusion mechanisms.

Fig. 5. Cubes of the droplet diameter of perfluorodecalin emulsions as function of time at 301.2 K for Emulsion 4 (—), Emulsion 5 (!), and Emulsion 6(�).
The dashed and the solid lines represent respectively the coalescence and the molecular diffusion mechanisms.
Fig. 6. Cube of the droplet diameter of perfluorodecalin emulsions as a function of time at 310.2 K for Emulsion 4 (—), Emulsion 5 (!), and Emulsion 6(�).
The dashed lines represent the coalescence mechanism.
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Fig. 7. Cube of the droplet diameter of perfluorodecalin in YPD medium emulsions as function of time at 301.2 K for Emulsion 7(×), Emulsion 8(♦), and
Emulsion 9(�). The dashed and solid lines represent respectively the coalescence and the molecular diffusion mechanisms.
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Fig. 8. Cube of the droplet diameter of perfluorodecalin emulsions as a
for 106 days of analysis. The dashed lines represent the coalescence

and to identify the aging mechanisms. These correlation
presented inTable 3and they were chosen according to t
best correlation factor of the fitted equation. Both coa
cence and molecular diffusion mechanisms were ident
for different emulsions. The aging mechanism seems t
dependent on both the composition of the emulsion and
conditions of storage. It is also shown inTable 3that some
emulsions, although showing a clear exponential incre
in the droplet size, present very low coalescence const
K , which may lead to wrong conclusions about their ag
mechanism if these are followed for periods of time sho
than 20 days, as done by several authors[14,15,17,18]. This
is probably one of the reasons why so often the aging me

nism for these emulsions is described as molecular diffusion
in contradiction to the more diversified picture displayed by
this study.
tion of time at 310.2 K for Emulsion 4 (—), Emulsion 5 (!), and Emulsion 6(�)

anism.

,

Partial sedimentation or creaming was observed a
about 15 days for emulsions with water and after abou
days for cell culture media. This is due to the difference
densities between the continuous and the dispersed p
and favors droplet coagulation[40]. At the end of 42 days
of storage, the loss of stability of the emulsions by ph
separation at both temperatures is visible. The loss of st
ity is also detectable microscopically by the increase of
droplets size.

4.1. Temperature effect

It can be observed inFigs. 3–6that there is an increas

in the average droplet size with temperature indicating that
it affects the stability of both PFC emulsions. There seems
to be a generalized trend toward coalescence at higher tem-
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Table 3
Optimal fitted equations for the mechanisms of loss of stability of the studied emulsions (y = droplet diameter3 (µm3) andx = time (days))

Emulsion Fitted equationa Fitted equationb

301.2 K 310.2 K 310.2 K

1 y = 0.8188exp(0.0088x) y = 0.8581exp(0.0353x) –
2 y = 0.1104x + 1.2421 y = 0.9533exp(0.0491x) –
3 y = 0.1801x + 0.6016 y = 0.2825x + 0.5082 –
4 y = 0.0295exp(0.0031x) y = 0.0267exp(0.0178x) y = 0.0273exp(0.0163x)

5 y = 0.0250exp(0.0128x) y = 0.0290exp(0.0199x) y = 0.0303exp(0.0169x)

6 y = 0.0011x + 0.0256 y = 0.0327exp(0.0128x) y = 0.0335exp(0.0113x)

7 y = 0.0381exp(0.0317x) – –
8 y = 0.0370exp(0.0065x) – –
9 y = 0.0008x + 0.0312 – –
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a For a 42 days analysis.
b For a 120 days analysis.

peratures. Except for Emulsion 3, all the other Emulsi
(1–6) show coalescence at higher temperatures. This is
to an increase of the thermal agitation of the droplets with
temperature, which leads to a higher frequency of cont
between them and to a higher probability of coalescenc
occur. In some cases it is difficult to visualize the exponen
growth of the average droplet volume with time due to
small size and small size change of the particles resu
also in low correlation coefficients of the fitted equatio
For example, inFig. 3, Emulsion 1 exhibits an exponen
tial behavior with a correlation coefficient of 0.989 wh
the correlation coefficient for the Ostwald ripening is 0.9
This emulsion has lecithin in its formulation and it is know
that the use of egg yolk phospholipids as emulsifiers lea
lower droplet size and lower polydispersity[41]. The same
fact is observed inFig. 7 for Emulsion 8, where the correla
tion factor for coalescence is 0.840 and for Ostwald ripen
0.781. The stability study of Emulsions 4–6 at 310.2 K w
extended up to 106 days to confirm the obtained results
can be observed inFig. 8, the exponential volume growt
with time becomes better defined, even for Emulsion 4, in
cating that coalescence is the major process of stability
for the studied perfluorocarbon emulsions under these
ditions.

4.2. Perfluorocarbon effect

According to Kabalnov and Shchukin[42], the properties
of the perfluorocarbon are the key factor in the degra
tion of this type of emulsions. This can be confirmed
the results presented inTable 3. They indicate again tha
there seems to be a generalized trend for the perfluor
calin emulsions to suffer degradation by coalescence,
cept for the emulsions prepared with Pluronic F-68 at
lower temperature studied, where the molecular diffus
plays a dominant role. For then-perfluorohexane emulsio
both mechanisms can occur depending on the other varia
studied, surfactant and temperature.
Perfluorodecalin emulsions present smaller droplets and
lower growth rates than perfluorohexane emulsions. A sim-
ilar behavior was observed in the hydrocarbon family by
-

s

Sakai et al.[43] and Weiss et al.[44], showing that the
growth rate and droplet size of hydrocarbon-in-water em
sions decreases with increasing hydrocarbon size. This
direct consequence of the interfacial tension decrease
viscosity increase in the same family.

The fact that molecular diffusion is more prone to oc
in n-perfluorohexane than in perfluorodecalin emulsions
be associated with the larger solubility and diffusion coe
cient ofn-perfluorohexane than of perfluorodecalin in wa
The solubility data found in the literature are reported
Table 2and they agree with the obtained results. Since
experimental diffusion coefficients data for the perfluo
carbons in water were available, they were estimated u
the Wilke–Chang Method[38] at 298 K and are reported i
Table 2. The Wilke–Chang technique is an empirical mo
fication of the Stokes–Einstein relation for diffusion coe
cients at infinite dilution and can be applied to the stud
systems. As it was expected, the diffusion coefficient
n-perfluorohexane in water is larger that for perfluorodec
in water, since it has a lower molar volume and density.

A comparison between the hydrocarbon-in-water em
sions and perfluorocarbon-in-water can be established
example, considering the hydrocarbon-in-water emulsi
the diffusion coefficients of linear hydrocarbons in water
ported in the literature are in the order of 10−9 m2 s−1 [45],
their solubilities in water vary from 10−1 mmol dm−3 for
n-hexane to 10−2 mmol dm−3 for n-hexadecane[43], and
their interfacial tensions with water are about 50 mN m−1

[46]. Due to their structure, perfluorocarbons are less sol
in water than hydrocarbons and have lower diffusion coe
cients and higher interfacial tensions and molar volume
shown inTable 2. These differences in the thermophysi
properties between the hydrocarbon and the perfluoro
bon family lead to Ostwald ripening coefficients subst
tially lower for the perfluorocarbons than for the hydroc
bons. The Ostwald ripening coefficient for perfluorohex
emulsions, and thus the probability to suffer degradation
molecular diffusion is about 500 times smaller than in

analogous hydrocarbon at the same temperature. These Ost-
wald ripening coefficients are reported inTable 2and were
determined using Eq.(3).
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Sakai et al.[43] concluded that oils with a higher va
por pressure have a higher molecular diffusion rate, du
the weaker interaction between their molecules. In fact,
ues inTable 2show that perfluorodecalin has a larger mo
volume and a lower vapor pressure thann-perfluorohexane
and consequently has a lower molecular diffusing rate in
continuous medium, explaining the differences in the m
mechanisms of both perfluorocarbons studied.

4.3. Surfactant effect

Unlike the results presented by Postel et al.[8], where
Ostwald ripening is responsible for the aging of all perflu
rocarbon emulsions studied by other authors, the surfac
used in this work seem to have a degradation mecha
associated to them. According toTable 3 and Figs. 3–7,
lecithin emulsions (Emulsions 1 and 4) show stability lo
by coalescence at both perfluorocarbons and temperat
Emulsions prepared with Pluronic F-68 (Emulsions 3 an
usually degrade by molecular diffusion, with exception
Emulsion 6, where the temperature increase promotes
coalescence. Span 20 emulsions (Emulsions 2 and 5)
to age by coalescence, with exception of Emulsion 2 wh
the aging mechanism changes with temperature.

The surfactant influence is usually explained based on
surfactant structure and on the hydrophilic–lipophilic b
ance (HLB). It has been showed that as HLB increases
alescence decreases. Nonionic emulsifiers may stabilize
in-water emulsions through short-range steric forces, wh
are sufficiently strong to prevent droplets from getting cl
enough to aggregate. As HLB decreases, the number o
drophilic head groups that protruded into the aqueous p
decreases and the prevention of the droplets to comin
gether also decrease[47,48]. According to the HLB values
for the surfactants used (lecithin: 8.0, Span 20: 8.4, Plur
F-68: 24)[47], emulsions prepared with Pluronic F-68 ha
a lower probability of stability loss by coalescence as v
fied in this work.

Kabalnov and Shchukin[42] concluded that phospho
lipid membranes possess very specific permeability for n
electrolytes and that the diffusion of highly hydrophob
substances through these membranes proceeds substa
slowly. This results in very low transmembrane permea
ity of perfluorocarbons, leading to very high stability due
the formation of an adsorption layer, and probably expla
the fact that the lecithin emulsions always lose stability
coalescence in this work.

4.4. Aqueous phase effect

ComparingFigs. 5 and 7and analyzing the results i
Table 3, the solutes present in the aqueous phases of E
sions 7–9 do not change the emulsions aging mechan

However, a dramatic effect on the stability of the lecithin
emulsions (Emulsions 4 and 7) was found. Lecithin, being
a zwitterionic surfactant, is strongly affected by the ionic
Interface Science 286 (2005) 224–232 231

.

lly

.

compounds present in the YPD medium, leading to quic
degradation of the emulsion.

5. Conclusions

The stability of emulsions of two 50% (w/v) perfluor
carbons with three surfactants in two distinct aqueous ph
and at two storage temperatures was studied by image a
sis. The coupling of this automatized procedure with
vanced digital microscopy allows the analysis of a lar
number of objects with higher precision and accuracy.

The results indicate that, unlike previously reports in
literature for emulsions of lower perfluorocarbon conte
coalescence often takes place in concentrated oil-in-w
emulsions of perfluorocarbon compounds and seems t
favored by higher temperatures of storage. The introduc
of charged species in the aqueous phase does not se
affect the aging mechanism of the studied emulsions.

It should be noticed that some emulsions, due to their
coalescence constant, require analysis during long time
ods for correct identification of the degradation mechani
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