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Abstract

Aim To study the solubility of

perfluorohexyloctane (F6H8) in silicone oil

(polydimethylsiloxane (PDMS) 1000) and to

measure the viscosity and the specific gravity

of the mixture obtained (heavy silicone oil or

HSO tamponade) to define the ideal ratio of

these components.

Methods The solubility diagram of the

mixture was obtained with the turbidimetric

method, indicating the miscibility of F6H8

and silicone oil 1000 at all the useful

temperatures. The viscosity was measured in

steady shear conditions by using a controlled

stress rheometer (Haake RS150) and a double

cone/plate (DC 60/4) system, both at 25 and

371C for different volume per cent

compositions of the mixture. The specific

gravity was measured at 371C using a digital

densimeter.

Results A mixture of F6H8 30 v% and PDMS

70 v% was found to be transparent and stable

at all the useful temperatures. By combining

these proportions of the two substances, a

resultant density of 1.06 g/cm3 was obtained.

The viscosity of the 30% F6H8 mixture was

203mPa.s at 251C and 163mPa.s at 371C

respectively.

Conclusions The ideal F6H8 and silicone

oil mixture can be obtained combining

30% of F6H8 with 70% of silicone oil 1000.

This mixture seems to have rheological

properties useful for its use as an

alternative intraocular heavy

tamponade.
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Introduction

Silicone oil has been shown to be effective as

internal tamponade agent for the management

of complicated rhegmatogenous retinal

detachment especially those complicated by

proliferative vitreoretinopathy (PVR).1–4 Both

gas and silicone oil have a specific gravity lower

than that of water and thus are indicated when

the tamponading effect is required in the upper

quadrants. Recurrence of inferior retinal

detachment is a frequent complication after

silicone oil tamponade. Vitreoretinal

proliferation occurs more frequently in the

inferior quadrants, as cells gather in the watery

space between the retina and the oil bubble due

to the gravity.5–9 Therefore, there may be a

specific role for tamponade agents with a

specific gravity higher than that of water.

Several heavier-than-water fluorinated silicone

oils have been evaluated for intraocular use.

Fluorinated silicone oil was introduced as an

internal tamponade in the 1990s but its use was

abandoned because of a high frequency of

complications.10–17 Perfluorocarbon liquids

(PFCLs) have been introduced as tools in

vitreoretinal surgery and then followed their

indication as heavy tamponades.18–20

Nevertheless, it has been demonstrated that

PFCL might not be well-tolerated as long-term

internal tamponades due to retinal toxicity.21–23

Semifluorinated alkanes (FALKs) have first

been introduced as solvents for silicone oil, and

then this new group of substances has been

proposed as long-term internal heavy

tamponade.

Although they seem to be better tolerated

than other heavy internal tamponades, their use

is complicated by their frequent emulsification

and small bubble dispersion.24–28

Recently, the use of silicone oil in combination

with partially fluorinated alkanes has been
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proposed to obtain a heavy silicone oil.29,30 The aim of

our study was to investigate the solubility of

perfluorohexyloctane (F6H8) in silicone oil

(polydimethylsiloxane (PDMS) 1000) and to evaluate the

viscosity and the specific gravity of the mixture obtained.

Materials and methods

The solubility of F6H8 in PDMS 1000, the viscosity and

the specific gravity of the mixtures were investigated.

The capacity of two substances to dissolve into one

another depends on concentration and temperature. At a

given temperature and pressure, a mixture of two

substances can result in either a homogeneous or a two-

phase system, with a mixing ratio determined by the

type of components. Typically for two liquid substances

mixed together, at any given temperature, it is possible to

recognize a miscibility gap, which is a composition range

where the two liquids do not mix to give a homogeneous

solution, but form two separate solutions or phases

having different compositions. In most cases, an increase

of temperature causes an increase of solubility, and above

a given temperature, the mixture is homogeneous at any

composition.31

We determined the solubility diagram of F6H8

(Fluoron GmbH, Neu Ulm, Germany) in PDMS

1000 mPa.s (Fluoron GmbH) by means of the

turbidimetric method. This method is based on the

principle according to which raising the temperature

increases the solubility of the two components. The

temperature at which turbidity or opacity of the mixture

disappeared, during heating and under stirring, was

determined at each composition. The temperature of

opacity appearance during cooling was then detected.

The mean of the two temperature values, which were

usually close (0.1–0.21C), was the critical temperature of

the solution. This value was inserted in a graphic with

the percentage of F6H8 in abscissa.

We then evaluated the viscosity of the F6H8-PDMS

mixture for different percentage of composition.

Viscosity measurements were performed in steady shear

conditions by using a controlled stress rheometer (Haake

RS150) and a double cone/plate (DC 60/4) system. The

viscosity values were performed at both 25 and 371C for

mixtures of F6H8-PDMS at different volume per cent

compositions (v%). The values of v%, which is more

familiar to the surgeon than mass per cent (m%), were

calculated from m% using density values of pure liquids.

Finally, we ascertained the specific gravity of the

mixture, which was measured at 371C, the temperature at

which the mixture has to produce the tamponade effect.

To this purpose, we used a digital densimeter (Anton

Paar DMA 602HFDMA 60) with a resolution of 1�10–5

g/cm3. The density determination is based on measuring

the period of oscillation of a vibrating U-shaped tube

filled with the sample. The densitometer was calibrated

using water and air.

Results

In Figure 1, the solubility diagram of the F6H8–PDMS

1000 mixture is represented. The critical solution

temperatures are plotted against the v% for the

F6H8–PDMS 1000 mixture. The curve separates the area

where the mixture is uniform, homogeneous, and

transparent from the area where the two components are

not completely miscible and remain separated in two

phases. At a given temperature, for instance 371C, any

mixture containing more than F6H8 60 v% will be

splitted in two different phases: a solution with F6H8 60

v% and a solution with more than F6H8 99.5 v%, that is

practically pure F6H8.

The temperatures at which the mixture will be exposed

range from 201C outside the eye to 371C and perhaps less

inside the eye. The mixture to be used needs to have a

critical solution temperature lower than 201C, namely, it

has to contain less than 36 v% of F6H8. On the other

hand, to be heavier than water this mixture has to contain

more than 10 v% of F6H8, which corresponds to a

density of 1.00 g/cm3 (Table 1).

A mixture with F6H8 30 v% and PDMS 70 v% was

chosen as a suitably heavy solution stable at all the useful

temperatures.

Table 1 collects the viscosity values at both 25 and 371C

for mixtures of F6H8–PDMS at different v%. The

viscosity of the 30% F6H8 mixture is 203 mPa.s at 251C
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Figure 1 Solubility curve for the mixture F6H8–PDMS 1000.
The critical solution temperature is plotted against the volume
composition (v%) for the F6H8–PDMS 1000 mixture. The curve
separates the area where the mixture is uniform, homogeneous
and transparent (single-phase) from the area where the two
components are not completely miscible (two phases).
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and 163 mPa.s at 371C respectively. This heavy silicone

oil has a density of 1.061 g/cm3.

The Figure 2 shows how such a mixture appears before

and after complete mixing. For comparison, the Figure 3

shows what happens for a mixture of F6H8 70 v% and

PDMS 30 v%, that is, with a composition inside the

immiscibility range.

Discussion

The ideal vitreous substitute should tamponade the

retina in all quadrants and has to be compatible with

ocular tissues. Silicone oil and long-acting gases have a

specific gravity lower than that of water and thus cannot

support the inferior retina. For this reason, a heavier-

than-water tamponade would be an extremely useful

tool in preventing the recurrence of retinal detachment,

which occurs mainly in the inferior quadrants after

silicone oil tamponade.32

The first attempts made use of fluorinated silicone oil.

This tamponade showed poor ocular tolerance because of

its tendency to emulsify and to lead to severe intraocular

inflammation and epiretinal membrane formation.10,11,16

Perfluorocarbon liquids, introduced by Chang as

stronghold intraoperative tool, were considered to be

used as long-term postoperative tamponades.18,33,34

However, several experimental and clinical studies

demonstrated their ocular toxicity, showing that they

caused significant damage to the retina, possibly on

account of the high specific gravity of these substances,

which exerted mechanical pressure on the retina.23,35 In

addition, a strong inflammatory response was observed.

Eckardt et al and Elsing et al noticed the appearance of

white proteinaceous deposits and macrophage activation

in eyes with retained PFCL.22,36

A new category of partially fluorinated alkanes has

recently been introduced.27 These substances have a

lower specific gravity than other PFCLs. According to the

hypothesis that tissue damage is mainly related to the

mechanical pressure they exert on the retina, this

characteristic should minimize retinal injury. For this

reason, they have been proposed as suitable materials for

long-standing intraocular tamponade. The first

experimental trial in rabbits revealed histological

alterations of the inferior retina similar to those observed

after the use of PFCL, suggesting that specific gravity is

not the major factor in retinal damage. Furthermore,

droplet formation was noticed as occurs with PFCL.

Figure 2 Mixture of F6H8 30 v% and PDMS 70 v%. A mixture
of F6H8 30 v% and PDMS 1000 70 v% before (a) and after (b)
shaking. Two separated phases become a single homogeneous
phase. (a) Silicone oil and F6H8. (b) Clear and stable solution.

Table 1 Viscosity and density of the mixture F6H8–PDMS 1000

F6H8 v% Viscosity (mPa/s) Density (g/ml)

251C 371C 371C

0 911 730 0.970a

3.7 765 720 F
7.5 650 717 0.9828
15.4 440 338 F
23.8 285 222 1.0423
30.0 203 163 1.061
42.2 94 62 1.0971
100 3.45 F 1.331a

Abbreviations: F6H8¼perfluorohexyloctane; PDMS¼polydimethylsiloxane

1000.

The viscosity of the mixture at various percentages of F6H8 is shown at

different temperatures F25 and 371C. The density at 371C at different

percentages of F6H8 is also given.
aAt 251C.
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Clinical findings in small series have suggested that

F6H8 deserves consideration as an internal tamponade

for extended periods. Nevertheless, the most common

complication noted is the dispersion of this tamponade

into droplets. This is one of the main concerns because

the dispersion reduces the volume of the tamponade

agent, thus reducing the contact with the surface of the

retina.26,37,38

Hydrofluorocarbon oligomers, produced by joining

two to four FALK molecules, have been developed to

increase oligomer viscosity and to minimize dispersion.

The OL62HV oligomer has a viscosity of 1750 mPa.s.

Experimental use of this tamponade in rabbits showed

no droplet formation and a better preservation of retinal

vascular architecture.39 These experimental results lead

the authors of this research to conclude that this oligomer

was well-tolerated and a promising candidate for use as

a tamponade.

Roider et al26 tested FALK (perfluorohexyloctane) and

a high-viscosity FALK oligomer (OL62HV) in a small

clinical series. They observed in both groups an unusual

biological reaction not shown up in experimental trials,

such as fluffy epiretinal membranes with cystic cells and

amorphous material mainly located on the surface of the

tamponade. The use of high-viscosity oligomer did not

reveal droplet formation. Two cases occurred of retinal

necrosis with constricted retinal vessels and one case of

atrophy of the optic nerve. The authors suspended the

trial concluding that this oligomers are not tolerated by

the human use, raising questions regarding the

suitability of the rabbit model for testing the tolerance of

new substances.26

In a clinicopathological report, Vote et al suggested that

F6H8 had a proinflammatory effect, possibly related to

its tendency to disperse.40 In addition, recent

experimental studies have pointed to a possible toxic

effect of F6H8 on animal and human cell cultures.41,42

From the foregoing, it is clear that the use of FALK as

internal tamponade is still a concern. Owing to their

amphilic nature, FALKs are soluble in oil and liquid

perfluorocarbon but insoluble in water.27 Thanks to this

characteristic F6H8 was initially introduced as a silicone

solvent to eliminate small droplets after silicone oil

removal.25,27

Recently, the possibility of producing a solution of

FALK and silicone oil has led to the proposal to use

mixtures of these two substances as heavy tamponades.

The idea of combining two tamponades emerged in the

1990s, when a simultaneous double-filling blending

fluorosilicone and silicone oil was proposed to avoid free

spaces developing in the vitreous cavity. The resulting

mixture was a two-bubble compound with a high rate of

reproliferation. The reproliferation occurred especially

along a tamponade-free horizontal line involving the

Figure 3 Mixture of F6H8 70 v% and PDMS 1000 30 v%. A
mixture of F6H8 70 v% and PDMS 1000 30 v% before (a), during
(b), and after (c) shaking. Two separated phases become a cloudy
mixture during mixing, and then two separated clear solutions
in equilibrium with each other. (a) F6H8 and silicone oil. (b)
Cloudy mixture. (c) Clear separate phases.
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posterior pole and corresponding to the interface

between the two bubbles.16,43

The combination of FALK and silicone oil could result

in a single-bubble optically clear mixture, according to

the proportions of the two components. This would

provide a real ‘heavy silicone oil’.27,29,30 Our experimental

results show that the addition of 30 v% of F6H8 to

silicone oil 1000 mPa.s results in a clear and

homogeneous mixture at temperatures higher than 101C

(Figure 1). We chose this percentage of F6H8 for two

main reasons. First, to obtain a mixture stable and

transparent both at storage and body temperature, which

is essential for a surgical purpose. Second, to obtain a

high enough density (1.061 g/cm3) ensuring the

tamponade effect on the inferior retina.44

The choice of using 1000 mPa.s instead of 5000 mPa.s

silicone oil also leads to further considerations. Hoerauf

and colls found that an addition of 30 v% of F6H8 to

silicone oil (5000 mPa.s) produced a mixture with a

specific gravity of 1.08 g/ml and a viscosity of

1136 mPa.s.29 Meinert and Roy27 observed that the

solubility of FALK in silicone oil increases as the viscosity

of silicone oil decreases from 5000 to 1000 mPa.s. As a

consequence, a more stable mixture can be obtained

using 1000 mPa.s silicone oil.

Two heavy silicone oils, Oxane HD (Bausch&Lomb

Inc., Waterford, Ireland) and Densiron (Fluoron GmbH),

have recently been launched in the European market.

Both are mixtures of silicone oil 5000 mPa.s and FALK:

Oxane HD contains 10.2 v% of a partially fluorinated

olefin (RMN3), whereas Densiron 68 contains 30 v% of

F6H8.

Using the 1000 mPa.s silicone oil, the viscosity of the

30% F6H8 mixture is 203 mPa.s at 251C and 163 mPa.s at

371C. This low viscosity facilitates the injection of the

mixture, which can be performed either with active

pump or manually with a syringe and a dual-lumen

cannula, enabling the mixture to be injected in a similar

manner to that of PFCL. Furthermore, a mixture of low

viscosity and relatively high specific density will reduce

the loss of tamponade close to scleral bucklings.30,45

The only concern arising from the utilization of low-

viscosity mixtures is their possible tendency to disperse.

It is well known that the factor mainly involved in

dispersion is the interfacial tension. This expresses the

forces that tend to hold molecules together when two

non-miscible liquids are in contact. The higher the

interfacial tension, the lower the tendency to disperse.46

The interfacial tension against water of silicone oil

1000 mPa.s at 251C ranges from 23.3 to 35.4 mN/m

according to different authors and that of silicone oil

5000 mPa.s is reported to be 35.4 mN/m;27,47–49 the

interfacial tension of F6H8 is 49.1 mN/m, which is higher

than both silicone oils. Nevertheless, F6H8 tends to

disperse more than silicone oils. This is mainly due to the

different viscosities of these substances, the viscosity of

F6H8 being 2.5 mPa.s.29 Viscosity does not affect the

interfacial tension, but a highly viscous substance does

not disperse as quickly as a mildly viscous one.46

Dispersion is influenced by mechanical energy applied to

the tamponade. Thus, increasing viscosity increases the

time needed to develop dispersion, by increasing the

resistance of the tamponade to the mechanical

intraocular shaking.50

For this reason, many surgeons prefer to use 5000 cs

instead of 1000 cs. However, controlled clinical trials

comparing the propensity of these two oils to emulsify

do not exist as yet. In addition, it should be stressed that

from a physical point of view the high ratio between the

oil and the water phases makes oil emulsification

unlikely, this ratio being far from phase reversal. Under

these conditions, what ensures high internal phase ratio

of emulsions is the presence of contaminants acting as

surfactants. This is a crucial point. Many substances may

perform this fundamental role, such as blood

constituents, lipoproteins, phospholipids, oligosiloxanes,

perfluorocarbons, and metal ions. These substances may

reduce the interfacial tension and greatly facilitate the

emulsification.51–54

A recent study by Dresp and Menz55 demonstrated a

great variety of contaminants in emulsified samples of

explanted silicone oil, when compared with non-

emulsified samples. This was found in both 1000 and

5000 cs samples.

Another important factor involved in the

emulsification is the duration of the tamponade. It is a

common clinical experience that the longer the

tamponade, the greater the emulsification.56

In conclusion, we believe that silicone oil

emulsification should be considered a multifactorial

event, varying in frequency and severity according to

patient conditions, surgical technique, and tamponade

duration.

Heavy silicone oils show interfacial tension values

similar to standard silicone oils. The interfacial tension

against water of a mixture of silicone oil 1000 mPa.s with

42 v% of F6H8 is 26.6 mN/m.57 This value is similar to

that of standard silicone oils and is very different from

that of F6H8 (49.1 mN/m). A similar behaviour was

observed for the mixture of F6H8 and silicone oil

5000 mPa.s.27 Thus, these mixtures seem to behave more

like the silicone oil than F6H8, the interfacial tension of

silicone oil being not particularly influenced by adding

F6H8 30 v%.

A mixture of silicone oil 5000 mPa.s with 33% (w/w)

F6H8 has a viscosity of 1275 mPa.s,27 and our mixture of

silicone oil 1000 mPa.s with F6H8 30 v% exhibits a

viscosity of 164 mPa.s (at 371C) indicating that the
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addition of F6H8 to silicone oil markedly reduces its

viscosity.30 This mixture has been successfully tested in a

prospective consecutive interventional case series study

including patients with inferior retinal detachment

complicated by severe PVR and inferior retinal tears.58 In

the present study the mixture was created by our staff in

the surgical room but it has been available on the market

(Densiron 68 LV - Fluoron GmbH) for a few months.

In conclusion, the ideal F6H8 and silicone oil mixture

is obtained combining 30% of F6H8 with 70% of silicone

oil 1000. Infact with these ratios, we obtain a heavy

silicone oil stable at all the useful temperatures and with

a specific gravity that makes it suitable for inferior

tamponade. Furthermore, its rheological properties

make this mixture far more manageable than the silicone

oil 1000.
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