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Abstract

Intraocular liquids tamponade agents, such as perfluorocarbon liquids (PFCLs), semifluorinated alkanes (SFAs), silicone oils
(SOs) and heavy silicone oils (HSOs), are a crucial intraoperative and/or postoperative tool in vitreoretinal surgery, in
particular for the management of complex vitreoretinal diseases. However, their use is not without complications, which are
potentially severe. Consequently, a growing interest has been devoted to the biocompatibility of these compounds and the
adequacy of current regulations that should guarantee their safety. Obviously, an updated knowledge on research findings
and potential risks associated to the use of intraocular liquid compounds is essential, not only for vitreoretinal surgeons, but
also for any ophthalmologist involved in the management of patients receiving intraocular liquid tamponades. In light of this,
the review provides a comprehensive characterisation of intraocular liquid tamponades, in terms of physical and chemical
properties, current clinical use and possible complications. Moreover, this review focuses on the safety profile of these
compounds, summarising the existing regulation and the available evidence on their biocompatibility.

Introduction

Pars plana vitrectomy (PPV) is the most common ophthal-
mic surgical procedure after cataract surgery. Along with
the progressive development of vitrectomy systems, PPV
has benefited from the introduction of intraocular medical
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devices. In particular, intraocular liquids tamponade agents
have been used intraoperatively or postoperatively as vitr-
eous substitutes, changing dramatically management and
prognosis of complicated vitreoretinal diseases [1, 2].

Based on their chemical structure, intraocular liquids
tamponades can be divided into perfluorocarbon liquids
(PFCLs), semifluorinated alkanes (SFAs), silicone oils
(SOs) and heavy silicone oils (HSOs). However, these
compounds have been associated with multiple, potentially
severe, ocular complications [1, 3, 4]. It is now known that
emulsification plays a crucial role, particularly with regard
to SO-related complications, but, the mechanisms and the
influencing factors of this process in vivo have not been
completely elucidated [4, 5]. Moreover, recently reported
episodes of retinal toxicity raised significant concerns on the
safety and the adequacy of current testing methods for
intraocular liquid tamponades [6-8]. Thus, to use these
compounds consciously, safely and effectively, vitreoretinal
surgeons should have appropriate knowledge of their
properties, the regulation to which they are subjected and
the available evidence on their safety profile.

In light of the above points, this review aims to
comprehensively characterise intraocular liquid tamponades
in terms of chemico-physical properties, clinical use,
complications, existing regulation and safety profile,
focusing on the most updated evidence regarding their
biocompatibility.
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Methods

We performed a literature review regarding liquid intrao-
cular tamponade agents using PubMed and Google to Jan-
uvary 2021 and the following MeSH terms: vitreoretinal
surgery; liquid intraocular tamponades; perfluocarbon
liquids; semifluorinated alkanes; silicone oil; heavy silicone
oil; emulsification; physical, chemical and rheological
properties; complications; toxicity; inflammation; cytotoxi-
city tests. We included retrospective and prospective clin-
ical studies with large sample size, laboratory experimental
studies and authoritative reviews.

Medical device regulatory requirements

Intraocular liquid tamponades are classified as medical
devices within the European Union (EU), according to the
current regulation, the COUNCIL DIRECTIVE 93/42/EEC
[9], and subsequent updates (M1 Directive 98/79/EC; M2
Directive 2000/70/EC; M3 Directive 2001/104/EC; M4
Regulation EC No 1882/2003; M5 Directive 2007/47/EC),
which will be replaced by the Medical Device Regulation
2017/745 on 26th May 2021. The aim of these laws is to
harmonise national provisions to protect patients and
users, with regard to safety, efficacy and use of medical
devices.

Classification

The classification criteria of medical devices are based on
the vulnerability of human body to their effects [9]. Medical
devices are classified as Classes I, Ila, IIb and III, depending
on duration and type of contact with the patient body, or
specific additional features (e.g., presence of animal deri-
vatives, blood derivatives, etc.). Intraocular liquid tampo-
nades are classified on the basis of the type of contact
(vitreous chamber), and duration of contact (transient: <1 h;
short-term: up to 30 days; long-term: >30 days). In parti-
cular, PFCLs and SFAs are class Ila, ‘surgical invasive
medical devices intended for short-term use’, whereas SOs
and HSOs are class IIb, ‘implantable devices and long-term
surgically invasive medical devices’ [9].

Conformité Européene (CE) marking

The CE marking indicates that the medical device has been
assessed for high safety, efficacy, and environmental pro-
tection requirements, fulfils the provisions of applicable
directives and can be sold throughout the European Eco-
nomic Area, considering the specific regulations of each EU
country. In order to affix the CE marking to a medical
device, the manufacturer should apply one of the
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Conformity Assessment Procedures and, when requested,
apply to a Notified Body of his choice [9]. Once the CE
marking and relative CE certificate are released by the
Notified Body, they are valid for a maximum of five years
and confirmed by annual inspections of the same
Notified Body.

Essential requirements

All medical devices must meet the Essential Requirements
concerning the characteristics, safety and performances
set out in Annex I of the Council Directive 93/42/EEC [9],
which apply to them, considering their intended use.

International organisation for standardization (ISO)
standards

Besides the Essential Requirements [10], ISO standards are
generally applicable to medical devices quality management
system from design to release (ISO 13485:2016) [10] and
risk management processes (ISO 14971:2019) [11]. More-
over, experts commissions develop ISO standards relevant
to specific applications to define typical requirements of
design phase, safety assessment, validations, manufacturing
and testing. Specifically, regarding ocular endotamponades,
the ISO 16672:2020 details the requirements for their
intended performance, design attributes in terms of chemi-
cal and biological contaminants, physico-chemical proper-
ties, pre-clinical and clinical evaluation, sterilisation,
stability, product packaging, product labelling and infor-
mation supplied by the manufacturer [12]. Additional ISO
standards applicable to intraocular liquid endotamponades
are referred to ISO 16672:2020 (Table 1).

Table 1 Additional main applicable ISO standards to fulfil ISO 16672
requirements for manufacturing and testing of the ocular liquid
endotamponades.

ISO 14630, Non-active surgical implants—General requirements

ISO 10993-1, Biological evaluation of medical devices—
Part 1: Evaluation and testing within a risk management process

ISO 10993-5, Biological evaluation of medical devices—
Part 5: In vitro cytotoxicity test

ISO 11607-1, Packaging for terminally sterilised medical devices—
Part 1: Requirements for materials, sterile barrier systems and
packaging systems

ISO 10993-18 Biological evaluation of medical devices—

Part 18: Chemical characterisation of medical device materials
within a risk management process

ISO 14155 Clinical investigation of medical devices for human
subjects—Good clinical practice

ISO 15223-1, Medical devices—Symbols to be used with medical
device labels, labelling and information to be supplied—
Part 1: General requirements




Biocompatibility of intraocular liquid tamponade agents: an update

2701

Table 2 Physical properties of

. Lo Intraocular liquid Density* Interfacial tension with Dynamic viscosity® Refractive index
intraocular liquid tamponade 3
tamponade (g/lem?”) water (mN/m) (mPa - s)
agents.
Perfluorocarbon liquids  1.76-2.03 ~50-55 0.8-8 1.27-1.33
Semifluorinated alkanes 1.2-1.7 45-50 ~2.5-3.2 1.30-1.34
Silicone oils 0.97 35-42 1000-5700 1.4
Heavy silicone oils
* Densiron68 1.06 ~40 ~1400 ~1.39
* Densiron Xtra 1.06 ~40 ~1200 ~1.39
* Oxane HD 1.02 ~45 ~3300 1.4
At 25°C.

Physico-chemical characteristics

All intraocular liquid tamponades are synthetic chemicals,
industrially produced with various synthesis processes.

Perfluorocarbon liquids

Perfluorocarbon liquids are fluorochemicals derived from
hydrocarbons in which all hydrogen atoms are replaced by
fluorine atoms. Due to the strength of the carbon-fluorine
bond, saturated fluorinated compounds are chemically and
biologically inert and thermodynamically stable [13, 14].
However, the synthesis process or oxidation during unsui-
table storage conditions can result in the formation of
reactive and potentially cytotoxic contaminants or impu-
rities, such as partially hydrogenated perfluoroalkanes,
perfluoroalkyl alcohols and benzene derivatives [6, 13].
Various purification methods aim to reduce the concentra-
tion of such impurities from the raw materials under cyto-
toxic levels after the synthesis. Storage-related impurities
require additional stability testing.

Physically, PFCLs are characterised by high density,
high interfacial tension (IT) with water, low dynamic
viscosity (1) (more commonly <5 mPa-s) and refractive
index (RI) close to that of water (Table 2) [13]. Due to their
density, these compounds are able to unfold, flatten and
stabilise the detached retina and displace the subretinal fluid
anteriorly [13]. The IT limits the potential passage of PFCL
through retinal breaks (RBs), whereas the optical clarity
allows an intraoperative visualisation clear enough to per-
form surgical manoeuvres such as laser photocoagulation or
membrane peeling [1, 13]. Moreover, the low viscosity
facilitates their handling, but contributes also to their high
tendency to emulsify [7, 13]. Finally, PFCLs are volatile
and the vapour pressure is crucial to optimise their removal
from the vitreous cavity as it induces PFCL vaporisation on
the retinal surface, once exposed to air during the fluid-air
exchange [15]. Among them, perfluoro-n-octane (PFO) has
the highest vapour pressure at room temperature and, thus,
the highest tendency to evaporate during fluid-air exchange
[15]. Moreover, as temperature increases, vapour pressure

increases and viscosity decreases. Interestingly, significant
changes of both properties have been reported within the
range of temperatures registered during vitrectomy (range:
248+0.8—-33.6x1.4°C) [15, 16].

Semifluorinated alkanes

Semifluorinated alkanes are amphiphilic compounds, com-
posed of perfluoroalkyl groups (hydrophilic) bonded to
hydrocarbon-alkyl groups (hydrophobic), and soluble in
PFCLs, SO and hydrocarbons. Their physical properties are
summarised in Table 2.

Silicone oils

Silicone oils are organosilicon compounds consisting of
hydrophobic polymers of polydimethylsiloxane (PDMS),
whose chemical structure is (-Si(CH3),O-)n. Silicone oils
made up only by PDMS polymers are indicated as standard
or conventional. These chemicals are characterised by
density slightly lower than water, IT with water lower than
PFCLs, RI slightly higher than that of water (Table 2), and
chemical inertness [2]. Increasing the length of silicone
chains, the molecular weight (MW) and the viscosity of the
final product vary accordingly. The most commonly used
SOs are those with n of 1000 mPa-s (MW ~37 kDa) and
5000 mPa-s (MW ~65 kDa), but SOs of 2000 and 5700
mPa-s are also currently available. SOs with longer chains
and higher n show reduced propensity to emulsify in vitro,
but are also more difficult to inject/remove during surgery,
in particular with smaller-gauge instrumentation. It is worth
to specify that the value of n refers to the SO dominant
fraction, made up of chains of the desired length. Never-
theless, the synthesis process unavoidably generates a
variable amount of silicone chains of both higher and lower
degree of polymerisation and, despite subsequent purifica-
tion processes, the final product contains a mixture of
polymers and oligomers varying in chain length. Con-
sistently, Mendichi et al. [17] found a significant variation
of n value between different samples of SO 1000 mPa-s,
and, for some of them, poor agreement with the declared n.
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Low molecular weight compounds

Regarding impurity profile, linear or cyclic PDMS chains of
different length and low MW are referred to as low molecular
weight compounds (LMWC). Among them, three cyclic
oligosiloxanes, that are octamethylcyclotetrasiloxane (D4,
MW: 296.64 g/mol), decamethylcyclopentasiloxane (DS,
MW: 370.8 g/mol) and dodecamethylcyclohexasiloxane (D6,
MW: 444.93 g/mol), have been better investigated, recently
recognized by the European Chemicals Agency as toxic, and
added into the Candidate List of Substances of Very High
Concern for Authorisation due to their potential persistency,
toxicity (<1000 ppm) and bioaccumulation (https://echa.
europa.eu/it/candidate-list-table/-/dislist/details).

Mixtures of SOs and very-high-molecular-weight-
components

Two new SOs, namely Siluron Xtra” (4100-4800 mPa-s;
Fluron GmbH) and Siluron2000 (2000-2400 mPa-s; Fluron
GmbH) have been recently developed with the aim of
reducing susceptibility to emulsification of 1000 mPa-s
[18]. Indeed, the incorporation of a higher-MW component
(PDMS of MW 423 kDa and 2.5 million mPa-s) into a 1000
mPa-s SO (10 and 5% PDMS 2.5 million mPa-s in Siluron
Xtra” and in Siluron2000, respectively) leads to a final
product with increased extensional viscosity and decreased
shear viscosity compared to the equivalent single grade SO,
thus resulting in a SO bubble more resistant to emulsifica-
tion but easier to handle [18].

Heavy silicone oils

Heavy silicone oils are polymers synthetised by mixing SO
and SFA to achieve a tamponade heavier than water. Spe-
cifically, three HSOs are currently available: Densiron 68
(30.5% F6H8 and 69.5% of 5000 mPa-s SO; Fluoron
GmbH), Densiron Xtra (30.5% F6HS8 and 69.5% of Siluron
Xtra; Fluoron GmbH) and Oxane HD (89% 5000 mPa-s SO
and 11% partially fluorinated olefin, perfluorooctyl-5-
methyl-hex-2-ene, indicated as RMN-3; Bausch & Lomb).
The different composition results in different physical
properties (Table 2).

Clinical use

Perfluorocarbon liquids

PFCLs are used as intraoperative tools in complex vitreor-
etinal procedures [1]. In particular, the most commonly used

are PFO (molecular formula: CgF;g) and perfluorodecalin
(PFD, molecular formula: CoFg).
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Surgical management of complicated primary RD and
redetachment, particularly if associated with PVR, has been
the most common indication for intraoperative PFCLs use
[1, 14, 19]. In case of severe PVR, PFCLs can be used to
facilitate posterior PVR dissection, identify residual pre-
retinal tractions and small anterior RBs/holes, avoid too
posterior drainage retinotomies and keep the retina stable
during anterior PVR dissection or creation of relaxing
retinotomies or retinectomies [1, 13, 14]. Intraoperative
PFCL use has also been reported for RDs associated with
giant retinal tears (GRT), macular holes (MH), ocular
traumas, and, less commonly, proliferative diabetic retino-
pathy (PDR)-associated tractional RD, removal of foreign
bodies or dislocated lens or lens fragments, retinopathy of
prematurity and suprachoroidal/submacular haemorrhage.
[1, 20-23]

Semifluorinated alkanes

SFAs have been first used intraoperatively for retinal
unfolding and removal of SO remnants from the vitreous
cavity and intraocular surfaces; then, as vitreous tampo-
nades in complex RDs, mainly with inferior involvement
and multiple inferior RBs [2, 19]. The SFAs currently CE-
certified for intraocular use are perfluorobutylpentane
(F4H5) and perfluorohexyloctane (F6HS). Specifically,
F4HS, highly miscible with very viscous SO remnants, is
approved as rinsing solution to remove residual emulsified
SO and sticky oil from the vitreous chamber and adherent to
the retina or intraocular lenses (IOLs) using a wash-out
procedure [24, 25]. The heavier F6HS is indicated as
intraoperative tool, temporary intraocular tamponade and
rinsing solution for IOLs after SO tamponade. Nevertheless,
as rinsing solution, FOHS resulted to be less effective than
F4HS5 in SO removal, both in vitro and in vivo [26]. With
regard to its use as tamponade for complicated RDs con-
flicting results have been reported [3, 19, 27]. As the main
problem related to F6H8 was the significant rate of emul-
sification and subsequent inflammation, at present, its use as
intraocular tamponade has been replaced by HSO [19].

Silicone oils

The primary indication for SO use is the surgical manage-
ment of complex RDs, associated with different features
and aetiologies, such as PVR, multiple and/or posterior
RBs, GRT, ocular trauma, PDR and necrotising retinitis [4].
Although the Silicone Study did not find any significant
difference in terms of functional and anatomical outcomes
comparing perfluoropropane and SO in RD with severe
PVR, SO offers several advantages, such as longer support
to the retina, compartmentalisation inside the vitreous cav-
ity, decreased risk of slippage in case of retinectomies [28].
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In case of GRT-RD, better anatomical outcomes have been
reported in SO-tamponated eyes compared with gas-
tamponated eyes [29]. In severe PDR, SO can help to
release tractions and cause the eye compartmentalisation
confining angiogenic growth factors and cytokines to the
posterior segment, thus, potentially preventing the anterior
segment neovascularisation [30]. The use of SO has been
also proposed for surgical management of MH (especially
in patients not suitable for gas tamponade or after failed
primary surgery), persistent or uveitis-associated hypotony
and suprachoroidal haemorrhage [4].

Comparing 1000 and 5000 mPa-s SOs in RD repair, the
viscosity resulted to be not associated with different ana-
tomical and functional outcomes [31]. Therefore, the choice
of SO is usually influenced by the ease of handling and the
propensity to emulsification; thus, SO 1000 mPa-s SO is
generally preferred, whereas 5000 mPa-s SO is usually
chosen when a longer retention time is expected, due to its
reduced propensity to emulsify.

Heavy silicone oils

Heavy SOs have been proposed as long-term tamponade for
complicated RDs, especially with inferior or posterior RBs,
MH-RD, and inferior PVR [2, 19]. Despite favourable
anatomical and functional outcomes, no significant advan-
tage has been found comparing HSO and standard SO in
complex RDs with predominantly inferior pathology
[4, 32, 33]. A hypothetical advantage of HSO was to pre-
vent postoperative posterior and inferior PVR. Indeed,
using gas or standard SO, the fluid rich of proinflammatory
cytokines and growth factors, called ‘PVR soup’, is dis-
located inferiorly or posteriorly in upright and supine
position, respectively. The ability of HSO to separate the
‘PVR soup’ from posterior/inferior RBs and, consequently,
from the cells involved in PVR formation (fibroblasts, ret-
inal pigment epithelial (RPE) cells, Miiller cells), was pre-
sumed to reduce the rate of inferior PVR and macular re-
detachment [34]. However, the HSO Study, comparing eyes
treated with HSO with eyes treated with standard SO for
RD with inferior RBs and inferior PVR, found no sig-
nificant difference in terms of anatomical success, final VA
and overall rate of PVR between the two groups, as in HSO-
eyes the PVR occurred more commonly superiorly [35].

Heavy SO tamponade has been also proposed for per-
sistent MH [36] and massive suprachoroidal haemorrhage
[37].

In conclusion, HSO is indicated in selected cases, such as
persistent and/or myopic MH with or without RD, myopic
foveoschisis, complex or traumatic RD with inferior RBs
and PVR [34]. However, due to the potential complications,
HSOs must be removed as soon as possible and their
retention time is limited to a maximum of 3 months.

Ocular complications related to intraocular
liquid tamponades

Perfluorocarbon liquids

Complications associated with long- and short-term PFCLs
tamponade

Perfluorocarbon liquids have now been limited to intrao-
perative use as multiple and severe complications have been
associated to their use as long-term tamponade agents, such
as retinal structural damage, retinal toxicity, corneal toxi-
city, emulsification, severe inflammation, epiretinal and
retrocorneal membranes [14]. Moreover, cataract, epiretinal
membrane, PVR, raised intraocular pressure (IOP) have
been described after short-term PFCL tamponade [38].

Complications associated with intraoperative use of PFCLs

The intraoperative use of PFCL has been demonstrated to
induce a macrophagic foreign body response in RPE cells,
potentially related to residual intravitreal/epiretinal PFCL
droplets, accumulating also after complete air-fluid
exchange [39, 40]. In addition, three main complications
have been associated with the intraoperative PFCL use,
namely intraocular retention, sticky oil and acute intraocular
toxicity.

Subretinal retention of PFLC Subretinal PFCL retention
occurs in up to 11.1% of cases after its intraoperative use,
more likely in case of large-sized retinotomies and presence
of tractions at the RBs, with no differences between PFO
and PFD [41]. Subretinal PFCL can result in RPE atrophy,
photoreceptors damage, and, in case of subfoveal location,
irreversible visual impairment [14, 41]. In the latter sce-
nario, surgical removal has been suggested [41].

Sticky oil The use of PFO followed by direct PFO/SO
exchange has been associated with the formation of SO-like
hyper-viscous material containing PFO, named ‘sticky oil’,
strongly adherent to the retinal surface during SO removal
[42, 43]. It has been demonstrated that PFCL interacts with
HSO in vitro, leading to the formation of a hyper-viscous
solution similar to sticky oil in appearance and texture [42].
It has been suggested that PFCL in direct contact with SO/
HSO at the oil interface can change the solubility equili-
brium, inducing modifications of the saturation point of the
oil [42].

With regard to the surgical practice, due to the potential
interaction between PFCL and SO/HSO, direct PFCL/SO or
PFCL/HSO exchange should be avoided and PFCL removal
must be as complete as possible before injecting SO or
HSO, as indicated in the package inserts.

SPRINGER NATURE
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Acute intraocular toxicity Severe acute intraocular toxicity
after the intraoperative use of PFO Ala-Octa (Alamedics,
Germany) during uneventful vitreoretinal procedures has
been recently reported in 117 eyes resulting in very poor
visual outcomes [6]. The main clinical findings were optic
nerve atrophy, retinal atrophy, retinal vascular occlusion
and retinal necrosis involving the posterior pole [6]. These
episodes were attributed to specific lots of PFO, originally
certified as safe, but then resulted to be toxic on a counter-
analysis [6]. This alert raised by Pastor et al. [6]. highlighted
the need to critically review the safety assessment of
intraocular medical devices.

Semifluorinated alkanes

Several ocular complications have been associated with the
use of F6HS as tamponade, such as cataract progression,
corneal opacification, pupillary block, raised IOP, hypot-
ony, severe anterior chamber (AC) and posterior segment
inflammation, retrolental, epiretinal and PVR membranes
[2, 19, 27]. Overall, the main issue was the extensive
emulsification, reported in up to 100% of cases, char-
acterised by emulsified droplets dispersed in both anterior
and posterior chamber, presumably causing an inflamma-
tory and a foreign body reaction [19].

No complications have been associated with the use of
F4HS as rinsing solution [24].

Silicone oils

SO tamponades have been associated with multiple com-
plications, such as emulsification, intraocular inflammation,
keratopathy, cataract, IOP-related complications, optic
nerve damage, epiretinal membrane and peri-oil fibrosis [4].
Although the pathogenetic mechanisms of these complica-
tions are not completely elucidated, SO emulsification
appears to play the main role [44]. Emulsification of SO is
the process by which small oil droplets (emulsion) are
generated by the breakdown of the original SO bubble,
resulting to be dispersed in the aqueous phase.

Factors influencing SO emulsification

At the end of vitrectomy, after SO injection, the filling of
the vitreous chamber is never complete (a filling of 90% is
considered satisfactory) and a pocket of aqueous solution is
invariably present and forms an interface with the SO. The
shape of this interface, determining the amount of retinal
area that is effectively tamponated by the SO, depends on
the contact angle at the triple line between SO, aqueous
solution and the retinal wall, the IT, fluid densities, filling
degree and vitreous chamber shape [45, 46]. Once an
interface between SO and aqueous solution is formed, the
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tendency of SO to emulsify is influenced by the chemico-
physical properties of the interface and of the bulk, and by
external factors, such as temperature and mechanical energy
provided to the system. It is believed that shear stresses at
the SO-aqueous interface generated during eye rotations,
play a crucial role on the creation of the interface instability
and the breakdown of the SO-aqueous interface [5, 47]. The
flow field induced by eye rotations has a complicated three-
dimensional structure [48-52].

Among bulk chemico-physical properties, viscosity plays
a particularly significant role, as increasing SO viscosity has
a stabilising effect on the interface with water, essentially
because highly viscous oils are less capable of flowing in
the vitreous chamber than low viscosity fluids [53]. Encir-
cling bands, used for RD repair, have also been observed to
reduce SO tendency to emulsify, as the indentation reduces
the intravitreal mobility of the fluids [53]. Recently, Wang
et al. [54] tried to produce emulsions in a spherical model of
the vitreous chamber subjected to a sequence of saccadic
rotations, using various SOs and saline solutions, with the
addiction of surfactant molecules. Interestingly, they con-
cluded that droplet formation driven by a surface emulsifi-
cation mechanism might be more relevant than bulk
emulsification in the eye as a bulk emulsion was never
observed, even in presence of surface-active molecules and,
thus, quite small IT; however, in some cases small droplets
formed in correspondence of the moving triple line of
contact between the interface and the solid wall [54].

Finally, Francis et al. experimentally showed that also
the energy from surgical handpieces could be sufficient to
produce SO emulsification [55].

Generalities on interfacial properties of surfactants solu-
tions Surfactants are substances with the property of
lowering the surface/interfacial tension of a liquid, facil-
itating surface wettability or miscibility between different
liquids, reducing the energy needed to create new interfacial
area. Thus, the presence of surfactants increases the pro-
pensity of the liquid to emulsify. Generally, they are organic
compounds (simple molecules, polymers, macromolecules,
proteins) with polar and non-polar groups, which have
affinity with polar (e.g. water) and non-polar (e.g. oils, air)
phases, respectively. A surfactant molecule attains a mini-
mum energy configuration when located at the interface
between the polar and non-polar phases. Surfactant mole-
cules migrate (adsorb) spontaneously at the interface,
determining an interfacial surfactant excess, denoted as
‘adsorption’, and resulting in a dramatic decrease of IT
value, as compared to that of the pure liquid [19]. For
surfactants soluble in one of the two phases, adsorption
depends on surfactant concentration in the bulk and
achieves specific values at equilibrium. This equilibrium
can be easily perturbed, as occurs, for example, if a new
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interface of a surfactant solution is suddenly formed, or an
existing interface is expanded or contracted. In all cases
equilibrium is restored by time-dependent processes, driven
by diffusion of surfactant between the bulk and the inter-
facial layer. It follows that, for these interfaces IT is a
dynamic quantity, depending on time through surface
composition and, in turn, on the history of the system. In
particular, the dilational viscoelastic modulus (IE|) mea-
sures the response of IT to variations of the amount of
interfacial area [56]. Adsorption of surface-active molecules
decreases the IT, favouring emulsification, and, at the same
time, confers a viscoelastic character to the IT response to
variations of the interfacial area. Such a dynamic effect,
quantified by |E|, is involved in the stability of the interface
and of the liquid film between approaching droplets. Spe-
cifically, high values of |E | confer high mechanical stability
to the liquid interface and hinder the coalescence of drops,
stabilising the emulsion once formed and determining its
evolution in time (Fig. 1). Thus, interfacial properties are of
paramount importance for emulsification.

The effect of molecule adsorption on SO interfacial
properties Exposition of intravitreal SO to endogenous
molecules (proteins, lipids, etc.), the presence of which is
favoured by the post-surgery inflammatory state of ocular
tissues, has been shown to be relevant for SO emulsifica-
tion, demonstrating that several biomolecules can act as
surfactants, adsorbing at the water-oil interface [57-59].
Bartov et al. [57] demonstrated that various blood

A

Dilational viscoelastic modulus (| E|)

tendency to er

>
Interfacial tension (y)

Fig. 1 Interplay between IT and |E |. Schematic diagram showing
the effect of surfactant which induces decrease of IT and act as an
efficient emulsion stabiliser. High values of |E | favour stabilisation of
the emulsions against coalescence.

constituents, such as lymphocytes, plasma, red blood cells
and haemoglobin, act as emulsifiers for SO when dissolved
in aqueous solution. Heidenkummer et al. [58], adding
biomolecules to various SOs, demonstrated that 1000 mPa-s
SOs were the least stable, whereas the most effective
emulsifiers were fibrinogen, fibrin and serum, followed by
y-globulins. Savion et al. [59] found that red blood cell
membranes, plasma lipoproteins and purified HDL-
apolipoproteins favoured SO emulsification. Owing to the
importance of adsorption processes for the generation of
emulsions, it is crucial to understand how endogenous
molecules modify the properties of the SO-aqueous inter-
face. In the absence of surfactant molecules, the IT of the
SO-water system at equilibrium ranges between 35 and 42
mN/m. These values, however, are somehow irrelevant for
the emulsification problem since, in realistic conditions, the
IT is dramatically affected by the adsorption at the interface
of the endogenous surfactants. Nakamura et al. [60] repor-
ted that IT value was of = 16 mN/m between SO 1000
mPa-s and liquefied bovine vitreous at 37 °C, and = 12.6
mN/m after the oils were put in contact with retinal tissue
specimens for 24 hours. Moreover, the IT value of SO
against intraocular fluids was less than half of that against
distilled water [60]. Nepita et al. [61] demonstrated that the
adsorption of albumin and/or y-globulins (chosen as present
in high concentrations in blood) reduces significantly the IT,
and found large values of the dilational viscoelasticity of the
interface, which favours the stability of the emulsion, once
formed, by inhibition of drop coalescence. The emulsifica-
tion tests confirmed that, in the presence of proteins,
emulsions were stable on the time scale of months, sug-
gesting that, under post-surgical conditions, small amounts
of mechanical energy are likely to be sufficient to break the
interface into small droplets, which, in addition, are stable
against coalescence [61]. Besides biomolecules, other types
of molecules can adsorb and modify SO interfacial prop-
erties. For instance, LMWC, detected in purified SOs
despite purification and ultrapurification processes, are
known to act as surfactants. Moreover, comparing solutions
of buffer, human serum albumin and SOs of different
composition, SOs with greater concentrations of LMW
silicones have been associated with the increase of both
protein denaturation/aggregation and SO-in water emul-
sions [62]. Dresp et al. [63] investigating the effect of
detergent contamination, concluded that, in case of reusable
instruments, remnants of cleaning substances or of the
sterilisation process, can increase the risk of emulsification
of SO, due to a significant decrease of the IT value. Finally,
drugs used as intraoperative tools in PPV, can also promote
SO emulsification. For instance, the presence of solid par-
ticles of triamcinolone acetonide (TA) can lead to the for-
mation of a specific type of stable emulsions, termed
Pickering emulsions, that can be dramatically enhanced by
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the presence of even small amounts of surfactants adsorbing
at the particle surface and modifying their hydrophobic/
hydrophilic character [64].

SO emulsification and intraocular inflammation

SO emulsification is involved in the pathogenesis of
intraocular inflammation, along with direct SO immuno-
genicity/toxicity, presence of potentially toxic SO impu-
rities, and mechanical gravitational damage [44]. It has been
hypothesised that chemotaxis of inflammatory cells and
foreign body inflammatory reaction can be triggered by SO
microemulsions, phagocytosed by macrophages and RPE
cells [44]. This inflammation, in turn, further stimulates SO
emulsification, starting a vicious circle [44]. Consistently, a
significant correlation between inflammation grade and SO
tamponade duration has been documented [44]. Moreover,
it has been reported that SO droplets induce a granuloma-
tous foreign-body reaction, characterised by their phago-
cytosis by RPE cells and presence of epithelioid cells [34].

Corneal complications

The direct contact between emulsified SO droplets migrated
to the AC and the corneal endothelium can also be involved
in SO-related keratopathy [65]. This occurs mainly in
aphakic eyes and is characterised by decreased endothelial
cell density, retrocorneal membrane, attenuated endothelial
cell borders, stromal hypercellularity, calcification and
vascularisation of the superficial stroma [65].

I0P-related complications

Emulsification and inflammation are also involved in SO-
related ocular hypertension that occurs in up to 56% of
cases and vary from early, usually transient, postoperative
IOP rise to long-term ocular hypertension, with intermediate
or late onset, potentially impairing visual function [4, 66].
The migration of emulsified SO droplets to the AC,
potentially persisting also after SO removal, could induce
inflammation and mechanical obstruction of the trabecular
meshwork, compromising aqueous humour outflow [66]. In
addition, a mechanism of pupillary block can be involved in
the onset of early postoperative ocular hypertension [66];
whereas, SO-related glaucoma is supposed to depend
mainly on open-angle mechanisms, such as the migration of
emulsified SO droplets and chronic inflammation [66—68].

Cataract
The development of cataract in SO-filled eyes has been
described in up to 70% of cases; however, it has been

suggested that the rate of this complications would actually
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be 100% considering an extended follow-up period [4].
With regard to the type, posterior subcapsular cataract
appeared to be more commonly found in patients with SO
tamponade [69].

SO-associated optic neuropathy

In addition to the optic nerve damage associated with SO-
related glaucoma, a direct toxic effect of SO droplets
migrated in the retrolaminar optic nerve could contribute to
the development of SO-related neuropathy [46, 70]. Shields
and Eagle described the presence of intra-optic nerve SO
vacuoles of SO resulting in cavernous degeneration of the
optic nerve [71]. Moreover, it has been suggested that a
mechanism of active transport could be involved in the
retrolaminar migration of SO [72].

Intracranial migration of SO

The intracranial migration of SO is a rare complication of
SO tamponade [70]. It has been hypothesised that SO can
move from the vitreous cavity, through the optic nerve and
optic chiasma, into the cerebral ventricular system, more
commonly into the lateral ventricules [70]. The exact
mechanisms of migration are still unknown; however,
migration of emulsified SO droplets phagocytosed by
macrophages [73], congenital anatomical abnormalities
resulting in communication between subretinal and sub-
arachnoid space [74] and/or persistent elevated IOP [71],
might have a role. More commonly found as an incidental
finding, intracranial SO can mimic neurosurgical diseases,
such as tumour or intracranial haemorrhage, on the head
computed tomography; however, specific characteristics
have been identified on neuroimaging for the differential
diagnosis [75]. Only in one of the cases reported a ven-
triculoperitoneal shunt was performed as the patient pre-
sented with headache and elevated intracranial pressure
[76]; otherwise, observation is the preferred option [75].

Silicone oil-related visual loss

The definition ‘silicone oil-related visual loss’ refers to
unexplained loss of more than 2 Snellen lines after SO
removal or, less frequently, during SO tamponade [77-79].
The pathogenesis and the incidence of this complication are
still unknown; however, SO emulsification could be
involved in some of the proposed pathogenetic mechan-
isms, such as sequestration of emulsified SO in the retina
and optic nerve with consequent structural damage, emul-
sified SO tissue infiltration causing neuronal cell loss or
mechanical vascular obstruction leading to retinal hypoxia
[78]. In this regard, the reduced thickness of the inner retinal
layers, indicative of macular neuronal cell loss, has been
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associated with severe visual loss in eyes treated with
uncomplicated PPV and SO tamponade for primary rheg-
matogenous RD [80]. Other hypotheses are SO-related
oxidative stress, SO-induced local changes in ions con-
centration and light phototoxicity during SO removal [50].
Finally, as this complication has been rarely described in
eyes with duration of SO tamponade <8 weeks, it has been
suggested that SO intraocular retention time could be a risk
factor [79].

Heavy silicone oils

The spectrum of HSO-related complications overlaps that of
SO. However, the different physico-chemical properties
account for some differences [34]. Specifically, it has been
speculated that adding SFAs increases the hydrophilicity
and reduces the viscosity of the final HSO, that results to be
more prone to emulsify [81]. The HSO-induced time-
dependent intraocular inflammation resulted to be greater
than that caused by standard SOs [44]. HSO is supposed to
trigger a delayed type IV hypersensitivity reaction and
complement factors and immunoglobulins have been
detected on its surface [34]. The significant correlation
between intraocular inflammation severity and intraocular
HSO retention time dictates the restriction of tamponade
duration [34].

I0P-related complications

A recent meta-analysis showed a trend towards a higher rate
of ocular hypertension in HSO-filled eyes compared with
SO-filled eyes [68]. In particular, Wong et al. [82] reported
that the mean postoperative IOP in HSO-filled eyes was
significantly higher than that of SO-filled eyes on day 1 and
7-14 postoperatively. Moreover, increased IOP at 1-day
follow-up is a known negative prognostic factor for glau-
coma [67].

Safety assessment
Regulations

The manufacturer of intraocular liquid tamponades guar-
antees their safety and efficacy within their intended pur-
pose. During the product development, potential risks
associated with technical design and manufacturing process
are evaluated. Considering the intended purpose, the
assessment of the compatibility with biological tissues, cells
and body fluids of materials constituting the device, deliv-
ery systems or other medical devices in combined use is
performed, along with validation of manufacturing pro-
cesses (bulk preparation, filling, sterilisation, packaging),

definition of medical device specifications and validation of
its performance. Relevant pre-clinical and clinical data have
to be produced. The technical file of the device includes
detailed information about design, function, composition,
intended use, manufacturing process, validation of testing
methods, equipment and processes, and clinical evaluation.
The Notified Body examines this file, verifies the com-
pliance with the applicable Directive and releases the CE
certificate.

After the market authorisation, the conformity of each
batch with the essential requirements is assured by the tests
reported in the analysis certificate. Specifically, the testing
methods that can be performed to assure quality and con-
formity of a batch of finished medical device, are divided in
two categories: physico-chemical and biological analyses.

Physico-chemical analyses

Physico-chemical analytical methods, such as gas chroma-
tography, mass spectrometry or spectroscopy, detect and
quantify toxic impurities in intraocular liquid tamponades.
However, none of them directly assesses their toxicity.
Toxicity thresholds of some substances are available for
animals and can be estimated in humans according to
1SO10993-17 [83]. However, toxicity thresholds are not
available for all substances, and, thus, chemico-physical
tests can confirm the device characteristics and specifica-
tions, but not assess the potential toxicity.

Biological analyses
In vitro cytotoxicity tests

In vitro cytotoxicity tests, described in ISO 10993-5 [84],
aim to detect the potential toxicity of medical devices using
in vitro cultures of established cell lines and assessing cel-
lular health through different endpoints, such as morphol-
ogy or viability. According to the methodology, these tests
are divided in extract tests, indirect contact tests and direct
contact tests [84]. Direct contact cytotoxicity tests provide
both qualitative microscopic evaluation of cell morphology
and quantitative evaluation of cell viability. ISO 10993-5
provides guidelines to correctly perform the tests; however,
the most suitable test to analyse a specific intraocular tam-
ponade has to be selected case by case based on its physico-
chemical properties and the method has to be validated to
define standard test conditions ensuring reliable and repro-
ducible results [9, 84]. The risks of test failure have to be
assessed to identify and address possible critical phases.
Regarding intraocular liquid tamponades, the main risks are
linked to PFCL volatility and possible sample evaporation,
heaviness of PFCL potentially inducing mechanical cell
deformation and mortality, SO buoyancy leading to absence
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of direct contact or insufficient contact time between sample
and cell layer. Romano et al. [7, 8] validated direct contact
tests for both PFCL and SO using murine fibroblast cells
BALB/3T3 and human RPE cells (ARPE-19 cells) incu-
bated with the sample for 24 h. Pastor et al. [6] used direct
contact test, patented by their group [85], exposing ARPE-
19 cells to PFO for 60 min after a 24-hour cell cycle syn-
chronisation in foetal bovine serum-free cell culture med-
ium. The application of an intraocular tamponade sample to
the cells is critical [8]. Specifically, PFCLs need to be
applied directly in contact with the cell layers in presence of
the culture media in the wells. Romano et al. [7] validated
the application of PFCL in one single bubble forming on the
well bottom and occupying 59% of cell area. With regard to
the potential floating of SOs on the culture medium surface,
Romano et al. [8] applied SO samples on the cells after
removing the culture media, followed by soft mixing of the
cell culture plate before addition of the culture media,
obtaining 100% contact area.

Ex vivo studies

Ex vivo tests are conducted on isolated tissue cultures,
chosen on the basis of the intended use of the medical
device, to represent more closely the in vivo condition as
tissue cytoarchitecture is preserved. Therefore, regarding
intraocular liquid tamponade, tests are performed on culture
models of animal or human retina.

In vivo animal studies

Experimental animal models best represent the in vivo
scenario, whereas the main limitation is the use of animals
itself. Different animal eye models (rabbit, pig, monkey)
have been used to assess ocular endotamponades applied
intravitreally through different evaluation methods, such as
clinical examination, electrophysiology and histological
examinations [86-95].

Experimental evidence
Perfluorocarbon liquids

Partially hydrogenated perfluoroalkanes are known impu-
rities of PFCLs and have been found to induce cytotoxic
effects in primary cultures fibroblast cells at concentration >
10% [96]. Pastor et al. [6], using different chemical analy-
tical methods, detected both perfluoro-derived and benzene-
derived compounds in the toxic PFO batches responsible for
the reported cases of acute intraocular toxicity. Specifically,
two hydroxyl compounds, namely perfluorooctanoic acid
(PFOA) and dodecafluoro-1-heptanol (DFH), and two
benzene derivatives, such as ethylbenzene and p-xylene,
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were identified as suspected toxic compounds [6]. In
response, Chang et al. [97] claimed that a comprehensive
chemical analysis of PFCLs, is adequate to detect all
potential toxic contaminants/impurities. However, recent
experimental evidence highlighted the primary role of
in vitro cytotoxicity tests to assess properly the ‘safety
thresholds’ of these compounds. Menz et al. [98] proposed
to determine the content of reactive H in partially hydro-
genated perfluoroalkanes, defined as ‘H-value’, through the
electrochemical determination of the fluorine resulting from
their reaction with diamine. The limit of 10 ppm was
identified as the threshold ensuring the absence of cyto-
toxicity and, thus, PFCL safety [98]. Nevertheless, Ruzza
et al. [99] showed that the testing method used by Menz
et al. [98] was unable to detect potentially toxic con-
taminants without reactive hydrogens, and that the H-
content was inadequate to predict PFCL cytotoxicity.
Indeed, Ruzza et al. [99] validated the use of 'H NMR
spectroscopy to quantitatively analyse the perfluorinated
compounds and determine a wide range of potential con-
taminants, including partially hydrogenated perfluoroalk-
anes (also not reacting with hexamethylenediamine),
perfluoroalkyl alcohols, PFOA, and benzene derivatives.
Moreover, PFCL samples contaminated with PFOA and
HPFO, both known to be highly toxic impurities [6]
although a reactive H is not present, showed very low H-
content (0.13 and 0.07 ppm, respectively) but very high
cytotoxicity on ARPE-19 and BALB 3T3, using direct
contact in vitro cytotoxicity test validated according to ISO
10993-5 [84]. PFCL samples contaminated with SHPFO,
instead, showed very high H-content (up to 2800 ppm) but
no cytotoxic effect [99]. In addition, 2 of 15 tested com-
mercially available PFO and PFD devices resulted to be
cytotoxic according to ISO10993-5 [84, 99]. Consistently,
Srivastava et al. [100] used chemical analyses to identify
and measure PFOA, DFH, ethylbenzene and tributyltin
bromide in toxic batches of PFO; then, performed direct
contact in vitro cytotoxicity tests to determine the con-
centrations at which these contaminants resulted to be toxic
and, thus, their ‘safety threshold’.

The reliability of direct contact in vitro cytotoxicity tests
to assess PFCLs cytotoxicity has been confirmed in ex vivo
models [6, 7]. In particular, Pastor et al. [6], testing the toxic
samples of AlaOcta PFO in porcine neuroretina explants,
reported results consistent with those obtained with cell
cultures. Romano et al. [7] compared the results of ex vivo
culture model of human retina incubated with PFCL sam-
ples for 24 h to direct contact in vitro cytotoxicity test in the
ARPE-19 cell line. The percentage of cell mortality was
comparable after application of not cytotoxic control, but
higher in the ex vivo model after application of cytotoxic
control (12.5% 1H PFO), indicating higher sensibility of the
latter [7].
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In addition to the toxicity, the high density of PFCLs
can induce potential cellular mechanical damage. Mertens
et al. [101] reported that human RPE cells decreased in
number but maintained their proliferation capacity after
incubation with PFD, suggesting a mechanical rather than
toxic effect. Inoue et al. [102], testing PFO on ARPE-19
and retinal ganglion cells (RGCs), reported a direct toxic
effect on ARPE-19 cells after 7-day incubation. However,
after 3-day incubation, the number of viable RGCs
decreased only after PFO contact at the apical surface but
not at the basolateral side, suggesting a mechanical effect
[102]. Several in vivo studies confirmed the time-
dependency of the PFCL-induced mechanical damage
induced. [87-90, 102] Progressively worse histological
changes, mainly in the inferior retina, have been associated
with PFO tamponade in rabbit eyes starting at 6 days after
surgery [88]. Intraoperative use of PFO in rabbits and pigs
resulted in no retinal adverse effects; whereas, PFO-
tamponade longer than 1-week led to globule dispersion
and morphologic retinal alterations [86]. Vitreous sub-
stitution with different highly purified PFCLs in rabbit
eyes has been found to induce progressive histological
retinal changes at 2, 4 and 8 weeks after surgery [90].
Intraretinal infiltration of PFD has been documented in
rabbits after 1 week of tamponade [87]. Finally, subretinal
PFD has been associated with loss of photoreceptors
segments at 1 day and localised retinal atrophy at 5-7 days
after surgery in rabbit eyes [89].

Semifluorinated alkanes

Morphological retinal changes or reduced cell count in the
inferior retina of rabbits have been documented about
3 months after intravitreal injection of F6HS8 [91, 92].
Moreover, a significantly decreased fluorescent emission
from cultures of human RPE cells and human corneal
endothelial cells has been reported after 5-day incubation
with FO6H8 [103]. Porcine corneal endothelial organ
culture models exposed to FAHS for 120 min showed a
significant endothelial cell density decrease and changes in
endothelial morphology after 15 days of culture [104].

Silicone oils

Due to the known potential toxicity of LMWC, physico-
chemical analyses of SO have been mainly focused to
assess their purity in terms of MW distribution (MWD) and
LMWC content. In this regard, Mendichi et al. [17], ana-
lysing 10 purified SOs 1000 mPa-s of different
brands, demonstrated that these compounds have a broad
MWD, as confirmed by Dresp [105] in SOs 2000 and 5000
mPas, with significant differences between different SOs

[17, 105]. Moreover, the content of LMWC with MW <
1000 g/mol varied significantly between the SOs 1000
mPa-s (range: 51-1151 ppm) [17] and the oligosiloxanes
content was significantly variable in different SOs 2000 and
5000 mPa-s [105]. However, Mendichi et al. [17] demon-
strated that LMWC with MW < 1000 g/mol accounted only
for a small proportion of ‘impurities’ in SOs 1000 mPa-s,
whilst a significant amount was represented by the relative
content of LMWC with MW <10,000 g/mol, that, also,
significantly differed between the samples (range:
2.31-9.40%). It has been speculated that D4, D5 and D6
can diffuse from vitreous cavity into surrounding tissues,
penetrating into cellular membranes, and the injection of D4
and D5 into the AC of rabbit eyes induced a severe
inflammatory reaction [106].

Only two studies investigated in vitro cytotoxicity of SOs
[8, 102]. Inoue et al. [102] incubated ARPE-19 cells and
RGCs with purified SO 1000 mPa-s. No cytotoxic effect
was detected in both cell lines at 3 days; whereas a sig-
nificant decrease of ARPE-19 viability at 7 days occurred
only when the contact area cells-SO was at the basolateral
side, suggesting a mechanical rather than toxic effect [102].
Consistently, Romano et al. [8] did not detect any cyto-
toxicity in both ARPE-19 and BALB3T3 cells after 24-h
exposure to purified SO 1000 mPa-s.

A larger number of studies assessed safety of SO trough
in vivo tests. [87, 93-95, 107] Penetration of SO into the
inner retina and epiretinal membrane formation have been
described in rabbit eyes after the intravitreal injection of
emulsified SO 20 mPa-s; whereas no histological changes
were detected in eyes filled with non-emulsified SO [93]. In
contrast, Versura et al. [87] found small SO droplets within
retinal layers at 4 weeks from SO 1000 and 3000 mPa-s
injection. Moreover, SOs were found to be able to dissolve
lipids and to evoke a local immunological reaction with
accumulation of immunoproteins in ocular tissues, even in
absence of obvious toxic effects [87]. Intravitreal mem-
branes attached to the retina have been detected in SO 1000
mPa-s-filled rabbit eyes in absence of significant inflam-
matory reaction [94]. Mackiewicz et al. [107] did not detect
any significant histological retinal change and inflammation
in rabbit eyes after 3-month tamponade with SO 1000, 3000
and 5000 mPa-s.

Heavy silicone oils

Mackiewicz et al. [107] analysed clinical, -electro-
physiological and histological findings of rabbit eyes after
3-month tamponade with Densiron68 and other not com-
mercially available HSOs. Densiron 68 and F4HS-based
HSOs resulted to be well tolerated with no significant
inflammation and histological retinal damage [107].
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Conclusions

Due to their chemico-physical properties, intraocular liquid
tamponade agents are needful tools in vitreoretinal surgery.
However, there are still relevant concerns regarding their
propensity to emulsify and their potential intraocular toxi-
city. This review provided an overview of their current
clinical use and associated complications, focusing on the
available scientific literature regarding their biocompat-
ibility. Safety thresholds for concentrations of tamponade
impurities have not yet been identified and there is still
confusion on the properties that need to be tested as well as
on the tests required for the safety assessment. Moreover,
although it has been known that LMWC can potentially
induce toxic effect in the long term and can act as surfac-
tants for SO, no studies analysed the relation between dif-
ferent concentrations of LMWC and chronic adverse effects
or SO emulsification. The properties that can impact on the
removal of intraocular liquid tamponade agents also need to
be further investigated as this step is crucial in the surgical
practice [40, 42, 108]. In this regard, the management of
temperature during vitreoretinal surgery could be a pro-
mising perspective as remarkable changes of both vapour
pressure and viscosity have been reported within the range
of mean temperatures registered during a vitrectomy
[15, 16]. Finally, in a realistic scenario, more than one
tamponade can be used during the same procedure, in
addition to other intraocular devices (such as vital dyes) or
drugs (such as TA). So far, the mechanisms of the related
adverse effects are still not completely elucidated and there
is no agreement on the appropriate tamponade-specific
regulations aimed to ensure the safety of these compounds.
Future studies addressing the effect of their properties and
components on their chemico-physical behaviour and
interactions are necessary for the optimisation of their
clinical use. In perspective, it will be important to investi-
gate cooperative effects that may arise from the interaction
of multiple intraocular devices as well as their interaction
with biological molecules and drugs.
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