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PURPOSE. To investigate and compare the mechanism by which lutein-based and synthetic
intraocular dyes interact with their target membranes during ophthalmic surgeries.

METHODS. Surrogate membrane models were used in order to simulate the different
intraocular membranes: internal limiting membrane (ILM), vitreous, anterior capsule (AC),
and epiretinal membrane (ERM). Different lutein-based dyes, such as Phacodyne, Retidyne,
Retidyne Plus, and Vitreodyne were tested, as well as Trypan Blue (TB), Indocyanine Green
(ICG), Brilliant Blue (BB), and Triamcinolone Acetonide (TA). The interactions between the
film components occurring at the air–water interface were investigated with surface
pressure–area isotherms and polarization modulation infrared reflection-absorption spectros-
copy (PM-IRRAS).

RESULTS. With the exception of TA and ICG, none of the tested dyes revealed toxicity to the
analyzed membranes. The interaction of TA with the vitreous model affected deeply the
biointerface structure of the model. A significant condensation of the monolayer is noted
when ICG contacted with ILM by the isotherms or even a solubilization of part of the
monolayer toward the aqueous subphase. Retidyne Plus may provide the fluidization of the
membrane, but maintains intact the structure of proteins present in the model.

CONCLUSIONS. The present study demonstrates for the first time that lutein-based dyes interact
through a physical mechanism of action with membrane models of structures present in
human eye. On the other hand, the chemical interaction of synthetic dyes TA and ICG
resulted in an alteration of the membrane models.
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Intraoperative application of vital dyes for the visualization of
intraocular membranes and tissues has facilitated surgical

techniques and outcomes in recent years.1,2 In cataract surgery,
the blue dye Trypan Blue (TB) gained widespread use because
it stains the anterior capsule (AC) and enables easier
intraoperative removal of this fine, semitransparent mem-
brane.1 In vitreoretinal surgery, green and blue vital dyes such
as Indocyanine Green (ICG) and Brilliant Blue (BB) facilitate
identification and removal of the internal limiting membrane
(ILM) as a result of their different affinities to intraocular
collagen and cellular elements.2,3 Triamcinolone Acetonide
(TA) has been used most often to facilitate identification of the
posterior hyaloid and vitreous.4 However, all these dyes are
synthetic and may present some toxicity profile that may limit
their use in ocular surgery, especially vitreoretinal surgery.2,5–10

Lutein and zeaxanthin (L/Z) are lipophilic pigments
belonging to the group of carotenoids traditionally found in
fruit and vegetables. In addition, L/Z have been identified as the
major components of macular pigment.11,12 Published peer-
reviewed studies have reported association of L/Z with
prevention of age-related maculopathies due to an antioxidant
and blue light filtering mechanisms.13–18 In addition, Lutein has
been recently associated with potential neuroprotective effects
in the retina.19–21

In our previous publications, we have described the use of
novel intraocular dyes in which Lutein is the primary
component in cataract and vitreoretinal surgeries.22–28 These
L/Z-based dyes have shown efficacy in staining target mem-
branes such as AC, ILM, and the vitreous, as well as an excellent
safety profile.22–28

The nature of the interaction of L/Z-based dyes with their
target membranes is herein investigated using Langmuir
monolayer models simulating the ILM, vitreous, AC, and
epiretinal membrane (ERM). This methodology is justified since
monomolecular films at the air–water interface are widely
recognized to be systems able to mimic biological membranes
and other biological surfaces.29–33 We have previously created a
model of human ILM using biointerfaces to analyze the
mechanisms by which vital dyes stain the ILM that allowed
evaluating the intermolecular interactions of a L/Z-based dye in
such experimental mode.23 The purpose of this study was to
evaluate the intermolecular interactions of L/Z-based dyes and
the synthetic dyes, TB, BB, ICG, and TA, with their respective
target membranes during ocular surgery. Surrogate membrane
models of dipalmitoyphosphatidylcholine (DPPC) Langmuir
monolayers were used, pure or mixed with different compo-
nents, in order to simulate the different intraocular membranes.
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METHODS

All the materials used in this experimental study were
purchased from Sigma-Aldrich Corp. (St. Louis, MO, USA)
unless otherwise stated.

For all monolayers, DPPC was applied as lipid model.
Surface pressure–area (p-A) isotherms were obtained through a
mini Langmuir trough (KSV Instruments Ltd., Espoo, Finland)
equipped with a surface pressure sensor based on the
Wilhelmy method. Movable barriers that sweep the air–water
interface with a rate of 5 Å2 molecule�1 minute�1 were
employed to compress the monolayers. Initially, the Langmuir
trough was filled with a buffer solution (phosphate 1.0 mM,
NaCl 100 mM, pH¼7.2), and then a DPPC solution at a 0.5 mg/
mL concentration was carefully spread on the air–water
interface drop-by-drop. After 20 minutes elapsed for chloro-
form evaporation, compression of the monolayer was then
carried out, and the surface pressure (p), defined as c0 � c,
being c0, and c the surface tension of the aqueous subphase
without and with the covering of the monolayer, respectively,
was followed as long as the average molecular area (A) of DPPC
decreased. The p-A curves were obtained at least three times to
test the reproducibility of the experiments.

Other biological components present in ILM, vitreous, AC,
and ERM were also evaluated in this study, and different
combinations of DPPC with a second component were carried
out in order to better investigate the role of each one. For that,
aliquots of 5 lL of a 0.5 mg/mL solution of each component
were cospread with DPPC. The following components were
tested: (1) collagen type IV from human placenta, dissolved in
0.25% acetic acid, phosphate 0.1 mM, NaCl 100 mM, pH¼ 7.2;
(2) laminin from Engelbreth-Holm-Swarm murine sarcoma
basement membrane, dissolved in phosphate 1.0 mM, NaCl
100 mM, pH ¼ 7.2; and (3) proteoglycan from bovine nasal
septum, dissolved in phosphate 1.0 mM, NaCl 100 mM, pH ¼
7.2. For the surrogate membranes, the main components from
each system were used in order to mimic the desired
biosurface: (1) ILM: DPPC, collagen, laminin, and proteoglycan;
(2) AC: collagen and proteoglycan; (3) ERM: DPPC; and (4)
vitreous: collagen. For the components that did not present
surface activity, instead of spreading the materials on the air–
water interface they were casted on silicon wafers. After that,
all the related components were mixed together and cospread
with DPPC in order to observe the overall effect of the dye on
the model.

The L/Z-based dyes (all from Kemin Pharma, Barcarena,
Portugal) Phacodyne (L/Z 1%þ TB 0.04%), Retidyne (L/Z 2%þ
BB 0.05%), Retidyne Plus (L/Z 1.8% þ BB 0.05%), and
Vitreodyne (L/Z 2%) were inserted in the films, with all
possible combinations, in aliquots of 5 lL. The synthetic dyes,
BB 0.05% (Sigma-Aldrich Corp.), TB (Merck KGaA, Darmstadt,
Germany), ICG (AlfaIntes, Casori, Italy), and TA (Farmabios,
Gropello Cairopoli, Italy) were mixed where applicable with
ophthalmic suitable vehicles, sterilized, packed into vials, and
tested in these models. After dye incorporation in the
monolayer, the measurements were performed only after 30
minutes in order to allow stabilization of the film in terms of
lateral diffusion and homogenization.

Additionally, polarization modulation infrared reflection-
absorption spectroscopy (PM-IRRAS) measurements were
carried out with a KSV PMI 550TM, (KSV Instruments Ltd.).
The Langmuir trough was set up so that the light beam was
able to reach the monolayer at a fixed incidence angle of 808.
At this angle, the light beam intensity was the maximum and
the noise level was the lowest. The incoming light was
continuously modulated between s- and p-polarization at a high
frequency, which allowed for the simultaneous measurement
of the spectrum for the two polarizations. The difference

FIGURE 1. Surface pressure–area isotherms mimicking the ILM of
human eyes in absence or presence of the dyes BB and Retidyne.

FIGURE 2. Polarization modulation infrared reflection-absorption spectroscopy spectra for ILM in absence or presence of the dyes BB and Retidyne.
(A) Hydrophilic region (region between 1000 and 1800 cm�1); (B) hydrophobic region (region between 2800 and 3000 cm�1).

Lutein-Based Versus Synthetic Dyes IOVS j March 2015 j Vol. 56 j No. 3 j 1994

Downloaded from iovs.arvojournals.org on 04/24/2024



between the spectrum provided surface-specific information,
and the sum provided the reference spectrum; using the
simultaneous measurements, the effect of water vapor was
largely reduced.

All the experiments were carried out at a controlled room
temperature (25.0 6 0.18C). All the other reagents were the
highest purity available. Water employed was previously
purified with Milli-Q system, with resistivity of 18.2 MX cm
and pH of 5.4.

RESULTS

Interactions of Ophthalmological Dyes With
Surrogate Internal Limiting Membrane

In order to investigate the mechanism by which lutein-based
and synthetic ocular dyes interact with ILM during ophthalmic
surgeries, we used a surrogate membrane model for ILM. To
that end, the interactions between the film components and
the ophthalmic dyes were investigated with surface pressure–
area isotherms and PM-IRRAS.

We started by examining the mode of action of Retidyne and
BB. Figure 1 shows that both dyes shift the isotherms to lower
molecular area comparing with the isotherm for ILM without
dyes. This shift is related to the condensation of the monolayer
probably caused by interaction between the dyes and the polar

groups of the monolayer. Comparing the effect of the two dyes
studied, there is no significant difference, and for both there is
a first indication of an intermolecular interaction with the
target membrane. During the present study, we have also
observed that lutein was the primary component in staining
the ILM membrane.

The PM-IRRAS spectra for ILM indicate that the hydrophilic
region of this membrane is significantly affected upon the
presence of both dyes (Fig. 2A). This is probably due to a high
affinity of the dyes for hydrophilic region of the membrane.
The carbonyl stretch band, centered in 1731 cm�1, is split in
two bands in the presence of Retidyne and is shifted to higher
wavenumbers with BB. The negative band around 1680 cm�1 is
attributed to the difference of reflectivity of the water surface
with and without the presence of the monolayer, and may
reflect the degree of hydration and orientation of water
molecules in contact with the monolayer. This band is absent
for both dyes, which indicates that they may affect the water
molecules that blind the polar heads of the monolayer. The
bands centered in 1264 and 1169 cm�1 may reflect the C-O-C
vibration for the polysaccharides present in the model for ILM,
and must overlap the phosphate band for DPPC usually present
in this region, but with a lower intensity. With the presence of
both dyes, these bands are no longer well defined maybe
because of the high affinity of the dye for the glycidic part of
the ILM, which reflects the hydrophilicity of the dyes. For the
hydrophobic part, where some vibrations for the alkyl chains
of DPPC are shown (Fig. 2B), some effect is also observed, as
shifts of the maxima, and appearance of a shoulder in
approximately 2950 cm�1, reflecting CH3 vibrations. Compar-
ing to the effect in the hydrophilic parts (Fig. 2A) the situation
observed when the dyes are introduced is not so evident.
These changes observed may reflect therefore the disorgani-
zation of the alkyl chains caused by the interaction with the
polar heads of the phospholipid.

Next, we compare the interaction of Retidyne Plus and BB
with the surrogate ILM. As depicted in Figure 3, isotherms for
ILM models in the presence of Retidyne Plus show a
remarkable change characterized by a film highly compress-
ible. On the other hand, the presence of the synthetic dye BB
does not trigger any significant change in the model studied
when compared with the isotherm without dyes.

The Retidyne Plus effect in the hydrophilic region (Fig. 4A)
is similar to that observed for BB and Retidyne (Figs. 1, 2).
However, for the hydrophobic region the effect is relatively
more pronounced when compared with the effect from the
other dyes (Fig. 4B). The band becomes larger corroborating

FIGURE 3. Surface pressure–area isotherms for ILM in absence or
presence of the dyes BB and Retidyne Plus.

FIGURE 4. Polarization modulation infrared reflection-absorption spectroscopy spectra for ILM in absence or presence of the dyes BB and Retidyne
Plus. (A) Hydrophilic region (region between 1000 and 1800 cm�1); (B) hydrophobic region (region between 2800 and 3000 cm�1).
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the statement obtained in the p-A isotherm in which this dye
disorganizes the ILM monolayer, which in turn reflect in the
molecular disorganization for the hydrophobic region. This
indicates a specific interaction between Retidyne Plus and this
region of the membrane.

We have also compared the interaction of Retidyne,
Retidyne Plus, and ICG in a surrogate ILM. We found a marked
effect of ICG when compared with other dyes (Fig. 5). In
comparison with Retidyne, while for the latter a small shift to
lower areas is observed, for ICG a significant condensation of
the monolayer is noted by the isotherms or even a
solubilization of part of the monolayer toward the aqueous
subphase. Probably this effect may be directly related to the
amphiphilic character of this dye that may facilitate the
solubilization of ILM into the aqueous phase.

The polarization modulation analyze shows that the band
for water increased with ICG and the band for symmetric C-H
stretches for CH2 disappeared, with a larger band in 2867
cm�1, related to CH3 being shown (Fig. 6). These data
demonstrate that water may be replaced in the monolayer
due to solubilization of part of the monolayer, which reflects
the positive band in approximately 1680 cm�1. This may
provide a remarkable molecular disorganization in the mono-
layer, which reflects in the bands presented in the C-H
stretching mode region. All dyes revealed an affinity to ILM,
interacting with both hydrophobic and hydrophilic parts of the

membrane, but with ICG we observe a higher effect in terms of
disintegration of the membrane.

Comparison of Triamcinolone, Vitreodyne, and
Retidyne Plus in a Vitreous Model

The first attempt for making a vitreous model did not present
surface activity and it was not possible to build a model at the
air–water interface. Therefore, the model was created on
silicon wafers, with collagen being casted on them. We
analyzed the behavior of this model when in contact with
TA, Vitreodyne, and Retidyne Plus dyes. None of the studied
dyes presented significant effect on the amide I band (~1653
cm�1; Fig. 7A). However, a discrete alteration of the order of
methyl bands was observed as seen in Figure 7B. This could be
related to the effect of the methyl groups of the dyes. However,
in Figure 7A, a band of approximately 1620 cm�1, usually
related to beta-sheets appears when TA is inserted, points to a
more significant effect of this dye, which may disrupt the
protein structure of this surface. The other dyes do not present
any significant effect, which indicates that these dyes do not
alter the chemical structures of the molecules that form the
model for the membrane.

Interaction of Ophthalmic Dyes With the Anterior
Capsule Model

Similarly to what happened with vitreous model, the AC model
did not present surface activity and it was not possible to build
a model at the air–water interface. For that reason, the model
was created on silicon wafers, with collagen and proteoglycan
being casted on them.

The analyzed dyes (TB and Phacodyne) did not interact with
the protein and glicid structure of the models in such a way
that they do not denature the structure of these biomolecules
(Fig. 8A). Figure 8B shows that both can interact with the
model because the spectra for the methyl stretch region is
changed upon the introduction of both dyes.

Comparison of Phacodyne With Trypan Blue in a
Surrogate Epiretinal Membrane

Isotherms in Figure 9 show that both TB and Phacodyne
penetrate in the ERM because they shift the isotherms to
higher areas. The effect from Phacodyne is more pronounced,
indicating a higher affinity of Phacodyne for this membrane.

FIGURE 5. Surface pressure–area isotherms for ILM in absence or
presence of the dyes Retidyne, Retidyne Plus, and the synthetic dye
ICG.

FIGURE 6. Polarization modulation infrared reflection-absorption spectroscopy spectra for ILM in absence or presence of the natural dyes Retidyne,
Retidyne Plus, and synthetic ICG. (A) Hydrophilic region (region between 1000 and 1800 cm�1); (B) hydrophobic region (region between 2800 and
3000 cm�1).
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Trypan Blue and Phacodyne change significantly the PM-
IRRAS spectra for ERM model (Fig. 10). The carbonyl band for
DPPC is shifted to higher wavenumbers, the negative band for
surface water disappears, and the bands at approximately 1250
and 1180 cm�1 are more evident (Fig. 10A). Also for the CH
stretches, the band centered in 2945 cm�1 become thinner,
and the relative intensities between asymmetric and symmetric
band are changed (Fig. 10B). This shows a clear interaction
between the dyes and this membrane without evidence of dye–
membrane covalent bonds. Furthermore, we have also
observed that of all the components of the product tested,
lutein was the primary component to stain the ERM.

DISCUSSION

In this work we used surrogate models simulating ILM,
vitreous, AC, and ERM in order to compare the interaction
between natural and synthetic intraocular dyes with the
biointerfaces for which these compounds take action during
ophthalmic surgeries.

The interaction of Retidyne and BB with ILM revealed no
significant alterations in the isotherms of this membrane in
terms of surface elasticity. Specifically for Retidyne, these
results suggest a nonchemical bonding to the membrane and
are in agreement with previous preclinical and clinical tests
that showed that this natural dye is safe to be used
intraocularly.22,24,26,28 However, the results for BB do not
correlate completely with reports that showed dose- and time-
dependent toxicity of this dye in retinal cell lines, revealing
that it is prudent to use the lowest possible concentration
during the surgery.34,35 When analyzing the behavior of
Retidyne Plus while in contact with the same model, we
observed a change in the isotherm of ILM model. These results
are in agreement with those ones previously reported 23 for
ILM, but with a lower amount of Retydine Plus. In that study,
an isotherm with a high compressibility was also shown, as an
indicative of successful adherence of this dye to the
membrane. Other studies showed that this ophthalmic dye
showed no toxicity when tested in in vitro and in vivo
conditions. The citotoxicity of this dye was evaluated using cell
models of retinal pigment epithelial cells (ARPE-19) and human

FIGURE 7. Polarization modulation infrared reflection-absorption spectroscopy spectra mimicking the vitreous of the human eyes in absence or
presence of the Vitreodyne, Retidyne Plus, and Triamcinolone dyes. (A) Hydrophilic region (region between 1000 and 1800 cm�1); (B) hydrophobic
region (region between 2800 and 3000 cm�1).

FIGURE 8. Polarization modulation infrared reflection-absorption spectroscopy spectra mimicking the anterior capsule of the human eyes in
absence or presence of the dyes TB and Phacodyne. (A) Hydrophilic region (region between 1000 and 1800 cm�1); (B) hydrophobic region (region
between 2800 and 3000 cm�1).
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corneal epithelial cells (HCE), as well as, in rabbits, revealing
no dye-related cytotoxicity.24,28 Moreover, the safety of this dye
was also tested in patients that underwent pars plana
vitrectomy without clinical side effects, showing, therefore,
that this lutein-based dye has a safe profile to intraocular use.25

This fact indicates that the fluidization of the membrane
observed by this dye as indicated by the isotherms and
vibrational spectra is not related to a possible toxicity. The
disorganization of the membrane may be an important factor
for the stain of the dye. Also, for the region of amide, we do not
see any significant alteration of the bands in relation to the
surface representing ILM. As proteins represent a major factor
for the integrity of biointerfaces, these results show that
Retidyne Plus does not affect significantly the structure of
these biomacromolecules. The synthetic dye ICG caused a
significant condensation as well as a molecular disorganization
of the ILM model monolayer. Indeed, this data can be
correlated with other reports that showed the adverse effects
of ICG at the retinal surface.36–38 It is important to emphasize
that this effect may be different from that for Retidyne Plus. For
the latter, the fluidization of the membrane is related to the
way by which the dye is incorporated to the film, altering the
ability of the monolayer to be well packed molecularly. The
presence of the dye may affect mainly the hydrophobic regions
of the films, which may decrease the rigidity of the monolayer,
but with low consequences for the structure of the film. For
ICG, however, a high shift to lower areas is observed even for
higher molecular areas, which may be an indicative of the

solubilization of the film, leading to the loss of molecules from
the air–water interface toward the aqueous subphase.

The interaction of Retidyne Plus, Vitreodyne, and TA with
the vitreous model showed that when TA is inserted, the
protein structure of this surface may be disrupted. This
deleterious effect is in accordance with several studies that
report the side effects of the intraocular use of this synthetic
water-insoluble corticosteroid. Triamcinolone Acetonide is
known for many different adverse effects when injected in
the eye including rise of IOP, acute endophthalmitis (both
infectious and noninfectious), and cataract progress.39–45 No
significant alteration of the vitreous model structure was
observed when Vitreodyne and Retidyne Plus contact with the
membrane. These results are consistent with the security of
use these lutein-based dyes during vitreoretinal surgeries that
has been already shown in preclinical and clinical studies.25,28

The study of Phacodyne and TB interaction with anterior
capsule and ERM revealed that both dyes interact with this
model without altering the molecular structure of the analyzed
model. Previous reports had already shown the safety and
efficacy of Phacodyne during cataract surgery.27 Although
these results indicate a similar behavior for these two dyes,
other studies point to retinal toxicity of TB. Several studies
have described retinal damage after exposure to TB in a bovine
model, as well as, in vitro rodent neurosensory cells.46–48

These differences may be related with the concentrations used
in each study.

A limitation of this study is that these membrane models are
an in vitro model that mimic the intraocular membranes
present in the human eye, thus these results are only referring
to the physical mechanisms of action by which these dyes
interact with these membranes. However, from the results
observed it is possible to speculate that our results can be
correlated with the behavior that these natural and synthetic
dyes have in vivo.

In conclusion, this study demonstrates that lutein-based
dyes can interact with different membrane models of
structures present in the human eye (ILM, vitreous, AC, and
ERM). The results have also described that these dyes interact
at the intermolecular level with the models affecting both
hydrophilic and hydrophobic regions of the components. With
the exception of TA and ICG, none of the tested dyes revealed
adverse effects to the analyzed membranes corroborating the
idea that is safe to use lutein-based dyes intraocularly. These
experiments confirmed that the use of surface chemistry was
useful to understand in detail the molecular interaction among
the intraocular dyes, and the models for the membranes where
these compounds act.

FIGURE 9. Surface pressure–area isotherms, mimicking the ERM of
human eyes, in absence or presence of the TB and Phacodyne dyes.

FIGURE 10. Polarization modulation infrared reflection-absorption spectroscopy spectra for ERM in absence or presence of the dyes TB and
Phacodyne. (A) Hydrophilic region (region between 1000 and 1800 cm�1); (B) hydrophobic region (region between 2800 and 3000 cm�1).
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