Vital dyes increase
the rigidity of the
internal limiting
membrane

Abstract

Purpose To assess the stiffness of the
natural human internal limiting membrane
(ILM) and evaluate potential changes of the
mechanical properties following staining
with brilliant blue (BB) and indocyanine
green (ICG).

Methods Unstained ILM specimens were
obtained during ophthalmic surgical
procedures. After removal, the specimens
were dissected into five parts. Two fragments
were stained with BB and ICG, respectively,
for 1 min, another two specimens were
stained similarly followed by additional
subsequent illumination using a standard
light source (PENTA LUX x 50,
Ophthalmologische Systeme GmbH Fritz
Ruck). The fifth part served as an untreated
control. All specimens were then analyzed
using atomic force microscopy (AFM) in
contact mode with a scan rate of 0.6 Hz. Two
scan regions of 10 x 10 yum were chosen and
stiffness was determined by using AFM in a
force spectroscopy mode. The force curves
were plotted with a data rate of 5000 Hz. In
all specimens both the retinal side and
vitreal side were analyzed.

Results Staining resulted in a significant
increase in tissue stiffness. An increase was
seen both for the vitreal (BB: P<0.001; ICG:
P <0.01) and retinal side (BB: P<0.01; ICG:
P <0.01), with the retinal side being
significantly stiffer in all control and stained
samples. Additional illumination after
staining did further increase tissue rigidity in
most samples but not significantly.
Conclusions Staining significantly increases
the stiffness of the human ILM. This might
explain the fact that the stained ILM can be
removed more easily and in larger fragments
during vitreoretinal surgical procedures
compared with unstained ILM.
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Introduction

It is widely accepted among vitreoretinal
surgeons that removal of the internal limiting
membrane (ILM) during surgery for tractional
maculopathies improves both functional and
anatomical success! and may help to decrease
the incidence of recurrences of the disease.*
Peeling of the ILM is a challenging procedure
and requires surgical skills and experience. In
order to facilitate visualization of this
transparent structure and to reduce excessive
and prolonged manipulation on the retina,
staining substances have been introduced over
the last decade. The first dye suggested was the
cyanine dye indocyanine green (ICG)° in the
year 2000. ICG became a subject of debate
because of its potential toxicity, most likely
related to its chemical instability and a
photosensitizing effect that has been
demonstrated experimentally,®~ which may
lead to functional deficits in clinical practice.!%!!
A few years later, the triarylmethane dye
brilliant blue became commercially available.
On the basis of clinical and experimental studies
published so far, brilliant blue seems to provide
an improved safety profile compared with
ICG.1>716 Very recently a comparative study
evaluating the microstructure of the inner and
outer retina and visual function after macular
hole surgery using brilliant blue or indocyanine
green revealed that postoperative visual acuity
and retinal sensitivity were better in eyes after
BBG-assisted vitrectomy.!”

However, regardless which dyes the surgeon
may choose for the surgical intervention, it has
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been reported that the stained ILM provides an increased
rigidity and can be peeled off more easily and in larger
fragments as compared with the unstained tissue.!®
Atomic Force Microscopy (AFM) is a well established
examination technique that has been used to measure the
thickness and rigidity of human ocular basement
membranes such as the unstained ILM.'81° The aim of
the present investigation was to assess and quantify
in vitro changes of the ILM of the human retina after
staining with either brilliant blue or ICG with and
without subsequent illumination using a standard
surgical light (PENTA LUX x 50, Ophthalmologische
Systeme GmbH Fritz Ruck, Eschweiler, Germany) source
compared with unstained ILM using AFM.

Methods

The study was approved by the local Institutional
Review Board.

Tissue preparation and handling

Specimens of unstained human ILM were obtained
during vitreoretinal procedures to treat macular holes
and epiretinal membranes. Vitreoretinal surgery
consisted of a standard 23-gauge vitrectomy, induction of
a posterior vitreous detachment, and removal of
epiretinal membranes if present using a pair of
end-gripping 23-gauge forceps. This was followed by a
peeling of the unstained ILM (surgeon AK), which was
immediately placed in BSS and handed over to a
technician (RS) for further processing.

Immediately after removal from the eye, the ILM
specimen was placed on a glass slide and divided into
five parts. Each piece was placed inside of a BSS droplet
on a microscope slide (SuperFrost Plus, Gerhard Menzel
GmbH, Braunschweig, Germany) that had been coated
with poly-L-lysine. BSS was removed slowly while the
membrane was carefully smoothed on the glass using a
glass needle avoiding dehydration of the specimen
during preparation. A circle was then drawn around
each ILM fragment with a PAP pen. Then, a drop of
brilliant blue 0.025% (Brilliant Peel; Fluoron GmbH, Neu-
Ulm, Germany) or indocyanine green 0.05% was placed
on two fragments each. ICG dye was prepared as
follows: 25mg of dry ICG substance (Pulsion, Munich,
Germany) was first dissolved in 5ml sterile water as
recommended by the manufacturer. One microliter of
this 0.5% solution was then diluted with 9 ml BSS plus
resulting in a final concentration of 0.05%. Excessive dye
was then rinsed off after 1 min. One of these specimens
was then illuminated using a standard light source used
for vitreoretinal surgery (PENTA LUX x 50,
Ophthalmologische Systeme GmbH Fritz Ruck) for one
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additional minute. The remaining unstained fragment
served as a control. Therefore, atomic force microscopy
could be performed in five fragments of each specimen:
an untreated and unstained control, one after staining
with brilliant blue, one after staining with brilliant blue
and subsequent illumination, one after staining with
ICG, and one after staining with ICG and subsequent
illumination. All in all, 20 ILM specimens were analyzed
for each dye, with the retinal side (BBG [n =8]; ICG
(n=11)) and the vitreal side (BBG (n=12); ICG (n1=9))
being evaluated separately.

ILM specimens were also stained for laminin after AFM
measurements in order to determine the orientation (vitreal
or retinal side) on the glass slide. For this purpose, the ILM
samples were first washed three times with 0.01 molar
phosphate buffered saline (PBS). In a second step, a droplet
of 120 ul 4% paraformaldehyde was placed onto the
membrane for about 15 min. After another washing step,
120 p2 laminin labeling antibody 1:100 (Polyclonal Rabbit
Anti-Laminin, Dako Deutschland GmbH, Hamburg,
Germany) was added, and the sample was stored in a
humidity box at 8 °C for 24 h. Thereafter, a third washing
step was performed followed by the staining with 100 ul
cy3 fluorescent dye-coupled secondary antibody 1:100
(Donkey anti-Rabbit IgG (H + L)-Cy3, Dianova GmbH,
Hamburg, Germany) that was applied for 45 min. All
samples were rinsed again in PBS, and 20l of mounting
medium (Fluorescence Mounting Medium, Dako
Deutschland GmbH) was applied onto the ILM, and then
covered with a round cover slip and allowed to solidify at
room temperature for about 3 h.

All ILM specimens were also evaluated using a
fluorescence microscope. All fluorescence imaging
experiments were performed using an Axiovert 25
inversion fluorescence microscope (Carl Zeiss AG;
Oberkochen, Germany). As a light source, a mercury
vapor lamp (HBO 50; Osram, Munich, Germany) was
used. Using the excitation filter ET545/25x (Chroma;
Taoyuan Hsien, Taiwan), the 546 nm peak in the mercury
spectrum was selected. The light was reflected by the
dichroic T565LP (Chroma) through the objective (Fluar
10x/0.50; Carl Zeiss AG) onto the sample and excited the
cy3 dye used for labeling. The emitted light passed the
dichroic, passed the emission filter ET605/70m
(Chroma) and was detected using a CCD camera (Infinity
2; BFI Optilas; Dietzenbach, Germany) and processed
using a computer. The camera was controlled by the
software ‘Infinity Capture 5.0.0" (Lumenera, Leipzig,
Germany).

Atomic force microscopy measurements

All AFM imaging and force indentation experiments
were performed using a Nanowizard II Atomic Force



Microscope (JPK Instruments, Berlin, Germany), which
was mounted on an inverted microscope. For imaging
and stiffness measurements with Nanowizard II AFM,
standard silicon nitride triangular cantilevers (MLCT,
Veeco Instruments, Plainview, NY, USA) with integrated
sharp silicon—nitride pyramidal tips (nominal spring
constant k=0.1N/m, apex angle o ~35°) were used.
Before every measurement, the spring constant value
was determined using the thermal fluctuation method.
The samples were imaged in contact mode with a scan
rate of 0.6 Hz while kept in PBS at room temperature.
Two scan regions of 10 x 10 um were chosen on the
sample. Stiffness was determined using AFM in a force
spectroscopy mode. Briefly, indentations were made over
an 8 x 8 point grid at a rate of one load /unload cycle per
2.4s with a maximal load of 5nN. The force curves were
plotted with an approaching speed of 3 um/s, a
retraction speed of 7 um/s, and a data rate of 5000 Hz.
Assessment of the dynamic indentation modulus E of
each force-indentation curve was plotted off-line using a
data processing software (JPK Instruments AG).
Therefore, the height data of the scan regions were
calculated to tip-sample separation and plotted against
indentation force. After fitting the Sneddon model'® to
the data, the resulting elasticity modulus was averaged
for each scan region.

The stiffness of an elastic material is quantified by
Young’s modulus (tensile modulus, elastic modulus,
modulus of elasticity), a material property used to
characterize materials. The SI unit of Young’'s modulus is
the pascal (Pa or Nm ?).

Identification of ILM sample orientation

During the measurements it became necessary to
determine the orientation of the sample on the

glass slide. Preliminary measurements on ILM specimens
stained during vitreoretinal surgery within the human
eye and removed for analysis confirmed that there
is a difference in elasticity on the retinal and on the
vitreal side of the ILM as described in the literature.
As a consequence, a reliable orientation of the ILM

20,21

specimens for each measurement is crucial in order to
obtain reliable results. In our study, AFM imaging was
used to clearly identify the rough retinal surface and the
smooth vitreal surface as topographic landmarks
(Figure 1a).

Additional tests for correct tissue orientation were
performed using a protocol for staining for laminin and
consequent fluorescence microscopy (Figure 1b). This
was performed after the AFM measurements had been
obtained to exclude potential effects of the illumination
by the microscope on the result.
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Figure 1 (a) AFM contact mode images with a size of
80 x 20 um of both ILM sides. The smooth vitreal side can be
clearly distinguished from the rough and undulated retinal side
(roughness retinal: 9075nm, vitreal: 2672nm). The deflection
signal is shown in units of nm. (b) ILM stained for laminin and
imaged using fluorescence microscopy (magnification: x 10).
The smooth vitreal and rough retinal side can be determined
easily. The ILM sample is partially flipped over, and hence the
difference of both sides can be appreciated.

Results

Staining of the ILM-samples resulted in a statistically
significant increase in tissue rigidity compared with
controls (Figure 2). Of note, the retinal surface of all
specimens, both control and stained tissue, was about
fivefold stiffer than the vitreal surface. Compared with
unstained controls of ILM, the stiffness of the tissue
significantly increased with the use of brilliant blue or
ICG for staining. This was true both for the vitreal
surface (BBG: P<0.001; ICG: P<0.01) as well as the
retinal surface (BBG: P<0.01; ICG: P<0.01). The
difference in stiffness comparing the retinal versus the
vitreal surface seen in the controls remained unchanged
after staining of the tissue and subsequent illumination.
Calculated for each dye, there was a trend to a further
increase in stiffness after illumination of the stained
tissue, but this effect did not reach statistically significant
levels (Figure 2, Table 1). Comparing the two dyes after
illumination, there were statistical differences seen
depending on which side was measured (BBL versus
ICGL measured at the vitreal side, Table 1).

Relative elasticity changes and the effect of Illumination

Comparing the Young’s moduli in relation to the
corresponding control sample, we noted that except for
ILM samples after brilliant blue staining and

w
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Figure 2 Averages of all map-results of ILM are plotted with respect to the measured side (vitreal: blue; retinal: red), with error bars
showing the SE of the mean. Indicated P-values hold a significant level of 5% and are calculated from a t-test. BB, brilliant blue; BBL,
brilliant blue and illumination; ICG, indocyanine green; ICGL, indocyanine green and illumination; WT, control. Differences between
control (WT) and BBL and ICGL were also significant both for the retinal as well as the vitreal surface.

Table 1 Significant levels comparing dyes and controls with
regard to the increase of stiffness measured at the retinal and

vitreal surface of the ILM

P< Control ~ BB BBL ICG
ILM measurements retinal surface

BB 0.05

BBL 0.001 NS

ICG 0.01 NS NS

ICGL 0.001 0.05 NS NS
ILM measurements vitreal surface

BB 0.001

BBL NS 0.05

ICG 0.05 NS  0.01

ICGL 0.01 NS 001 NS

Abbreviations: BB, brilliant blue; BBL, brilliant blue and illumination;
ICG, indocyanine green; ICGL, indocyanine green and illumination;
NS, not significant.

illumination (BBL) the relative elasticity change of the
vitreal side was more pronounced compared with the
retinal side (Figure 3, Table 2). Of note, values for ICG
with and without illumination were higher compared
with brilliant blue in ILM specimens. In addition, except
for BB/BBL, the relative elasticity of stained specimens
increased by 1.2-fold following illumination (retinal
surface: 1.18 £ 0.02 for BB/BBL, 1.23 £ 0.04 for ICG/
ICGL,; vitreal side: 0.69 + 0.05 for BB/BBL and 1.21 £ 0.01
for ICG/ICGL). This implies an additional stiffening
effect of the tissue following illumination, which was
not statistically significant. The gradient was around

1.2 for all dyes and tissues (except for vitreal BBL)
(Table 3).

Eye

Discussion

The ILM of the retina is a multilaminar structure mainly
composed of type IV collagen, laminin, and fibronectin
and essentially represents the basement membrane of
Miiller cells. Although the inner vitreal surface of the
ILM appears smooth, the ILM has a rough, undulated
outer retinal surface, a finding being most remarkable at
the posterior pole. This morphological difference helps to
identify the respective side of the ILM in histological
specimens as performed in the present study and helps
to correlate ILM samples with regard to their localization.
The ILM is adherent to the type II collagen fibers of the
vitreal cortex,?? helping vitreal tractional forces to be
transmitted to the retinal surface, contributing to the
pathogenesis of several tractive maculopathies such as
macular pucker, macular hole, or vitreoretinal traction
syndrome. Therefore, ILM removal is considered to be an
important step to successfully treat these conditions and
prevent recurrences in order to remove all tractional
forces adherent to the ILM.

Of note, the ILM is a very delicate structure that varies
in thickness, being thicker posteriorly (0.5-3.2 um) and
thinner at the fovea and the disc (0.01-0.10 um).2* The
ILM is a surprisingly rigid structure. Previous AFM
studies showed that the mechanical strength is in the
mPa range, very similar to the articular cartilage and
about 1000-fold stronger than cell layers.!®2425 Our
results underline previous reports® describing that the
average stiffness of the ILM is over fivefold higher at the
retinal side as compared with the vitreal side. This
difference nicely explains the fact that the ILM curls up
towards its vitreal side after peeling. The high
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Figure 3 Relative elasticity changes of the ILM measured on the vitreal and retinal side of the tissue. BB, brilliant blue; BBL, brilliant
blue and illumination; ICG, indocyanine green; ICGL, indocyanine green and illumination; WT, control.

Table 2 Relative elasticities: each Young’s modulus is divided by its respective control value

Control BB BBL ICG ICGL
Retinal ILM 1.00+0.12 1.54+0.10 1.81+0.09 1.84+0.14 2.27£0.09
Vitreal ILM 1.00£0.10 1.85+0.06 1.27+£0.13 2.57+0.17 3.12+0.19

Abbreviations: BB, brilliant blue; BBL, brilliant blue and illumination; ICG, indocyanine green; ICGL, indocyanine green and illumination. Except for BBL

the values of vitreal ILM exceed those of retinal ILM.

mechanical strength of the natural, unstained ILM gives
the possibility to grasp the ILM using an end-gripping
forceps and to peel off mechanically the ILM from the
underlying nerve fiber layer.

As unaided, unstained ILM peeling requires great
surgical skills. Staining substances were introduced
during the last years that greatly facilitate the
visualization and removal of the ILM during
vitreomacular surgeries. Both dyes in clinical use, ICG
and BBG, provide selective staining properties and a
good enough contrast to identify and peel off the ILM.
The advantage of ILM staining is obvious. Better
visualization is supposed to result in an easier removal
without damage to the underlying nerve fiber layer and
consequently better functional results postoperatively.

However, it is a commonly reported intraoperative
observation that stained ILM can be peeled of more
easily and in larger fragments as compared with the
unstained ILM. On the basis of the present study, we
hypothesize that there are specific tissue dye interactions
that increase the stiffness of ILM, and we conclude that
the observed change in stiffness is a very likely
explanation for the easier removal of ILM after staining.
The effect appears more pronounced when using ICG as

Table 3 Gradients between the dye-specific lightexposed and
unexposed samples

BBL/BB ICG/ICGL
ILM retinal 1.18 +0.02 1.23+0.04
ILM vitreal 0.69£0.05 1.21+0.01

Abbreviations: BB, brilliant blue; BBL, brilliant blue and illumination;
ICG, indocyanine green; ICGL, indocyanine green and illumination.
Except for the gradient of BBL and BB the gradient values are located
around 1.2.

compared with BBG. Interestingly, illumination using a
standard surgical light source did not contribute a
significant effect to even further increase the stiffness of
the tissue. However, except for brilliant blue,
illumination increased the stiffness in all examined
tissues and irrespective of the measured surface in a very
consistent manner by 1.2-fold. Interestingly, the change
of elasticity was more pronounced at the vitreal side
compared with the retinal side. This may be explained by
the presence of collagen remnants adherent to the vitreal
side of the specimens that further increase the stiffening
effect after staining using the dye.

ul
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One may argue that the easier removal after staining is
merely related to the better visualization of the ILM.
Better visualization undoubtedly helps to identify the
ILM and initiate the peeling at the correct plane of
dissection, but does not explain the altered mechanical
properties as such. Alternatively, one may suggest that
the adhesion of the stained ILM is decreased, implying
that there is an alteration of the cleavage plane or some
kind of loosening of the ILM from the underlying nerve
fiber layer as an effect of the dye applied. The issue of the
alteration of the cleavage plane was extensively
discussed in the literature as a possible effect of ICG-
related phototoxicity.!%?° Under the light of the present
study and its results, this hypothesis must be challenged
as BB and ICG reveal quite similar changes concerning
their mechanical properties, and no phototoxicity is
known for BB (see below).

However, the underlying mechanism for the
observations described in the present study remains
hypothetical. Looking at the published literature there
are some studies describing an alteration of the
mechanical properties of the ILM after staining: For ICG,
Wollensak et al.?”?8 reported an increased stiffness of the
ICG-stained ILM following 3 min of illumination of the
stained post-mortem porcine retina, showing a
significant increase in ultimate force by 45% and a
decrease in ultimate elongation by 24%. Interestingly, no
such effect was seen without subsequent illumination,
suggesting a light-dependent process. They, therefore,
concluded that the stiffening effect of ICG combined with
light is related to a photosensitizing effect of ICG by the
formation of a triplet state of the ICG molecule and
reactive oxygen species (type I reaction of
photooxidation).?”?’ Reactive oxygen species then lead to
photooxidative damage of cells and physical cross-
linking of collagen fibers such as the type IV collagen of
the ILM.%728.30 However, in our own experiments using
AFM in fresh human tissue, an increase in stiffness was
seen also for ICG without subsequent illumination
maybe because the specimens were not kept in darkness
as described for Wollensak’s experimental setting.?” It is
widely accepted that the potential toxic effects of
ICG!91181,32 a5 described clinically are very likely related
to photosensitizing properties of ICG as described above
and the decomposition products of the ICG molecule
after illumination.”/%33

Importantly, other additional relevant tissue-dye
interactions seem to have a role as a causative effect for
the increase in tissue stiffness, as increased rigidity was
also seen for BBG in our experiments. In contrast to ICG,
BBG, a triarylmethane dye, has no known
photosensitizing properties. This observation is of
relevance as histological evaluations of ICG-stained ILM
specimens obtained during macular hole surgery
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revealed the striking presence of retinal debris and large
cellular fragments adherent to the retinal surface of the
ILM.'0 As such extensive cellular components had not
been seen before the use of ICG in macular surgery, it
was hypothesized that the presence of cellular material
was the result of an ICG-induced alteration of the
cleavage plane from the retinal surface of the ILM to the
innermost retinal layers.?® Although large retinal cellular
fragments were noted after ICG staining, cellular retinal
fragments in a lesser degree were also seen when ICG
had not been used for staining and fragments appeared
only in areas of folded ILM in specimens obtained during
surgery for epimacular membranes.>* It was suggested
that this observation may be related to the increased
rigidity of a multilayered structure such as an epimacular
membrane compared with the bare ILM, and the
presence of retinal debris was interpreted as the result of
a mechanical trauma during peeling.3* The presence of
sub-ILM changes in terms of cellular fragments was
confirmed by a recent study by Hiscott and colleagues®
suggesting that the plane of separation during ILM
peeling for epiretinal membrane surgery may be altered.
They concluded that this alteration was not related to the
use of the dye, but should be interpreted as a result of the
ERM formation or of the ERM-inducing pathology such
as the modulation of GFAP within Miiller cells or the
continuity between components of epimacular
membranes and the retina through pores of the ILM,
which may increase the adhesion forces between these
cells and the ILM.3>% In addition, one may hypothesize
that an epiretinal membrane, which is peeled off along

5

with the underlying ILM, is stiffer compared with the
ILM alone as removed during macular hole surgery.
However, when taking together the described cellular
interactions and our observations of increased rigidity in
the stained ILM, regardless which dye is used, it is quite
comprehensible that there is an increased likelihood to
alter the cleavage plane during vitreoretinal surgeries
both for epimacular membranes and macular holes to the
inner retinal layers, because the rigidity is altered either
by the presence of epimacular tissue or by the use of
certain vital dyes.

The present investigation has some limitations. One
needs to consider that AFM provides measurements of
the surface of the tissue with a limited penetration. It is
known that both ICG and BB do not penetrate the ILM,
the staining effect is limited to the tissue surface.
Therefore, a stiffening effect as measured by AFM might
be more pronounced at the surface of the stained tissue.
In addition, AFM measurements as performed herein do
not represent direct measurements of the changes of the
tensile strength of the ILM. Nevertheless, as the ILM
represents an irregularly structured meshwork of various
fibers, one may transfer our findings and conclude that



an increase in the stiffness measured at the surface
correlates to an increase in the tensile strength, which
would not hold for regularly structured tissues.

Against the background of the present study, it will be
interesting to evaluate potential influences of different
dye concentrations and exposure times. In addition,
potential effects of age or sex of the patients as well as of
other underlying diseases may be evaluated in a larger
sample size.
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