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Purpose: High frequency of cataracts and the requirements of new European Union
regulations for medical devices require the availability of preclinical models to
adequately evaluate anterior lens capsule dyes before their use in patients. Herein, we
describe an ex vivo method to quantifiably evaluate the macroscopic and microscopic
staining effectiveness of anterior lens capsule dyes using porcine eyes.

Methods: Commercially available trypan blue-based products or physiological saline
solution (negative control) was injected into porcine eyes. Anterior pole and lens (after
extraction) were macroscopically photographed, and the images were quantitatively
analyzed. Lenses were histologically processed, and the staining intensity microscopi-
cally was semiquantified.

Results: Macroscopic evaluation of the anterior pole revealed bluish staining of the
anterior capsule; however, this coloring cannot be macroscopically discerned after lens
extraction. Quantitative image analyses showed significant (P < 0.01) staining of the lens
capsule compared to the negative control, but not significant (P > 0.05) between the
products tested. Quantitative analysis of dying on lens images could not be performed.
Microscopic semiquantification of the capsule staining intensity allows us to appreciate
differences between products.

Conclusions: The described method is a quick and useful tool for macroscopic evalu-
ation by surgeons to choose an anterior capsule staining for use during everyday
surgeries, and a more specific microscopic evaluation also allows us to determine the
effectiveness and usefulness of these products.

Translational Relevance: This method satisfies preclinical effectiveness evaluations
required by European Union regulations and complements the safety and toxicity evalu-
ations that new products must guarantee before they enter the market and are used in
clinical practice.

increases the risk of complications at this surgical step,
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Introduction

Adequate capsulorrhexis is a critical step in cataract
surgery.! Thus visualization of the capsular flap is criti-
cal in many scenarios, such as in cases with mature
cataracts with no red fundus reflex, cases of hemoph-
thalmia, traumatic cataracts, cataracts with a white or
opalescent cortex, and cataracts in eyes with corneal
opacities.! > Moreover, poor capsular visualization
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including radial capsular tears, vitreous loss, or disloca-
tion of the intraocular lens.” Therefore one of the most
important innovations over the past years has been the
use of vital dyes to enhance anterior capsule visualiza-
tion.*

Anterior lens capsule dyes should be sterile and
biocompatible ophthalmic solutions for intraocular
use. The ideal vital stain would have several charac-
teristics, with the most important being its safety for

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License. @. BY _NC_ND

Downloaded from tvst.arvojournals.org on 03/18/2022


mailto:ifernandezb@ioba.med.uva.es
https://doi.org/10.1167/tvst.10.14.17
http://creativecommons.org/licenses/by-nc-nd/4.0/

translational vision science & technology

Ex-Vivo Method to Evaluate Lens Capsule Dyes

intraocular use. The stain also should reliably and
selectively stain the anterior capsule and be able to
be removed quickly from the eye to avoid potential
adverse effects if the contact time is longer than what
is necessary for the intervention. However, a suitable
absorption profile may maximize the visualization of
the stained tissue, which sometimes creates problems
with potential tissue toxicity.’

Considering the high frequency of cataracts, the
World Health Organization estimates that cataracts
will develop in about 40 million people by 2025,°> and
continuous improvements in the intraocular dyes such
as the ones used in the anterior capsule ex vivo methods
to evaluate the staining effectiveness (efficacy) become
highly relevant. Although previous studies have evalu-
ated the staining ability of different dyes for use in
the anterior capsule,® ® none have described an ex vivo
standardized method that includes quantifiable evalua-
tion of the macroscopic and microscopic staining effec-
tiveness, which also complies with the requirements of
the new European Union (EU) regulations for medical
devices, as we described here.

Materials and Methods

Staining Procedure of the Anterior Lens
Capsule

Porcine eyeballs (n = 15) were collected at a local
slaughterhouse (Valladolid, Spain) from six- to 8-
month-old castrated white pig breeds and transferred
to the experimental operating room in refrigerated
Dulbecco’s modified Eagle medium (Gibco, Thermo
Fisher Scientific, Waltham, MA, USA). The eyes
were submerged in povidone-iodine solution (MEDA
Pharma SAU, Madrid, Spain) for five minutes and
washed in Dulbecco’s modified Eagle medium for
five minutes. The remaining extraocular tissues were
removed using Westcott scissors (John Weiss, Milton
Keynes, UK), and the eyeball was placed on an eye
support pad (Phillips Studio Ltd., Bristol, UK) and
fixed with pins. Each eye was carefully evaluated under
a surgical microscope (Leica M220 F12 Surgical; Leica
Microsystems, Wetzlar, Germany) to rule out possible
ocular alterations, mainly lens opacity, that could inter-
fere with the study.

Two commercially available lens capsule staining
products (purified 0.06% trypan blue-based) were
used, AJL Blue (AJL Ophthalmic S.A., Mifano, Spain)
and Vision Blue (D.O.R.C., Zuidland, The Nether-
lands), a considered reference in clinical use and thus
used as the positive control. A 30-gauge (G) cannula
(Becton Dickinson, Franklin Lakes, NJ, USA) was
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connected to the syringe containing the intraocular
dye, and the plunger was pushed out gently to facilitate
the emergence of a small amount of product.

To avoid potential significant interference, the
intraocular stains and their application in the porcine
eyes were randomized using the Research Randomizer
(www.randomizer.org).

A modified version of the under-air staining
technique for the anterior capsule was applied.’-!°
A clear corneal incision was made using a 2.75-mm
angled corneal knife (Alcon, Fort, Worth, TX, USA)
under observation using a Leica M220 F12 surgical
microscope. Using a 25-G cannula connected to a 5
mL syringe (both from Becton Dickinson), a large air
bubble was injected through the incision and into the
anterior chamber to clear the aqueous humor. The 30-
G cannula connected to the anterior lens capsule stain-
ing syringe was inserted into the anterior chamber until
the tip penetrated the air bubble and reached the center
of the pupil so that the cannula was just between the
anterior capsule and posterior corneal surface. At this
location, the trypan blue-based dye was injected gently,
and 0.05 mL were applied over the anterior capsule.
The needle was removed, and the stain was left for 30
seconds. The remaining dye was removed by washing
the anterior chamber with about 2 mL of physiological
saline solution (PSS; B. Braun Medical SA, Barcelona,
Spain). PSS instead of the intraocular dye was injected
using the same procedure in five eyes and served as a
negative control.

For macroscopic evaluation of the effectiveness
of surface staining of the anterior lens capsule, the
anterior pole was photographed with the Leica M220
F12 and standardized microscope settings (fixed illumi-
nation, zoom, retroillumination). The cornea was
dissected with Wescott scissors, and the lens was
extracted with a lens removal cannula (John Weiss).
Then the lens was photographed with the Leica M220
F12 using standardized microscope settings. Finally,
the lens was submerged in 10% formaldehyde (PanReac
AppliChem, Darmstadt, Germany), for a minimum
of 24 hours, for histologic processing and microscopic
evaluation.

Macroscopic Evaluation

The anterior pole and lens images were analyzed
using ImageJ software (version 1.53a; National Insti-
tute of Health, Bethesda, MD, USA), following a
previously described method.!! Thus color images
were transformed to grayscale. The background in the
channel of interest corresponding to the dye visual-
ized in blue was subtracted, using the threshold value
obtained from the negative controls (PSS). This value
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was applied to all images in the experiment. Finally, the
mean values of the gray areas were measured in the
corresponding channel and assigned as arbitrary units.

Microscopic Evaluation

After fixation, the lenses were cross-sectioned,
processed by a HISTO-PRO 200 automatic tissue
processor (Histo-Line Laboratories, Milan, Italy), and
embedded in Paraplast-Plus paraffin (Merck KGaA,
Darmstadt, Germany). Serial cuts 4 pum thick were
made at different levels with a Microm HM340E micro-
tome (Thermo Fisher Scientific), and the sections were
stained with hematoxylin and eosin (Merck KGaA).
The samples were examined and photographed by a
Leica DM4000B light microscope equipped with a
Leica DFC490 digital camera (Leica Microsystems).
Finally, a comparative analysis of the acquired micro-
scopic images was performed. Thus the staining inten-
sity was semiquantified according to the following scale
previously described’: no staining (negative control),
baseline (positive control), less intense than baseline, or
more intense than baseline.

Data Collection and Statistical Analysis

The generated data were collected in laboratory
notebooks and databases created with Microsoft
Office Excel 2016 software (Microsoft Corpora-
tion, Redmond, CA, USA). Quantitative variables
were expressed as the mean + standard deviation.
The distribution of variables was analyzed using
the Kolmogorov-Smirnov test. One-way analysis of
variance was used to determine differences between
quantitative variables. The statistical analyses were
performed using SPSS software (version 24.0; IBM
Corporation, Foster City, CA, USA), and P < 0.05
was considered statistically significant. Brightness and
contrast of the images were minimally adjusted, and
the final figures were composed with Pixelmator 3.8.2
Phoenix (Pixelmator Team, Vilnius, Lithuania).

Staining Procedure of the Anterior Lens
Capsule

None of the pig eyes presented notable ocular alter-
ations and all presented a perfectly transparent lens.
During the injection of the trypan blue-based dyes into
the porcine eyes (Fig. 1), no significant differences were
observed regarding the injection process, permanence
in the anterior chamber, and surface staining effec-
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Figure 1. Anterior capsule staining with trypan blue-based
products using a modified version of the under-air staining
technique. (A) A clear corneal incision with a 2.75 mm angled knife;
(B) a large air bubble injected into the anterior chamber to push
out the aqueous humor; (C) dye gently injected at the center of the
anterior chamber between the anterior capsule and the posterior
corneal surface; (D) dye left 30 seconds; (E) remaining dye removed
by washing the anterior chamber with PSS; and (F) lens anterior
capsule final staining.

Figure2. Macroscopic evaluation of the anterior pole after anterior
capsule staining with trypan blue-based products. Commercially
available products (A&B), including a reference in clinical use as the
positive control (B) and PSS (C) as the negative control. The presence
of a bluish stain is seen clearly on the anterior capsule (A&B).

tiveness between the evaluated samples (AJL-Blue and
Vision Blue). See Supplementary Video S1 for anterior
capsule staining with trypan blue-based products in
porcine eyes performance.

Macroscopic Evaluation

Macroscopic evaluation of the anterior pole after
anterior capsule staining with trypan blue-based
products clearly showed the presence of a bluish stain-
ing of the anterior capsule (Figs. 2A—C). However, the
presence of this bluish stain cannot be discerned on
the anterior capsule after corneal dissection and lens
extraction (Figs. 3A-C).

Quantitative analyses of the macroscopic stain-
ing effectiveness in the anterior pole images, includ-
ing the cornea, anterior chamber, and lens, can be
performed easily (user level) with the ImagelJ software,
a public domain image processing software that has
become an important tool for measuring bioimages.'?
Image analyses showed significant (all cases, P < 0.01)
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Table. Quantification of the Macroscopic Staining Effectiveness in Anterior Pole Images Using ImageJ Software

Test item Macroscopic Staining (Mean =+ SD) PValue

AJL Blue 16.42 +2.80 A.U. =0.932
Vision Blue 17.27 £3.65A.U.

PSS 0.1£0.1TAU. vs. AJL Blue = 0.001

vs. Vision Blue < 0.001

SD, standard deviation; A.U., arbitrary units.

Figure 3. Macroscopic evaluation of the lens after anterior capsule
staining with trypan blue-based products. Commercially available
products (A&B), including a reference in clinical use as the positive
control (B) and PSS (C) as the negative control. The presence of stain-
ing cannot be discerned on the anterior capsule after extraction of
the lens (A&B).

staining of the anterior lens capsule compared to the
negative control (PSS) (Fig. 2, Table). No significant
differences (all cases, P > 0.05) between the stains
tested were seen (Table 1). Nevertheless, the images of
the lens after extraction could not be evaluated with
this software because the presence/absence of dye could
not be discerned by this computer tool.

Microscopic Evaluation

Microscopic evaluation of the porcine lens by
histologic examination after hematoxylin and eosin
counterstaining allowed clear differentiation of the lens
capsule, lens epithelium, and lens fibers. Since PSS
(negative control) is defined as “no staining” and the
reference product as “baseline,” the other tested dye
showed a staining degree that was more intense than
baseline (Fig. 4).

Anterior lens capsule stains are ophthalmic
solutions for intraocular use that facilitate visual-
ization of the capsule flap in cataract surgeries. The
ideal vital stain to enhance the anterior capsule visual-
ization must be safe and effective for intraocular use.
Therefore, the stain should be able to stain the anterior
capsule reliably and selectively without damaging the
surrounding tissues. Safety assessment of medical
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Figure 4. Microscopic evaluation of the porcine lens stained
with trypan blue-based products. Commercially available products
(A&B), including a reference in clinical use as the positive control
(B) and PSS (C) as the negative control. Semiquantification of the
capsule staining intensity was determined, with PSS defined as no
staining and the gold standard product as the baseline. The other
tested product showed a degree of staining more intense than the
baseline. The arrows indicate the lens anterior capsule. Scale bar:
25 um. LG, lens capsule; LE, lens epithelium; LF, lens fibers.

devices is included in the UNE-EN ISO 10993 and
there are currently several in vitro models for the evalu-
ation of intraocular vital dyes.'>"!> Furthermore, the
new EU regulations for medical devices, EU directives
2017/745 and 2017/746, require scientific proof of the
product’s efficacy and mode of action and verification
and validation studies of its effectiveness through
preclinical and clinical data. Thus considering the EU
regulations, the high frequency of cataracts, and the
continuous improvement of the intraocular dyes, we
described a new preclinical method to quantifiably
evaluate the staining effectiveness of anterior lens
capsule dyes in porcine eyes ex vivo.

The modified version of the under-air staining
technique of the anterior chamber described here
was simple, cost-effective, and achieved consistent,
uniform, and reproducible staining in porcine eyes
ex-vivo. Porcine eyes are specifically chosen for ex-vivo
experiments because of availability, low price, and size
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similar to human eyes, and differ only in the greater
corneal thickness and tissue hardness, which facilitates
the performance of surgical procedures.'®-!” Further-
more, porcine eyes share many similarities with human
eyes in the morphology and physiology of the anterior
chamber.'®!® The under-air staining technique,’-'°
during which viscoelastic substances were not used,
prevents the air from exiting during dye injection
and results in increased anterior chamber stability.
Moreover, this technique allows selective staining of
the anterior capsule and avoids excessive dye build-up
in the anterior chamber.’

The first approach, macroscopic evaluation of the
anterior pole, resembles the surgeon’s view of a
patient’s surgical procedure, with the presence of the
cornea, anterior chamber, and anterior surface of
the lens, and therefore it is more similar to actual clini-
cal practice. Thus the current results indicated that the
staining effectiveness of the tested dyes using macro-
scopic images of the anterior pole can be assessed.
Nevertheless, macroscopic evaluation of the lens after
extraction could not be assessed by the described image
processing protocol. The first step when analyzing and
quantifying the color intensity by image processing
software is separating the color layers in the images
(split channels). The low intensity of blue detected by
the software compared with the rest of the image in
the extracted lens images did not allow the program to
adequately split channels and thus measure the stain-
ing effectiveness of the anterior capsule dyes. Further-
more, it is also noteworthy that the bluish staining
was not discernible under the surgical microscope after
lens extraction. Concerning these findings, we have
evaluated anterior capsule staining after dissection
and removal of the cornea, showing macroscopically
a bluish staining and statistically significant staining
compared to the negative control on ImageJ analy-
sis (data not shown). Thus we discard any remain-
ing dye in the anterior chamber (excess staining was
removed with abundant PSS) nor potential staining
of the corneal endothelium (no bluish coloration was
detected in the cornea during its dissection) as the
origin of the bluish staining observed in the whole eye
and not discerned in the lens. Furthermore, studies
in humans have shown that under routine use trypan
blue remains in the anterior chamber, it does not stain
the corneal endothelium.!” In our opinion, positioning
the lens flat on a light background does not provide
images with enough contrast for the image process-
ing software to discern the blue channel. Nevertheless,
for future experiments, we propose transillumination
and advanced image capture techniques to reveal lens
staining and that allows us to measure and analyze
quantitatively.
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The second approach, microscopic evaluation of
the porcine lens, allows clear differentiation of the
lens histologic structure. Although the thickness of the
porcine anterior lens capsule is thinner than that in
humans,?’-?! semiquantification of the capsule stain-
ing intensity can be determined. Thus our current
results indicate that an effectiveness score, such as that
previously described by Wilinska et al. (2019),” can be
assigned to the tested dyes using microscopic studies of
the lens.

In conclusion, the lens anterior capsule staining
ability of intraocular dyes can be determined easily
in an ex vivo standardized method in porcine eyes.
Macroscopic evaluation can be a quick and useful
method for surgeons to choose a product for use
during everyday surgeries, and a more specific micro-
scopic evaluation determines the actual effectiveness
and usefulness of new products. Further, the method
described satisfies the effectiveness evaluations required
by the EU regulations on medical devices (EU 2017/745
and 2017/746 directives) and complements the appro-
priate safety and toxicity evaluations that new products
must satisfy before they become commercially avail-
able.
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