tvst

Correspondence: Brian J.F. Wong,
University of California, Irvine, 1002
Health Sciences Rd, Irvine, CA 92612,
USA. e-mail: bjwong@uci.edu

Received: July 15, 2021
Accepted: December 17,2021
Published: January 21, 2022

Keywords: alkaline injury; corneal
clearing; potential-driven
electrochemical treatment; optical
coherence tomography; second
harmonic generation

Citation: Dilley KK, Borden PA, Qu Y,
Heidari AE, Prasad KR, Li Y, Sun CH,
Chen Z, Kim S, Hill MG, Wong BJF.
Potential-driven electrochemical
clearing of ex vivo alkaline corneal
injuries. Transl Vis Sci Technol.
2022;11(1):32,
https://doi.org/10.1167/tvst.11.1.32

Introduction

Corneal chemical injuries (CCI) make up between
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Purpose: Corneal chemical injuries (CCl) obscure vision by opacifying the cornea;
however, current treatments may not fully restore clarity. Here, we investigated
potential-driven electrochemical treatment (P-ECT) to restore clarity after alkaline-
based CCl in ex vivo rabbit corneas and examined collagen fiber orientation changes
using second harmonic generation (SHG).

Methods: NaOH was applied to the corneas of intact New Zealand white rabbit globes.
P-ECT was performed on the opacified cornea while optical coherence tomography
(OCT) imaging (~35 frames per second) was simultaneously performed. SHG imaging
evaluated collagen fiber structure before NaOH application and after P-ECT. Irrigation
with water served as a control.

Results: P-ECT restored local optical clarity after NaOH exposure. OCT imaging shows
both progression of NaOH injury and the restoration of clarity in real time. Analysis
of SHG z-stack images show that collagen fibril orientation is similar between control,
NaOH-damaged, and post-P-ECT corneas. NaOH-injured corneas flushed with water (15
minutes) show no restoration of clarity.

Conclusions: P-ECT may be a means to correct alkaline CCI. Collagen fibril orientation
does not change after NaOH exposure or P-ECT, suggesting that no irreversible matrix
level fiber changes occur. Further studies are required to determine the mechanism
for corneal clearing and to ascertain the optimal electrical dosimetry parameters and
electrode designs.

Translational Relevance: Our findings suggest that P-ECT is a potentially effective, low-
cost treatment for alkaline CCl.

corneal chemical injury, physicians often use topical
prednisolone acetate and broad-spectrum antibiotics
to treat inflammation and potential bacterial infec-
tion.> Unfortunately, 4.1% of patients with severe
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11% to 22% of all ocular injuries.! Currently, CCI
are treated by flushing the eye with fluids to remove
the chemical irritant and restore physiological pH.
For mild cases, simply flushing the eye continuously
with water for 20 minutes immediately after injury
can greatly improve outcomes.” In moderate cases of
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chemical burns must undergo corneal transplantation
to remove necrotic tissue and to restore vision.* Many
high-grade corneal transplant patients, on recovery,
suffer from glaucoma, hypotony, and cataracts when
their cornea heals, which results in vision compromise.’
Hence, there exists a need for additional methods to
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potentially reduce the severity of CCI early on and
reduce the progression of injury to where transplanta-
tion is the only option.

Direct corneal surface electrolysis has been used to
correct corneal and subepithelial opacities that formed
after lamellar keratoplasty and penetrating kerato-
plasty, respectively.®” Opacities were cleared by placing
an anode and NaCl-soaked gauze on the patient’s
forehead, while a flat cathode was placed on the
corneal deposits; although the cornea was continuously
irrigated with saline solution, an electrolyzing voltage
was applied, producing hydrogen gas and hydroxide
at the cathode. This allowed for the controlled break-
down of the corneal deposits, which resulted in a
cleared cornea. Here we expand the use of tissue
electrochemistry using potential-driven electrochemi-
cal corneal clearing (P-ECC) and aim to treat alkaline
injury via the selective and controlled production of
acid at the corneal surface to reverse base-induced CCI.

The concept of exploiting reduction-oxidation
chemical reactions in situ to alter tissue biophysi-
cal properties was first presented in 2003, and exten-
sive work was focused on using this technology,
termed electromechanical reshaping, in the alteration
of cartilage structure.® Other tissues may undergo
similar transformations using either contact or needle
electrodes in which a potential may be applied, leading
to water hydrolysis, local acid and base production, and
subsequent changes in tissue macromolecular struc-
ture. In cartilage this leads to shape change; in tendon
this leads to shape change, as well as changes in Young’s
modulus; in skin matrix collagen structure is altered;
and in fat adipocyte cell membranes are lysed, and
triglycerides are saponified.” >’

The need for altering the shape in various structures
of the human body is limited to aesthetic features of the
face and in tendon, ligament, and fat. Corneal modifi-
cation could also be potentially important; however,
there is an additional challenge that optical clarity must
be maintained. Here, we examine the change in corneal
thickness measured through optical coherence tomog-
raphy (OCT) after the most common type of CCI is
emulated, base injury, and electrochemical correction
through P-ECC in rabbit cornea and examine colla-
gen fibril orientation using second harmonic genera-
tion (SHG).3* 32

Extraction and use of Specimen

Intact eye globes were extracted from the crania
of New Zealand white rabbits euthanized under other
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UC Irvine IACUC protocols. Globes were extracted
within three hours of euthanization and placed in
sterile saline solution at room temperature; experi-
ments began within two hours.

SHG and Collagen Fibril Analysis

SHG was performed on native tissue before and
after P-ECC treatment. These images served as
controls for corneal structure and for identifying any
existing superficial corneal injuries caused by scratches
either before euthanasia or from the instrumentation,
extraction, or transport. The globe was placed cornea
facing downward into a transparent cell culture dish
containing saline solution-soaked pieces of sponge
for stabilization. The entire assembly was positioned
on the viewing platform of an inverted Zeiss LSM
510 Meta Confocal Microscope (Zeiss, Oberkochen,
Germany),and images were recorded using an excita-
tion wavelength of 920 nm. SHG z-stacks (900 um x
900 um), taken of an average thickness of 150 um with
10 um/step, were processed through F1JI open source
imaging software using the OrientationJ plugin.®?
This plugin characterizes the orientation and isotropy
properties of the collagen in the image by evaluat-
ing the gradient structure tensor of the local neigh-
borhood of the selected image, and orientation angles
may range from —90° to +90°. MATLAB was then
used to center the data through an artificially gener-
ated 0°. The data were normalized against the lowest
observed frequencies; the number of occurrences were
converted into normalized decimal numbers ranging
from 0 to 1, allowing direct comparison between all
datasets. To accommodate for the potential changes
in the cornea placement during the two imaging
sessions, additional analysis isolating a region of inter-
est (ROI) by stacking the concentric tile images to
identify a reference area was performed to directly
compare the z-stacks of the control and treated corneal
centers.

OCT and Potential-driven Electrochemical
Therapy (P-ECT)

OCT was used to image the tissue before treat-
ment, as well as during chemical injury and subse-
quent potential-driven electrochemical therapy.’** A
spectral domain OCT imaging device was used to
capture three-dimensional structures with a lateral
resolution of 11.78 um and axial resolution of 3.5 um;
it acquired single-plane dynamic B-Scan images each
comprised of 1000 a-lines distributed across a 6 mm
cross-section.*® The region surrounding the treatment
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Figure 1. Experimental setup for ECT while OCT is running continuously during treatment. (A) Digital picture and (B) drawn diagram of
the layout.

electrode was imaged to sufficiently visualize the effect
of the acid on the cornea. A total of approximately
45,000 images were acquired spanning the entirety of
the experiment from baseline (native state) to base
injury and finally to the electrochemical clearing of the
cornea.

Saline solution—-soaked blotter paper was placed
along the concave portion of a customized silicone jig
to help preserve moisture and aid in positioning. The
globe was then placed cornea side up in the jig and
was then transferred into a clear container placed on
a Y-axis adjustable stage to allow for beam positioning
(Fig. 1A). OCT was performed continuously through-
out each experiment to visualize stromal damage and
corneal clearing.

Three platinum electrodes were used to perform
P-ECC. The working electrode was laid flat, directly
across the center of the cornea. The counter electrode
was inserted between the eye and the hollow of the
concave portion of the jig. The reference electrode was
placed in close proximity to the working electrode in
contact with the cornea (Fig. 1B). The P-ECT system
parameters were set to run the specified voltage for
each experiment; for control experiments, no voltage
was applied to the corneal surface. The sample had
1.5 mL of 10 M NaOH pipetted onto the surface
to simulate deep stromal alkaline damage. Exposure
to the base lasted for approximately 60 seconds. The
damaged cornea was flushed with room-temperature
tap water and continued to be rinsed using a pipette for
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10 minutes to simulate commonly directed treatment.
A set of samples was set aside after NaOH exposure
and flushing as the negative control group for compar-
ison.

Using the P-ECT system (Model 650, CH instru-
ments, Inc.), bulk electrolysis was performed at 1.5 to
2V for approximately 10 to 15 minutes or until the
cleared region reached the edges of the monitor in the
OCT image. These samples (NaOH-damaged + ECT-
treated) were used as the experimental group against
the control and negative control samples. SHG was
performed to determine the structure of collagen after
damage, ECT, or both. The treated eyes were then fixed
in 10% formalin, and data analysis was performed on
the OCT and SHG images. Corneal thickness analy-
sis on the OCT images was completed through FIJI,
and collagen alignment was analyzed using the Orien-
tationJ plug-in and MATLAB.

Measuring Corneal pH

A separate set of eyes was used for pH trials,
which were done to visualize the pH impact of P-ECC.
This set of eyes includes an undamaged eye, NaOH
damaged eye, NaOH damaged and flushed eye, and
NaOH damaged and P-ECT treated eye. One drop of
Hydrion pH indicator solution was administered to
each eye. The color on the cornea was matched to the
indicator chart to determine the pH.
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A

Figure 2. Optical images of the rabbit cornea (A) before and (B)
after NaOH damage. Rabbit cornea opacity (C) before and (D) after
NaOH damage and P-ECT treatment.

Digital Photography of the Cornea and pH
Measurements

Digital images of the native cornea show optical
clarity with no obvious defects or deformities as
expected (Figs. 2A, 2C). After application of the
NaOH solution, opacification readily occurs and is
consistent with a Hughes classification grade III/IV
injury (Fig. 2B). Such an injury would generally require
surgical treatment (e.g., transplant).’ After P-ECT,
optical clarity is restored in the region immediately
adjacent to the anode electrode (Fig. 2D).

Figure 3A depicts healthy native cornea, and Figure
3B indicates that native cornea has an approximately
neutral pH (yellow/green). NaOH damage, even after
flushing with water, resulted in a basic pH (dark blue)
(Figs. 3C, 3D, respectively). P-ECT treatment restored
approximately neutral pH to the treated region (Fig.
3F), when compared to the middle of the cornea
in Figure 3B.

OCT Imaging, Corneal Thickness, and the
Effect of P-ECT

OCT images of native cornea reveal a relatively
thin and gently curved structure on cross-section (Fig.
4A). The working electrode is indicated by arrows
in Figure 1B at the central corneal surface. The
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Figure 3. Images of pH trials on rabbit cornea: (A) Undyed native
cornea, (B) dyed native cornea, (C) dyed NaOH-damaged cornea,
(D) dyed NaOH-damaged and water-flushed cornea, (E) dyed NaOH-
damaged and P-ECT-treated cornea, and (F) close up of P-ECT-
treated region. A color scale indicating the corresponding pH is on
the right.

Figure 4. Optical images obtained via OCT showing the eye
(A) undamaged (control), (B) immediately after NaOH damage,
(€) after NaOH damage and flushing, (D) during the beginning of P-
ECT clearing, (E) in the middle of P-ECT clearing, and (F) at the end
of P-ECT clearing.

addition of NaOH creates immediate corneal injury,
and OCT reveals thickening and increased scattering
(white signal intensity) seen in Figure 4B. When P-
ECT is then performed in the damage zone, OCT
shows reversal of localized swelling and the return



translational vision science & technology

Electrochemical Clearing of Corneal Injuries

of optical clarity (Figs. 4C-F). The overall series of
images demonstrate the clearing initially occurs where
the working electrode is placed; it continues along the
cornea via a ripple effect (see Supplementary Video S1).
During clearing, gas bubbles (hydrogen) can be seen as
soon as P-ECT begins at the working electrode. Thick-
ness calculated from the captured OCT image (Fig. 4C)
was 354.7 um, which is an increase of 130.7 um from the
baseline of 224 pm seen in Figure 4A. After P-ECT, a
corneal thickness of 319 um measured in Figure 4F, a
35.7 um reduction from Figure 4C.

SHG Imaging, Collagen Signal Intensity, and
Fibril Alignment

SHG images of a healthy cornea exhibit a bright
blue signal, showing that there is an abundance of
collagen fibers (Figs. 5A, 5E). Small regions of low
signal intensity were observed on some images and
likely were due to injury produced from maneuvers
associated with removing the eye from the rabbit and
other preparatory steps in vivisection. An alkaline
injury eliminated the SHG signal across the surface
because significantly less collagen signal was detected.
Absence of SHG signal (blue) indicates that structure
of the collagen fibers has been disrupted. P-ECT treat-
ment after NaOH damage resulted in the return of
SHG signal in the region where bulk electrolysis was
performed. The edges of the cornea, where diffusion
of agents may have been inadequate, show little or no
return of the collagen SHG signal.

SHG z-stacks (900 um x 900 um) imaged at the
center of the cornea were acquired for the control,
NaOH-damaged, and NaOH-damaged + P-ECT-
treated eyes. These were then analyzed to determine
the collagen fibril orientations throughout all imaged
layers. The resulting histograms seen in Figure 5
demonstrate that the collagen fiber orientation retains
a Gaussian distribution for all conditions at a depth
of 150 pum from the cornea surface. For example, the
introduction of NaOH minimally affected the cornea
by increasing the preferred mean collagen orienta-
tion angle by approximately 2.13°, as well as increas-
ing the standard deviation for the directionality by
about 1.77° from the control sample. After the control
eye received NaOH damage + P-ECT treatment, the
standard deviation of directionality was nearly the
same whereas the preferred mean collagen orienta-
tion angle decreased by 3.93°. Furthermore, depth-
resolved orientation analysis shows that although colla-
gen directionality decreased overall throughout the
thickness of the cornea for the NaOH-damaged +
P-ECT-treated samples, a major shift in fibril orien-
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tation was not seen (Fig. 6). These results indicate
that the cornea’s collagen organization and alignment
are minimally affected by the introduction of NaOH
and acid generated from the ECT treatment. There-
fore collagen organization is likely not directly respon-
sible for the optical change accompanying the clearing
process. A summary of these degree comparisons can
be seen in the Table.

Additional image analysis was performed to confirm
the modest changes in collagen orientation between
the control and treated samples observed in z-stack
analysis. Tiled SHG images (Fig. 7) were acquired of
the entire corneal surface before and after the experi-
mental interventions. These tiled images were overlaid
and positioned to ensure the selected region of inter-
est z-stacks acquired at the center were in registra-
tion. Through the FIJI plugin OrientationJ, a function
called Measure was used for processing to determine
the ROI’s coherency coefficient (Table) for the differ-
ent experimental protocols. OrientationJ indicates that
an ROl is highly organized in a preferred orientation if
the calculated coefficient is close to 1.>” The negative
control sample of NaOH experienced no change in
its tissue’s coherency against the control cornea and
showed no preferred orientation. The NaOH-damaged
+ P-ECT sample did have a decreased coherency coeffi-
cient against the control cornea by 0.1, but this value
does not show a significant change in preferred orien-
tation of the collagen fibers.

Discussion

This study suggests that P-ECT may clear the
cornea after acute alkaline CCI, and the process does
not alter cornea structure at the level of the constituent
collagen molecules. Signal intensity for collagen in
the SHG images decreased after exposure to NaOH
and then returned after the P-ECT clearing process.
Minute changes of collagen fibril’s orientation was
observed, but the effect is very small. Minimal differ-
ence between fibril orientations in control (native),
negative control (NaOH-damaged only), and exper-
imental sample (NaOH-damaged + P-ECT) fibril
orientations suggests that the collagen organization in
the matrix is not the critical mechanism for corneal
opacity (or clearing) in this injury model.

A potential mechanism for corneal opacity is linked
to the correction of the pH gradient imbalance created
by an alkaline injury, because alkaline solutions are
lipophilic and easily penetrate the cornea.* Traditional
treatment of alkaline injuries is irrigation of the eye
with water or a saline solution to normalize the pH
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corneas (red line) compared with its control (blue line). Data analysis was also performed on NaOH-damaged + P-ECT-treated tissues
(D, E, F). Results show there is no significant pattern determined between the control, NaOH-damaged, and NaOH-damaged + P-ECT-

treated corneas because orientation appears to be randomized throughout the imaged corneal thickness.

Table. Comparison of Collagen Orientation (Means, Standard Deviation, and Coherency)

Collagen Collagen Orientation
Protocol Orientation Mean Standard Deviation Coherency
Control® —0.85856° 32.6435° 0.033
NaOH" 1.267° 34.422° 0.033
Control 2.8682° 32.3195° 0.048
NaOH + P-ECT' —1.0707° 32.7106° 0.038

Comparison of collagen orientation in SHG images taken at 150 um depth of control and experimental corneas analyzed
through ImageJ for collagen fibril orientation mean and standard deviation.

“Pvalue = 0.29 (one-way ANOVA).
TP value = 1.32e-05 (one-way ANOVA).

and remove particulates. However, irrigation of the
eye may not normalize pH changes within the stroma,
and in fact overirrigation may result in corneal edema.
Immediate swelling of the cornea during alkaline injury
is evident during the analysis of the collected OCT
data as an increase in thickness of approximately
130 um. Figure 8 is a schematic representation of the
changes that may occur in the collagen, with swelling
but overall preservation of structural and orientation
at the tertiary level. The change in thickness may
contribute to the opacity of the cornea as the tissue
swells, increasing scatter as light passes through the
swollen tissue.
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To potentially address corneal opacity resulting
from relatively acute alkaline injury, P-ECT can be
used to normalize pH as the anode is used as the
working electrode, resulting in local acid production
from the electrolysis of water. As the water is split,
the swelling of the collagen fibrils decreases around
the electrode, which is seen in OCT imaging from
Figures 4C to 4E where the area adjacent to the anode
contracts by 35.7 microns. The electrolysis of base
and acid at the anode and cathode sites results in
the production of water molecules which leads to a
decrease in interstitial ionic strength and osmosis out
of the stroma. This process is spatially selective and a
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Figure7. Overlay of SHG-imaged control corneas with (A) NaOH-damaged and (B) NaOH-damaged + P-ECT-treated corneas. Area of post-
NaOH damaged cornea is significantly smaller than the control because of the rigidity of the tissue after exposure, resulting in less surface

area of the cornea coming into contact with the microscope slide.
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Figure 8. Schematic illustration representing the swelling of the collagen fibers after alkaline injury of the cornea.

function of the electrode field geometry and diffusion
over a relatively small spatial scale. The field geometry
is in turn dictated by electrode design and the applied
potential. Prudent electrode design may yield a clini-
cally relevant device that could easily be used by physi-
cians and healthcare extenders such as paramedics and
nurse practitioners at the point of care in industrial
accidents. P-ECT has been previously used to reshape
cargiglage and modify the microstructure of skin and
fat.

This potential process is rapid and minimally
invasive because voltage is applied from 5 to 20
minutes using electrodes placed on the tissue’s surface
to address the region of interest. P-ECT is a low-
cost technology because electrodes are inexpensive and
could be accomplished with a DC power source (watch
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battery) or with modest cost and complexity, an opera-
tion amplifier circuit (~$1.00).

A limitation of this pilot study is that analysis was
performed using exclusively OCT and SHG imaging.
These imaging techniques are structural, resolving
anatomy at different spatial scales and rely on differ-
ent means of endogenous contrast. SHG does have
intrinsic limitations, mainly how data are registered.
Additionally, imprecise registry of SHG z-stacks may
potentially lead to an inaccurate comparison between
control and experimental samples. The step depth
during microscopy used in this protocol may be too
large and miss the affected area, or sample align-
ment may change during its removal, treatment, and
then replacement on the imaging stage. Registry is
a challenge because data are three dimensional, and
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with injury and correction, swelling occurs and is then
reduced. Although nonlinear optical microscopy and
OCT imaging of native tissue do not require fixation or
dyes, these techniques do not provide information on
cellular function or viability (beyond NADH/NADPH
status), which would in general require fluorescence or
antibody methods. Classic light microscopy needs to be
performed as well. Fluorescent imaging will need to be
used to map and quantify the viability of the cells after
base injury and determine if the P-ECT process created
additional injury or damage. We plan to pursue this in
the future.

There are many parameters involved with P-ECT,
and only limited information is garnered from studies
focused on cartilage, fat, skin, and tendon because
these are very different tissues from cornea. Although
P-ECT can be used in each of the aforementioned
tissues to alter stress-strain relationships, viability, or
shape, the cornea is unique in that the preserva-
tion of optical clarity (or its restoration) remains
the paramount objective. Electrical potential, applica-
tion time, pulse sequence, electric field geometry, and
electrode configuration all are independent variables
here. Identifying electrical dosimetry parameters and
electrode designs that lead to consistent clearing
outcomes and predictable results will be the important
steps before this technology can be evaluated in in vivo
animal studies.

In conclusion, P-ECT to correct corneal opacity
after alkaline CCI is an interesting biophysical process
that may have clinical application in the future. After
simulating alkaline injury, our SHG imaging suggests
that opacities within the cornea result from excess
tissue swelling without extensive collagen denaturation,
at least at the tertiary level of the molecule. Through
P-ECT, water is split at the electrode site, and acid
is created to counter pH changes to reduce swelling
and restore collagen’s structure. Accordingly, corneal
P-ECT may lead to low-cost, point-of-care devices that
may have value in treating severe chemical injuries that
may be encountered in industrial and military settings.
This may allow for the reversal of corneal opacity from
acute injury and better recovery from alkaline CCls
where irrigation has remained the treatment of choice
for more than a millennia.
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