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Purpose: Macromolecules have been shown to be effective in vision-saving treatments
for various ocular diseases, such as age-related macular degeneration and diabetic
retinopathy. The current delivery of macromolecules requires frequent intraocular injec-
tions and carries a risk of serious adverse effects.

Methods: We tested the application of therapeutic ultrasound as a minimally invasive
approach for the delivery of Avastin into the diseased regions of the eye. Avastin
(bevacizumab) is an anti-vascular endothelial growth factor (VEGF) antibody with a
molecular weight of 149 kDa. We tested the effectiveness and safety of Avastin deliv-
ery through rabbit sclera in vitro using a standard diffusion cell model. Ultrasound at
frequencies of 400 kHz or 3 MHz with an intensity of 1 W/cm? was applied for the first
5 minutes of 1-hour drug exposure. Sham treatments mimicked the ultrasound treat-
ments, but ultrasound was not turned on. Absorbance measurements of the receiver
compartment solution were performed at 280 nm using a spectrophotometer.

Results: Absorbance measurements indicated no statistical difference between the
sham (n = 13) and 400 kHz ultrasound group (n = 15) in the delivery of Avastin through
the sclera. However, the absorbance values were statistically different (P < 0.01) between
the 3 MHz ultrasound group (0.004, n = 8) and the matched sham group (0.002, n = 7).
There was 2.3 times increase in drug delivery in the 3 MHz ultrasound when compared
to the corresponding sham group. Histological studies indicated no significant damage
in the ultrasound-treated sclera due to ultrasound application.

Conclusions: Our preliminary results provided support that therapeutic ultrasound may
be effective in the delivery of Avastin through the sclera.

Translational Relevance: Our study offers clinical potential for a minimally invasive
retinopathy treatment.

permeability of the sclera is inversely proportional to

Introduction

Ocular drugs are delivered through various
systemic, topical, subconjunctival, intravitreal, and
intrascleral methods.!* The unique structural differ-
ences of tissues in the sclera, conjunctiva, and retina
block penetration by infectious microorganisms,
however, also inhibit ocular delivery of macro-
molecules.® Sclera’s large surface area and high
permeability offers a preferred route for transscleral
delivery of macromolecules to the posterior segment
of the eye.”? Scleral permeability is affected by the
macromolecule weight, radius, and charge,”-'® The
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the positively charged molecules, molecular weight,
and radius.'"'> Macromolecules have been shown to
be effective in vision-saving treatments for various
posterior segment ocular diseases, such as age-related
macular degeneration and diabetic retinopathy.*!3
Topical administration is a preferred noninvasive
route for application of ophthalmic drugs; however,
macromolecules typically cannot penetrate to the
posterior segment because of their large size.!*!
Topical drug administrations showed <5% deeper eye
tissues penetration.'*!® Overall, macromolecules show
substantially less penetration through the sclera than
smaller molecules.!”> The clinical problem that still
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needs to be addressed is maximizing the bioavailability
of the administered drug while minimizing the eye
barrier resistance.

Bevacizumab (commercial name Avastin; with
a molecular weight of 149 kDa) is a recombinant
humanized IgG1 monoclonal antibody that inhibits
angiogenesis by binding with high affinity to human
vascular endothelial growth factor (VEGF).!” Avastin,
an anti-VEGF antibody, is being used against differ-
ent types of cancer and has also been successfully
used in ophthalmology, although off-label, for the
treatment of diseases such as diabetic retinopathy, age-
related macular degeneration (wet form), neovascular
glaucoma, and several other conditions characterized
by neovascularization.'”-!® Steroid injections, laser
treatment, and anti-VEGF agents are currently used
therapies for most retinal diseases and are selected
based on the clinical scenario.'” The most common
route of delivering the macromolecules to the posterior
segment requires frequent intravitreal injections that
carry a risk of serious adverse effects.!®'* Intravitreal
injection of anti-VEGF requires a monthly injec-
tion, which can lead to patient discomfort, increase
chance of postinjection infections, and related compli-
cations.’® 2> Steroids implants, such as intravitreal
triamcinolone (IVTA), Dexamethasone (DEX), and
fluocinolone acetonide (FA), are all effective in the
treatment of retinal vascular diseases.!” DEX implants
are also effective for the treatment of diabetic retinopa-
thy as an alternative and/or in combination with
anti-VEGF therapy.> 2’ Previous studies have shown
that DEX intravitreal implants can deliver a sustain-
able release of macromolecules into the eye, which
can help control the severity of diabetic macular
edema (DME) and complications after vitrectomy
surgery.”>"?” Moreover, eyes that were nonrespon-
sive to anti-VEGF medication were shown to have
better results when DEX implants were used.”® Laser
therapies have become a second-line therapy when
patients have poorly controlled glaucoma or fail to
respond to steroid therapies.!” These methods can
be invasive and often require long-term repeated
therapy.'+?° Furthermore, they may present a signifi-
cant financial and time-consuming burden on both
the patients and the medical system.’-!'#2%:30 A
study conducted on 314 patients undergoing anti-
VEGF therapy showed that the most common
reason leading to noncompliance was the fear of the
therapy.®! Therefore, a noninvasive delivery method
for macromolecules is needed for the treatment of eye
diseases.*

Therapeutic ultrasound offers a noninvasive deliv-
ery potential to enhance ocular delivery.’>* Anti-
VEGTF injection is associated with vision improvement;
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however, ophthalmologists have recognized the burden
of poor patient compliance and tolerance of the
monthly regular visit for the injection treatment.’%-3
An ultrasound approach for the delivery of anti-VEGF
drugs may lead to improved patient outcomes in terms
of higher treatment compliance and avoidance of side
effects associated with injection treatment.’! Our previ-
ous research findings indicated that ultrasound can be
effective and safe for transcorneal delivery of various
topically applied compounds into the eye, includ-
ing the small hydrophilic drug-mimicking compound
sodium fluorescein, steroid DEX sodium phosphate,
anti-parasitic compound PHMB, and various antiglau-
coma drugs.*>#! In our previous transcorneal exper-
iments, we observed up to 10 drug delivery enhance-
ments with minimal and reversible changes in the eye
tissues, as determined in short-term safety studies.
Few studies have been conducted using therapeu-
tic ultrasound to enhance sclera drug delivery. The
most significant factors of therapeutic ultrasound in
enhancing drug delivery are cavitation and acous-
tic streaming effects.’’-4%* A study of ultrasound-
mediated transscleral delivery of macromolecules
showed that low frequency and low-intensity ultra-
sound (40 kHz at 0.12 W/cm?) had significantly
enhanced the transscleral penetration of fluorescent
dextran (70 kDa) by 1.48 times in in vivo rabbit
model.¥* Higher frequency low-intensity ultrasound
application (I MHz at 0.05 W/cm?) also resulted
in permeability increase of fluorescein isothiocyanate
diffusion through the sclera.** A study of Fluorescent
dextran of different sizes (20-150 kDa) with ultra-
sound frequency (40 kHz—3 MHz) at 0.05 W/cm? on
fresh rabbit sclera ex vivo found the ultrasound appli-
cation increased sclera penetration up to 20 fold for
molecules <70 kDa and up to 3 fold for >70 kDa
molecules.*® Further, a commercial ultrasound drug
delivery system - SonoEye with proprietary ultrasound
parameters (Seagull Technology, Sydney, Australia)
showed successful transscleral delivery of Avastin to
the posterior segment of in vivo rabbit eye models.*®
In vitro studies of isolated human sclera showed
a 7.5 enhancement in Avastin sclera delivery using
iontophoretic technique.*’ However, in vitro transscle-
ral studies also showed that Avastin has low transs-
cleral permeability and long lag time for its molecular
size and hindered diffusion (with Avastin reported lag
time of 24 + 13 hours, mean =+ standard deviation).’
Ultrasound frequency is inversely proportional to the
cavitation effects that are a factor in enhancing drug
delivery.’”-4%-4! In our study, the ultrasound parameters
used were in the medium range to generate cavitation
to enhance scleral permeability while ensuring thermal
safety,37-40-42.48



translational vision science & technology

Therapeutic Ultrasound in Topical Scleral Delivery

Our goal was to determine whether therapeutic
ultrasound can offer an alternative minimally invasive
method for the delivery of macromolecules to differ-
ent regions of the eye via the transscleral route. Specifi-
cally, the main objective of our research was to test the
efficacy and safety of ultrasound delivery of the macro-
molecule Avastin through the sclera in vitro using a
standard diffusion cell model.

Materials and Methods

Bevacizumab (4 mL) bottles (Avastin; Besse
Medical, Township, OH, USA) were purchased at
a concentration of 100 mg/4 mL (25 mg/mL). Avastin
was chosen as a representative of a multitude of
different macromolecules for use in the treatment of
retinal diseases.*>->" Avastin bottles were stored in the
refrigerator at 4°C. Healthy adult New Zealand white
rabbit eyes were purchased from Pel-Freez Biologicals
(Rogers, AR, USA). In ophthalmic research, rabbit
eyes are the standard model for the human eye**
The rabbit eye diameter is 6.5 mm smaller than the
average human eye.’! Rabbit cornea and sclera are
0.25 and 0.42 mm thinner than in human, respec-
tively.’!->> The rabbit eyes were harvested immediately
after euthanization, stored in Dulbecco’s modified
Eagle’s medium (DMEM), and shipped overnight on
ice. Before use, the rabbit eyes were visually examined
to remove the eyes with scleral damage. Dulbecco
phosphate-buffered saline (DPBS, D4031; Millipore
Sigma, Burlington, MA, USA) was placed in a water
bath at 34.6°C for no longer than 20 minutes prior
to the experiment. Rabbit eye samples (consisting of
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conjunctiva, sclera, choroid, and retina) were dissected
and stored in DPBS at room temperature for <10
minutes before therapeutic ultrasound experiments.

Jacketed Franz diffusion cells (PermeGear, Heller-
town, PA, USA) were used in our experiments as
they represent a standard in vitro drug delivery testing
system (Fig. 1A). The orifice diameter is 9 mm, and the
volumes of the donor and receiver compartments are
25 and 5 mL, respectively. The receiver compartment
was filled with 5 mL of DPBS with a magnetic stir bar.
The dissected rabbit sclera was placed in the center of
the diffusion cell and clamped with the episcleral layer
facing the donor compartment. The donor compart-
ment was filled with Avastin solution. The diffusion
cells were placed in an immersion circulator water bath
at 34.6°C and stirred at 380 rpm (see Fig. 1B). The
water bath temperature was chosen to mimic the eye
surface temperature of 34.5+0.8°C.>

After 60 minutes, the sclera and surrounding eye
layers were collected in a glass container with 10%
neutral buffered formalin (Fisher Scientific, Waltham,
MA, USA) for histological studies (Histoserv Inc.,
Germantown, MD, USA). Structural changes in
the hematoxylin and eosin (H&E) stained sections
(consisting of conjunctiva, sclera, choroid, and retina)
were performed using an upright ZeissAxio Imager
(Carl Zeiss Inc., Jena, Germany). The 1 pum thick
sclera sections were imaged with a 40X/0.65 NA air
objective (A-Plan, Carl Zeiss Inc., Jena, Germany).
Observations were utilized to determine potential
changes in the eye tissue structure due to ultrasound
application. The receiver compartment solution was
collected with a glass pipette, and the absorbance
was measured with a SpectraMax QuickDrop

Experimental Setup

Ultrasound =8
Transducer

Experimental configuration. (A) Diffusion cell schematic. The donor compartment is filled with Avastin solution, and the receiver

compartment with DPBS. Sclera is placed as a barrier between the two compartments. The ultrasound transducer is placed in the donor
compartment. Created with BioRender.com. (B) Experimental setup. Three diffusion cells were placed inside a temperature-controlled water
bath at 34.6°C. The ultrasound transducer was removed from the donor compartment after ultrasound application.
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micro-volume spectrophotometer (Molecular Devices,
San Jose, CA, USA) to measure the absorbance differ-
ences between the ultrasound- and sham-treatment
groups. The peak of Avastin absorbance was reported
previously at 280 nm.>* The unpaired ¢-test assuming
unequal variances was used to compare the receiver
compartment absorbance distribution of the sham and
ultrasound groups.3>37-3-41.55

The background absorbance is the absorbance of
the receiver compartment after an experiment in which
the donor and receiver compartments have only saline
buffer. This background absorbance was present in our
previous in vitro diffusion cell studies and was believed
to be due to diffusion of biological compounds from
the eye tissues into the receiver compartment.** The
calibrated mean was calculated by subtracting the mean
of the background absorbance from the mean of the
measured drug absorbance.

The calibrated standard deviation for the sham-
treated and ultrasound-treated groups was calculated
using the following formula:

SDg, calirated =
2 D2 - -
\/ SD% steaswrea T SPE. packgrouna — (2 % Corr . SDE, Measured % SDE, Background)

where the “SD g caiibrated” 1S the SD of the difference
SCOICS, and the “SD E,Measured” and “SD E,Background”
are the measured drug absorbance and background
absorbance, respectively. “Corr” is the Pearson corre-
lation between drug absorbance and background
absorbance and is expected to be zero in our experi-
ments, as these measurements were performed in the
separate sets of experiments.>®

The calibration curve of absorbance versus Avastin
concentration was measured at 280 nm using a Spectra-
Max QuickDrop micro-volume spectrophotometer.
The absorbance maximum was detected at 280 nm.>*
The spectrophotometer was used to measure the
absorbance of solutions of known Avastin concentra-
tion. The concentration of Avastin was calculated using
the following formula:

Y =1.1024 x X

where Y is the absorbance value at 280 nm and X is
the drug concentration in the sample (ug/mL). The R?
value of the calibration curve was 0.91.

The 400 kHz Ultrasound Application

Two milliliters of the drug solution (Avastin) were
used to fill the donor compartment, after placing the
400 kHz ultrasound transducer at the desired distance
with an intensity of 1 W/cm?. For optimal energy
delivery, the transducer was placed and located at
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the near-field to the far-field distance from the sclera
(dg) at 1.0 cm as it is the location for the furthest
maximum pressure of the 400 kHz unfocused trans-
ducer.’® Unfocused, custom-designed circular trans-
ducers (Sonic Concepts, Bothell, WA, USA) with a 15
mm active diameter were used for therapeutic ultra-
sound working at 400 kHz were utilized in these exper-
iments.>’

The ultrasound intensity at different input settings
was measured using a reflective radiation force balance
with an ultrasound power meter (Ohmic Instruments,
St. Charles, MO, USA). The driving unit consisted
of a function generator (33250; Agilent, Santa Clara,
CA, USA) and a power amplifier (150A100B; Ampli-
fier Research, Souderton, PA, USA) connected to the
ultrasound transducer by an electrical power meter
(Sonic Concepts, Bothell, WA, USA). Sham treat-
ment (no ultrasound) or ultrasound was applied for
5 minutes in the sham and ultrasound groups, respec-
tively. In a previous modeling study, 5.5 minutes of
ultrasound treatment time was observed to be the
length of time for the human eye model to reach the
desired cumulative drug concentration.”® The ultra-
sound transducer was then removed, and the rabbit
sclera was incubated for 55 minutes in the water bath
at 34.6°C. A total of 60 minutes of drug exposure was
applied for both ultrasound- and sham-treated cases;
however, ultrasound-treated samples were first exposed
to ultrasound for 5 minutes at the beginning of drug
exposure. A schematic of the timeline of the experi-
mental procedure is shown in Figure 2.

The temperature of the donor compartment was
measured immediately before applying the ultrasound
(0 minutes), and 2.5 and 5 minutes after the start
of ultrasound application. The data sets were as
follows: no ultrasound (sham) » = 15, and ultrasound
(400 kHz) n = 17. Outliers were removed in each of
the sham and ultrasound-treated experiments using
the MATLAB outlier removal function. The data sets
without outliers had the following number of data
points: no ultrasound (sham) » = 13, and ultrasound
(400 kHz) n = 15. The background absorbance values
of the receiver compartment were 0.004 4+ 0.001 (n =
3) for the sham group and 0.013 + 0.004 (n = 3) for the
ultrasound group.

The 3 MHz Ultrasound Application

One milliliter of Avastin filled the donor compart-
ment in both the 3 MHz ultrasound and sham treat-
ment groups. Ultrasound was applied at a frequency of
3 MHz and an intensity of 1 W/cm?. The transducer
was placed 5 mm from the sclera (dg). The receiver
compartment was stirred at 380 rpm using a 3 mm
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BioRender.com.

magnetic stir bar. A protocol step that included rinsing
of the dissected eye tissue two to three times with
DPBS wash before the experiments, was added to the
3 MHz experiments to minimize the potential diffu-
sion of biological compounds from the sclera into the
receiver compartment.’® The diffusion cell was placed
in the immersion circulator at 34.6°C, as described
previously. A portable physiotherapy ultrasound device
with an ultrasound transducer with an active diame-
ter of 10 mm (3.3 MHz) was used (Sonicator 740;
Mettler Electronics, Anaheim, CA, USA). The trans-
ducer spatial pattern is a collimated (cylindrical) beam
with an effective radiating area of 1 cm?, measured
from 5 mm from the ceramic surface disc of the trans-
ducer.”’ The donor compartment temperatures were
measured before and after ultrasound treatment appli-
cation for the 3 MHz ultrasound-treated group, or for
the sham-treated group but without turning the ultra-
sound on. The data set had the following number of
data points: no ultrasound (sham) » = 7, and ultra-
sound (3 MHz) n = 8. Background absorbance values
of the receiver compartment were for 0.0 (n = 2) for the
sham group and 3 MHz ultrasound group 0.0 (n = 1).

Histological Analysis

Sclera is a dense connective tissue composed of
collagen fibers and divided into four layers: episclera,
stroma, lamina fusca, and endothelium.’® Histologi-
cal observations for scleral damage were adopted as

A schematic showing the timeline of the experimental procedure in ultrasound and sham treatments. Created with

the modified method for corneal damage described in
Nabili et al. 2014. Briefly, different classes of scleral
damage were defined as follows: Class 1 (no damage):
the four scleral layers are discernible as episclera,
stroma, lamina fusca, and endothelium. Cell nuclei
were visible in the episclera. Class 2: Four scleral
layers were visualized. Episclera layers appear slightly
damaged, and the cellular structure is more challeng-
ing to observe. The endothelium was intact. Class 3:
Only two layers are discernible as episclera and stroma,
with more substantial damage observed in the endothe-
lium. Class 4: Scleral tissue is damaged, and layers are
not identifiable.’” Additional histological observations
of the sclera samples (negative control, n = 3) exposed
to 34.6°C bath solution for 60 minutes without the
drug and without ultrasound application to identify
the potential influence of prolonged drug (Avastin)
exposure on the sclera. The negative control (n = 3)
saline-only exposure was compared to the sham group
(with Avastin and no ultrasound exposure) to deter-
mine if other factors in addition to ultrasound are
damaging the sclera in the water bath.

analysis of the receiver
Avastin  maximal

Spectrophotometric
compartment solution at the
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Figure 3. Avastin absorbance measurements. No ultrasound
(sham; n = 13) and 400 kHz ultrasound Groups (n = 15). Background
absorbance of solvent was subtracted from measurements. No
statistical difference was observed between sham and 400 kHz
ultrasound groups. The horizontal lines are the calibrated mean and
error bars are the standard deviation (SDg cajibrated)-

absorbance of 280 nm indicated that there was no
statistical difference (P > 0.05, unpaired z-test) between
the sham group and the 400 kHz ultrasound treated
group (Fig. 3). The absorbance values were 0.014 +
0.007 (n = 13) in the sham group and 0.015 £ 0.006
(n = 15) in the ultrasound group, with no statistical
difference. The calibrated absorbance values for the
sham and 400 kHz ultrasound groups were 0.010 +
0.006 and 0.002 £ 0.007, respectively. The average
temperatures were 26.7°C, 29.7°C, and 30.5°C (n = 5)
in the sham group, and 27.9°C, 38.4°C, and 46.5°C (n
= 8) in the ultrasound group at 0, 2.5, and 5 minutes,
respectively. The average concentration values for the
sham group were 0.013 £ 0.005 (ug/mL) and 0.013 +
0.005 (ug/mL) for the 400 kHz ultrasound group.

To verify therapeutic ultrasound safety in scleral
tissues in vitro, H&E-stained scleral sections were
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imaged to identify structural changes and damage.
Histological imaging showed no changes in the surface
of the sclera due to exposure to 400 kHz ultrasound.
Histological images of the sham and 400 kHz ultra-
sound treated sclera are shown in Figure 4. Histologi-
cal observations for scleral damages that were adopted
from Nabili et al. 2014 showed that both groups had
structural changes in the surface of the episclera in
the 400 kHz ultrasound and sham group, whereas
application of 400 kHz ultrasound produced slightly
more endothelial damage (Table 1). The temperature
of the donor compartment was measured immediately
before applying the ultrasound, and 2.5 and 5 minutes
after the start of 400 kHz ultrasound application. The
average temperature was 26.7 £+ 1.7°C, 29.7 + 2.7°C,
30.5 £ 1.6°C, and 27.9 + 1.2°C, 38.4 + 4.9°C, 46.5 +
3.9°C in the sham group (n = 5) and the ultrasound
group (n = 8) at 0, 2.5, and 5 minutes, respectively.
Spectrophotometric measurements of the receiver
compartment solution at the Avastin maximal
absorbance of 280 nm indicated a statistical differ-
ence (P < 0.01, unpaired ¢-test) between the sham
group 0.002 £ 0.0005 (» = 7) and the 3 MHz ultra-
sound treated groups 0.004 £+ 0.0019 (n = 8; Fig. 5).
There was a 2.3 times increase in drug delivery in
the 3 MHz ultrasound group when compared to the
corresponding sham group. The average concentration
values for the sham group were 0.001 4= 0.0005 (ug/mL)
and 0.004 £ 0.001 (ug/mL) for the 3 MHz ultrasound
group. The difference in the absorbance reading of
the two aforementioned sham groups may be due to
the scleral DPBS wash prior to the experiment that
was added to the 3 MHz ultrasound group. The donor
compartment temperatures were measured before and
after ultrasound treatment application for the 3 MHz
ultrasound-treated group and its sham-treated group.
The average temperatures were 24.1 £+ 2.2°C and

Figure 4. Sclera 40X objective images under light microscope. (A) Sham group. (B) 400 kHz ultrasound group. The bar scale is 20 ym.
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Table 1. Classification of Scleral Structural Changes in the Sham and 400 kHz Ultrasound Groups

Group Class 1 Class 2 Class 3 Class 4 Total
Sham no ultrasound 4 8 2 1 15
Ultrasound 400 kHz and 1.0 W/cm? 6 5 6 1 18

Class 1 (no damage): The four scleral layers are discernible as episclera, stroma, lamina fusca, and endothelium. Cell nuclei
were visible in the episclera. Class 2: Four scleral layers were visualized. Episclera layers appear slightly damaged, and the cellu-
lar structure is more challenging to observe. The endothelium was intact. Class 3: Only two layers are discernible as episclera
and stroma, with more substantial damage observed in the endothelium. Class 4: Scleral tissue is damaged, and layers are not

identifiable.

0.009

0.008 °
0.007
0.006

°
0.005

°
g

0.003

Absrobance at 280 nm

(=
o
S
5

—+- :

0.001 [
]
SHAM 3 MHz Ultrasound
Figure 5. Absorbance measurement of 3 MHz ultrasound (n = 8)

and sham group (n = 7) at 280 nm. The horizontal line is the mean
and the error bar is the Standard Deviation (SD). **Statistical signifi-
cance level <0.01.

27.28 + 1.0°C (n = 5) for the sham-treated group, and
26.1 £ 1.9°C and 28.3 £+ 0.4°C (n = 4) for a 3 MHz
ultrasound-treated group at 0 minutes and 5 minutes
after the start of the treatment.

Histology imaging showed structural changes in
the surface of the episclera in the 3 MHz ultrasound
and sham groups, while application of 3 MHz ultra-
sound produced more endothelial damage than the
sham group (Table 2). Histological images of the sham
(left) and 3 MHz ultrasound (right)-treated sclera are
shown in Figure 6. The negative control in compari-
son to sham groups was analyzed to identify the poten-

tial influence of prolonged drug (Avastin) exposure.
Our histological data indicate that prolonged Avastin
exposure did not damage the sclera (Fig. 7). No statis-
tical difference between the negative control and sham
groups was identified in the histological observation
adopted from Nabili et al. 2014.

Discussion

A previous study showed no presence of anti-VEGF
(Avastin) in the aqueous or/and vitreous solution after
topical application in human eyes. Although anti-
VEGTF injections are effective, ophthalmologists have
noticed the problem of patient noncompliance with
monthly therapy visits.’*:3* The use of ultrasound
to enhance anti-VEGF drug delivery may result in
better patient outcomes in terms of treatment compli-
ance and the avoidance of injection-related adverse
effects.’! Therefore, as opposed to our previous studies
indicating the effectiveness of ultrasound in enhanc-
ing drug delivery through the cornea, our preliminary
results suggest that ultrasound at 400 kHz parameters
may not be effective in the delivery of Avastin through
the sclera. In comparison, in vitro studies utilizing 400
and 600 kHz ultrasound at intensities of 0.8 at 1.0
W/cm?, respectively, yielded a twofold increase in the
permeation of dexamethasone, an anti-inflammatory
drug through the cornea.’® Further, in vivo experimen-
tation of DEX in rabbits showed a statistically signifi-

Table 2. Classification of Scleral Structural Changes in the Sham and 3 MHz Ultrasound Groups

Group Class 1 Class 2 Class 3 Class 4 Total
Sham no ultrasound 0 1 2 3 6
Ultrasound 3 MHz and 1.0 W/cm? 0 0 5 1 6

Class 1 (no damage): The four scleral layers are discernible as episclera, stroma, lamina fusca, and endothelium. Cell nuclei
were visible in the episclera. Class 2: Four scleral layers were visualized. Episclera layers appear slightly damaged, and the cellu-
lar structure is more challenging to observe. The endothelium was intact. Class 3: Only two layers are discernible as episclera
and stroma, with more substantial damage observed in the endothelium. Class 4: Scleral tissue is damaged, and layers are not
identifiable.
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Figure 7. Sclera 40X objective images under light microscope. (A) Sham group. (B) Saline only (negative control). The bar scale is 20 ym.

cant 2.8 and 2.4 increase in the amount of drug in the
aqueous humor of 400 and 600 kHz ultrasound-treated
corneas as compared to sham corneas, respectively.’’
Sclera might not be the only barrier involved. Other
static barriers, such as the retinal pigment epithelium,
conjunctiva, and dynamic barriers, such as choroidal
blood flow and orbital clearance, should be considered
and taken into account in future in vivo experiments.’
Using higher frequency ultrasound at 3 MHz enhanced
the scleral permeability to Avastin, possibly by enhanc-
ing ultrasound streaming effects.*> Transdermal ultra-
sound studies using frequencies of 1 to 3 MHz showed
that cavitation is the major mechanism of enhancing
the skin permeability.®' Our preliminary results provide
support that ultrasound at 3 MHz and 1 W/cm? may
be effective in the delivery of Avastin through the
sclera as compared to 400 kHz ultrasound applica-
tion and sham treatment. A higher frequency ultra-
sound application (1 MHz at 0.05 W/cm?) also resulted
in increased permeability of protein diffusion through

the sclera in previously published studies.** Potential
ultrasound effect on sclera structure was minimal at
400 kHz when compared to their matched sham group.
Histological observations for scleral damage indicated
that there was no significant difference between the
400 kHz group and their matched sham group. In fact,
the recorded damage in both the ultrasound and sham
groups indicates that some of the damage may not
be the result of ultrasound effects on the tissues, yet
due to sample processing and/or during sample collec-
tion. Histological observations of scleral damages in
the 3 MHz ultrasound and its corresponding sham
group showed similar layers of episcleral damage,
but the ultrasound group had more endothelial
damage.

The maximum scleral temperature change for
400 kHz ultrasound application was 26.9°C (n = 8),
which was estimated to be mostly due to the heat
dissipation of the ultrasound transducer into a small
volume of the donor compartment. The maximum
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scleral temperature exposure reached 54.1°C after
5 minutes of 400 kHz ultrasound application, which
is lower than the threshold temperature for thermal
damage in the sclera of 60°C for 10 minutes®’; there-
fore functional changes due to heat are unlikely. The
maximum scleral temperature change was 4.4°C (n
= 4) for 3 MHz ultrasound application, and there
appeared to be no significant heat dissipation from the
transducer as a self-heat artifact.> The average sclera
temperature rise was 2.2 and 18.6°C for 3 MHz (n =
4) and 400 kHz (n = 8), respectively. The 400 kHz
transducer was less efficient than the 3 MHz transducer
which results in more heating.®® In potential clinical
treatment, the temperature elevation could be corrected
by better transducer manufacturing methods and/or
cooling treatment on the sclera surface to minimize
the thermal increase. Moreover, the pulsing mode of
ultrasound application results in a lower temperature
increase than the continuous mode, and this approach
could also be utilized to minimize the thermal effects.®
The US Food and Drug Administration (FDA) and
World Federation for Ultrasound in Medicine and
Biology set a 1.0°C thermal index limit for all ocular
applications because of the sensitivity of the eye lens
to the higher temperature; however, the index limit is
for diagnostic application.®

Intravitreal injection of Avastin requires a monthly
injection, which may lead to discomfort, infections,
and other complications.?’~?? Using therapeutic ultra-
sound to deliver Avastin into the eye could elimi-
nate these risks and may allow for drug delivery with
fewer complications.*> Our minimally invasive technol-
ogy shows promise for delivering macromolecules into
the eye. The proposed technology may be helpful in
delivering anti-VEGF agents for patients with diabetic
eye-related diseases, such as diabetic retinopathy.'’-!8
Diabetic retinopathies can be screened, diagnosed, and
monitored using different imaging modalities, such as
color fundus photography, B-scan ultrasonography,
FA, and optical coherence tomography (OCT).6¢ 8
Biomarkers could also be considered before and
after the treatment decision in patients with DME
for significant functional and anatomical improve-
ments.’-’° Future clinical studies should incorpo-
rate imaging methods by visualizing the peripheral
retina using ultra-widefield fluorescein angiography
(UWFA) and/or spectral domain optical coherence
tomography (SD-OCT) to validate our treatment effec-
tiveness.>>-6%-68.7.72° A study showed that detectable
features on OCT with detailed examination biomi-
croscopy can distinguish optic disc pit maculopathy
(ODPM) that would help avoid underdiagnosis.”® If
successful, our proposed technology may lead to a
change in the standard of care and may lessen post-
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surgery complications and increase patient compli-
ance.’! The proposed technology has the potential
to change the delivery procedures for anti-VEGF
drugs. The proposed ultrasound application is not
expected to significantly change the daily clinical proto-
cols of a retina specialist; however, it may make the
whole process easier for patients with fewer compli-
cations afterwards. Although outside of the scope
of the current study, it would be important to test
the effectiveness of ultrasound in enhancing deliv-
ery of a range of macromolecules used in the treat-
ment of retinopathies, including direct comparison of
bevacizumab (Avastin) with a molecular weight of 149
kDa with ranibizumab and aflibercept, which have
molecular weights of 48 and 115 kDa, respectively.>**
Modeling of ultrasound application in a pulsed and
continuous mode would allow for further understand-
ing of the thermal changes in different eye tissues
during ultrasound application. In future studies, we
plan to test this technology in long-term animal studies
in vivo and in subsequent clinical trials. Further studies
should also incorporate different ranges of ultrasound
frequencies to test their impact on scleral permeabil-
ity of Avastin. This study focuses on the application
of therapeutic ultrasound to improve topical ocular
delivery of macromolecules. The proposed research
may address an important clinical problem because
there are currently no minimally invasive methods for
the delivery of macromolecular drugs to diseased sites
for the treatment of retinopathies and other vision-
threatening diseases.
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