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Abstract: Clinical management of many chronic ophthalmological disorders requires direct delivery of drugs into the
vitreous. There is an important need to investigate novel needle-less alternatives to deliver drugs to the vitreous. The
purpose of this study is to assess the effects of a needle-less system using ultrasound to enhance vitreal delivery of
small molecules through the sclera in an ex vivo model and to evaluate whether changes in permeability are mainly
due to the heat generated by sonication. An eye cup containing 1 mL of sodium fluorescein 0.1% was placed on
top of the sclera of cadaveric rabbit eyes. Treated eyes were sonicated for 10 minutes, and left in contact with the
fluorescein solution for an additional 50 minutes. Control eyes received the same exposure to fluorescein solution
(60 minutes) in the eye cup without ultrasound treatment. Vitreous humor was collected and analyzed using a fluo-
rescence spectrophotometer to calculate the concentration of fluorescein that diffused into the vitreous humor. An
additional set of eyes was treated using a heating probe to evaluate whether changes in permeability were mainly
due to heat. Vitreous samples from ultrasound-treated eyes showed a 44.6% higher concentration of fluorescein
compared to control eyes. The concentration of fluorescein in the vitreous of heat-treated eyes did not show a
significant difference when compared to control eyes. Thus, phonophoresis is a promising needle-less method for
vitreal drug delivery, and local heating conducted to the surface of the sclera should be mitigated because it does
not enhance the efficacy of the method.

Keywords: Ultrasonic, sclera, drug delivery systems, vitreous, intravitreal

Introduction not painless and multiple injections are often
required to treat chronic retinal disorders due to
the short half-life of the injected drugs [8, 9.
Surgically implanted slow-release devices are
being developed as an alternative to monthly or

bimonthly IVIs, but despite lasting 5 to 10 times

Current clinical management of many chronic
ophthalmological disorders such as age-relat-
ed macular degeneration (AMD) and diabetic
retinopathy (DR) requires local delivery of ste-

roids, anti-vascular endothelial growth factors
and/or other therapeutic compounds inside the
vitreous [1-4]. Intravitreal injection (IVI) is per-
formed by inserting a needle through the sclera
and is the most common procedure used to
deliver drugs into the vitreous, with an estimat-
ed total of 5.9 million IVIs performed in the US
in 2016 [5]. The percent risk of complications
related to IVI may be considered low, but due to
the large number of procedures performed, in
absolute terms there are many cases of retinal
detachment, cataract, and vision threatening
endophthalmitis that have been reported in the
literature [6, 7]. In addition to that, IVI can be a
stressful procedure for the patient because it is

longer than IVIs, they require a more complex
procedure and have a higher risk of complica-
tions [10-13]. Therefore, there is an important
clinical need to investigate novel alternatives to
deliver drugs to the vitreous.

The use of ultrasound waves to enhance the
movement of drugs through intact skin and cor-
nea has been reported since the 1950s in
Europe [14-16]. The mechanisms by which
ultrasound enhances drug delivery are not fully
understood and include acoustic radiation forc-
es, acoustic streaming, and acoustic cavitation
[17-19]. We recently reported the successful
use of ultrasound energy, applied with an 880
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Figure 1. Schematic of ultrasound method setup.
The ultrasound transducer was placed inside a cus-
tom eye cup filled with 0.1% sodium fluorescein so-
lution, positioned over the rabbit eye’s sclera with
a contact surface area of 133 mm?2. In the treated
group, ultrasound waves (880 kHz, |_,., = 1 W/cm?,

7 'SATA
continuous wave mode) were applied for 10 minutes,

after which the eye was left in contact with the fluo-
rescein solution for an additional 50 minutes. Con-
trol eyes received the same exposure to the sodium
fluorescein solution (60 minutes) in the eye cup with-
out ultrasound treatment.

kHz ultrasound transducer, as a means to
increase the delivery of riboflavin into the cor-
nea [20]. The vitreous humor comprises a gel-
like collagenous solution that fills the posterior
segment of the eye, between the lens and the
retina. The most direct route of access to the
vitreous is through the sclera, the white, fibrous,
outer protective coating of the eye. Differences
in collagen types and their distribution make
the optical and biomechanical properties of the
sclera very different from those of the cornea
[21, 22].

The purpose of this study is to assess the
effects of ultrasound treatment with an 880
kHz transducer on vitreal delivery of a small
molecule through the sclera and to investigate
if changes in permeability are mainly due to the
heat generated by sonication.

Materials and methods

Fresh cadaveric rabbit eyes (Pel-Freez, Rogers,
AR, USA) were shipped in saline solution on ice,
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and used between 24 to 30 hours after enucle-
ation. Eyes were cleared of surface connective
tissues and conjunctiva and were placed in
saline solution at 35-37°C (temperature-con-
trolled water bath) for at least 30 minutes prior
to use, to equilibrate at approximate physiologi-
cal temperature conditions. Temperature was
held in this range for the duration of the experi-
ment. Twenty-two eyes were randomly assigned
to either ultrasound treatment (n = 12) or non-
treatment as controls (n = 10).

Sodium fluorescein 0.1% (Sigma, St. Louis, Ml,
USA) in phosphate buffered solution (PBS) was
chosen to represent the therapeutic topical
solution used during treatment. The solution
was protected using aluminum foil to prevent
light degradation and warmed up to 35-37°C
before treatment. A customized eye cup (sur-
face area 133 mm?) was placed over each eye
and lightly taped to the sclera to form a seal at
approximately 4 mm posterior to the limbus
(Figure 1). Care was taken not to add additional
pressure to the globe. The eye cup was filled
with 1 mL of sodium fluorescein 0.1% solution,
and the ultrasound transducer was submerged
in the center of the eye cup. The distance
between the tip of the transducer and the tar-
get area of the eyes was kept between 2-2.5
mm due to the custom fit of the eye cup.
Ultrasound was delivered using a UZT-1.040
Power Generator, with a 10 mm diameter pla-
nartransducer operated at 880 kHz. Ultrasound
intensity output was set for I, = 1 W/cm?,
under continuous wave operation. Treated eyes
were sonicated for 10 minutes, and were left in
contact with the fluorescein solution for an
additional 50 minutes (n = 12). Control eyes
received the same exposure to the sodium fluo-
rescein solution (60 minutes) in the eye cup
without ultrasound treatment (n = 10).

In order to avoid structural damage and
increase in permeation results, an additional
set of eyes was used to measure the variation
in temperature of the vitreous underneath the
treated area of the sclera and of the fluorescein
solution before and after 10 minutes of the
ultrasonic treatment (n = 7). Temperature read-
ings were taken using a single junction
30-gauge needle microprobe thermocouple
sensor (Physitemp, Clifton, NJ, USA) and meter
(HH509R Thermometer, Omega, Stamford, CT,
USA).

Am J Transl Res 2018;10(10):3162-3170
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Figure 2. Ultrasound transducer with cooling system
set up. A water-based cooling system was placed
around the ultrasound transducer (a) and the eye
cup (b) was fixed on top of the transducer with
Parafilm®. Thermocouples (c) were inserted inside
the eye cup and in the posterior segment of the eye
(vitreous). A piece of metal was placed 10 cm away
from the transducer (d) to represent the background
room temperature. A nylon suture (e) was placed on
the superior region of the sclera to facilitate lifting
the eye after the ultrasound treatment.

To investigate if changes in permeability were
mainly due to the heat generated by sonication,
a third group of eyes (n = 3) was treated using a
heating probe of similar size and diameter to
the ultrasound probe (A748 Elite Submersible
Heater, Hagen, Baie d’Urfé, QC, Canada). Eyes
were heat-treated for 10 minutes and then left
in contact with the fluorescein solution for an
additional 50 minutes. The heating probe was
controlled to maintain a temperature range
similar to ultrasound treated group during the
10 minutes (up to 46°C).

Vitreous humor was collected using an auto-
mated vitrectomy system (Accurus, Alcon Labs,
Fort Worth, TX, USA). For direct access to the
vitreous, a semi-circular incision was created 2
mm posterior to the limbus, on the opposite
side of the globe from the treated area, which
was stained by contact with the solution. This
was done to prevent fluorescence contamina-
tion of the vitreous sample. Each sample was
collected using a 25-gauge vitrectomy probe.
Approximately 1 mL of vitreous humor was
aspirated per eye.
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Figure 3. Ultrasound-enhanced intravitreal delivery
of fluorescein. Rabbit’s eye cup was filled with 1 mL
of sodium fluorescein 0.1% solution, and the ultra-
sound transducer was submerged in the center of
the eye cup. Ultrasound was delivered using a UZT-
1.040 Power Generator, with a 10 mm diameter
planar transducer operated at 880 kHz. Ultrasound
intensity output was set for I, = 1 W/cm?, under
continuous wave operation. Treated eyes were soni-
cated for 10 minutes and were left in contact with
the fluorescein solution for an additional 50 minutes
(n = 12). Control eyes received the same exposure
to the sodium fluorescein solution (60 minutes) in
the eye cup without ultrasound treatment (n = 10).
Immediately after 60 minutes of exposure to fluores-
cein, vitreous humor was collected using a 25-gauge
vitrectomy probe, inserted through a semi-circular
incision created 2 mm posterior to the limbus, on the
opposite side of the treated area of the rabbit’s eye
globe. We observed that fluorescein concentration in
the vitreous of ultrasound-treated eyes (mean = 4.12
+ 0.53 mcg/mL, n = 12) is increased (*P = 0.036;
unpaired Student’s t test) when compared to control
eyes (mean = 2.85 + 0.37 mcg/mL, n = 10), demon-
strating the efficacy of the ultrasound method.

Vitreous samples were light-protected and
mixed well prior to analysis using a fluores-
cence spectrophotometer (Spectramax, Mole-
cular Devices, Sunnyvale, CA, USA) with 492
nm excitation and 520 nm emission wave-
lengths. Measurements were given as Relative
Fluorescence Units (RFU) and compared to
standard curves of known sodium fluorescein
dilutions to calculate the concentration dif-
fused into the vitreous humor (mcg/mL).

To investigate whether the increase in fluid tem-
perature due to self-heating of the ultrasound
transducer could be mitigated with external
cooling of the ultrasound hand piece, we
designed a custom hydraulic cooling system
(Figure 2). The same eye cup was placed on top

Am J Transl Res 2018;10(10):3162-3170
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Figure 4. Temperature increase following 10 minutes
of ultrasonic treatment. Temperature readings of the
vitreous underneath the treated area of the sclera
and of the fluorescein solution were taken using a
30-gauge needle microprobe thermocouple sensor
before (TO) and after 10 minutes (T10) of the ultra-
sonic treatment (1 W/cm?, under continuous wave
operation).

of the ultrasound transducer, fixed in place with
Parafilm® (Pechiney Plastic Packaging, Mena-
sha, WI, USA) and filled with 1 mL of sodium
fluorescein 0.1% solution at room temperature
(22 to 24°C). Two microprobe thermocouple
sensors were inserted: one inside the eye cup
and one into the vitreous, through the sclera on
the opposite side of the treated area of the
globe, to measure the temperature in the cen-
ter of the vitreous chamber. The eye was treat-
ed for 10 minutes with ultrasound (1 W/cm?)
under continuous wave operation. Infrared
thermographic temperature images of the
applicator and eye, with and without the cooling
system, were taken every 2.5 minutes for 10
minutes (Seek Compact Pro, Seek Thermal,
Santa Barbara, CA, USA). A sheet of metal was
placed in the background of the image to serve
as control for the room temperature. A suture
(A.C.S. Nylon 8-0, Alcon Labs, Forth Worth, TX,
USA) was placed on the superior area of sclera,
to help lift the eye at the end of the treatment.
After 10 minutes of treatment, the human eye
was lifted, quickly blotted dry, and a thermal
picture was taken to show the temperature on
the scleral surface. The procedure was repeat-
ed 3 times for each condition (cooling on and
cooling off) using the same human eye after
the temperatures of the system and vitreous
had returned to and stabilized at room tem-
perature.
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Statistical analysis

Each sample of rabbit vitreous humor was mea-
sured in quadruplicate. Data is presented as
mean + SEM. Graph Pad Prism 5.0 (GraphPad
Software, Inc., San Diego, CA, USA) was used to
plot graphs and to perform statistical analyses.
Unpaired Student’s t-test was used for compar-
ison of vitreous fluorescence values. A two-
way repeated-measures ANOVA followed by
Bonferroni post hoc test was used to compare
the temperature values at O, 2.5, 5, 7.5, 10
minutes in ultrasound treatment groups (with
and without cooling) An alpha level of P less
than or equal to 0.05 was chosen as the crite-
rion of statistical significance.

Results
Treatment efficacy

Vitreous samples from ultrasound treated eyes
showed a 44.6% higher concentration of fluo-
rescein (mean = 4.12 + 0.53 mcg/mL, n = 12)
compared to control eyes (mean = 2.85 + 0.37
mcg/mL, n = 10) (Figure 3). The difference was
found to be statistically significant (p value =
0.036) indicating an enhancement with transs-
cleral fluorescein delivery to the vitreous medi-
ated by ultrasound treatment.

Significance of temperature increase on treat-
ment efficacy

The mean temperature of the rabbit eye vitre-
ous increased from 33.4 + 0.1°C to 39.6 +
0.1°C, while the temperature readings in the
fluorescein solution inside the eye cup
increased from 35.5 + 0.1°C to 42.7 + 0.8°C
after 10 minutes of ultrasonic treatment (Figure
4). In order to investigate the influence of the
heat alone without ultrasound, a second group
of eyes were exposed to higher temperature
fluid. The concentration of fluorescein in the vit-
reous of heat-alone treated eyes did not show a
significant difference from the control eyes (p
value = 0.34) (Figure 5).

Mitigation of conductive heating

A significant decrease (P < 0.0001) in the final
temperature of the solution inside the eye cup
is observed when the ultrasound treatment is
performed with the cooling system on (25.7 +
0°C) compared to the treatment with the cool-
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Figure 5. Thermal effects on scleral permeability
to fluorescein. An eye cup was filled with 1 mL of
sodium fluorescein 0.1% solution (warmed up to
35-37°C) before treatment and a heating probe of
similar size and diameter to the ultrasound probe
was submerged in the center of the eye cup. In the
heat-treated group, the heating probe was controlled
to maintain a temperature range up to 46°C for 10
minutes and then eyes were left in contact with the
fluorescein solution for an additional 50 minutes.
Control eyes were left in contact with fluorescein so-
lution for 60 minutes. Immediately after 60 minutes
of exposure to fluorescein, vitreous humor was col-
lected using a 25-gauge vitrectomy probe, inserted
through a semi-circular incision created 2 mm poste-
rior to the limbus, on the opposite side of the treated
area of the rabbit’s eye globe. We observed that fluo-
rescein concentration in the vitreous of heat-treated
eyes (mean 2.55 mcg/mL + 0.36 mcg/mL, n = 3)
was not significantly different (P = 0.34; unpaired
Student’s t test) when compared to control eyes
(mean = 2.85 + 0.37 mcg/mL, n = 10). This result
supports the suggestion that the effects observed of
increased permeation with ultrasound treatment are
probably not attributable to the elevation in tempera-
ture of the treated area.

ing system off (32.4 + 0.6°C). The thermal
images illustrate a relative increase in the sur-
face temperature of the sclera on the treated
area near the ultrasound transducer. The
increase in temperature within the fluid and the
eye is mitigated when the treatment is per-
formed with the transducer’s cooling system on
(Figure 6).

The temperature measured with the thermo-
couple sensor in the center of the human vitre-
ous was not significantly different when com-
paring ultrasound treatment groups (with or
without cooling).

Discussion

In this study we evaluated the applicability of
the same transducer, successfully used by our
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group to increase penetration of riboflavin into
the cornea [20], on the sclera. Considering the
increased stiffness of the sclera, the length of
the ultrasound treatment was increased to 10
minutes and the eyes were left in contact with
fluorescein solution for an extra 50 minutes.

The ultrasound treatment facilitated the entry
of topical fluorescein through the sclera, in the
treated-eyes group, showing on average a 1.44-
fold increase in fluorescein permeation into the
vitreous humor, compared to the untreated-
eyes group. The result was statistically signifi-
cant and confirms the efficacy of the method,
suggesting that the application of low frequen-
cy ultrasound has the potential to increase the
permeation of small hydrophilic molecules into
the vitreous humor. These findings are very
promising and provide motivation for explora-
tion of different ultrasound intensities, frequen-
cies, and pulse modulations that can be applied
to make the treatment delivery more practica-
ble for in vivo experiments and to translate the
method to the clinical setting. We have previ-
ously reported an increase of 3.6 times in the
penetration of riboflavin into cornea using an
880 kHz transducer for 6 minutes, and in the
literature there are reports using a similar
method to increase the corneal penetration of
hydrocortisone, papain, and hypotensive ag-
ents [14-16]. Due to anatomical and biome-
chanical differences between cornea and sc-
lera, it is unlikely that a single device would
work on both with the same efficacy. A trans-
ducer with a smaller surface area and less heat
generation is desirable for transscleral delivery.
In addition, riboflavin and fluorescein are both
examples of small hydrophilic molecules with
similar molecular weights (376 Da and 332
Da, respectively). Currently, retinal treatments
often require the use of large biologics, such as
many commercially available anti-VEGF thera-
peutics, and therefore the phonophoretic
parameters may need to be optimized for deliv-
ering large compounds [23].

Ultrasound may increase the penetration of
drugs into tissues by thermal and mechanical
mechanisms [17, 24]. The mechanical mecha-
nisms are acoustic streaming, representing the
development of unidirectional flow currents in
presence of sound waves and cavitation. This
cavitation is a formation of gaseous cavities
that can repetitively oscillate and generate
streaming, local changes to tissue structure, or
collapse and cause structural alteration in the
surrounding tissue.

Am J Transl Res 2018;10(10):3162-3170
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Figure 6. Thermal changes during ultrasound treatment with and without cooling. Thermal images of a human
globe being treated with ultrasound (1 W/cm?, continuous wave) for 10 minutes with the transducer’s cooling
system off (row A) and on (row B). Color scale illustrates the relative temperatures of the surface obtained with a
thermal camera with a set range of 30°C (min. = 14°C; max. = 44°C). Points with surface temperatures below
14°C appear as black pixels in the image. Values in the table represent the average temperatures measured with
a thermocouple in the solution (S) and in the center of the vitreous (V) at each time point (0, 2.5, 5, 7.5, and 10
minutes). Mean values are presented in °C + SEM, n = 3. In this experiment, we found that temperature of the
solution in the group with cooling system on was reduced when compared to the group with cooling system off (Fu, y
=418.4, ****P < 0.0001, when compared at 2.5, 5, 7.5, and 10 minutes after application of ultrasound; two-way
repeated-measures ANOVA followed by Bonferroni post hoc test). However, when the temperature was measured
in the center of the vitreous, there was no significant difference observed between the groups with cooling system
on or off (F “ =0.1432, P =0.7243, compared at O, 2.5, 5, 7.5, and 10 minutes after application of ultrasound;
two-way repeated measures ANOVA followed by Bonferroni post hoc test). This result supports the suggestion that
temperature increase in the eye surface is mostly due to self-heating of the ultrasound transducer being thermally
conducted into the small volume of solution in the eye cup. The increase in fluid temperature is mitigated with exter-
nal cooling of the ultrasound hand piece. Of note, the last image of each row (at 10 minutes) shows the human eye
being suspended right after the end of the treatment. The experiment was performed at room temperature and the
differences from the background color suggest that there was a gradient in eye’s surface temperature, with higher
temperatures closer to the ultrasound transducer.

Our findings in untreated eyes, compared to
heat-only treated eyes, did not show a signifi-
cant difference from each other, supporting the
suggestion that the effects observed of
increased permeation with ultrasound treat-
ment are probably not attributable to the eleva-
tion in temperature of the treated area. Previous
studies on the thermal effect on human retinal
pigment epithelium cells have shown that they
can tolerate temperatures of 39.5-40°C for
one hour, but marked morphological changes
are observed when heat exposure hits 45.5-
46°C for one hour [25]. Based upon our results
(Figure 4), we observed a moderate increase in
temperature of the rabbit vitreous to approxi-
mately 40°C during the ultrasound treatment,
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which is higher than the recommended levels
proposed by the American Institute of Ultra-
sound in Medicine for diagnostic ultrasound
(thermal index of 1 degree Celsius) [26]. How-
ever, in consideration of therapeutic applica-
tions with ultrasound and other energy sourc-
es, higher temperatures may be acceptable
[27, 28].

It is also important to mention that according to
our data, increases in temperature of the solu-
tion up to 46°C (heat alone without ultrasound)
did not significantly affect the transscleral
delivery results, meaning that smaller increas-
es within the clinically tolerable temperature
range will not likely boost the ultrasound-relat-
ed mechanical effects.

Am J Transl Res 2018;10(10):3162-3170
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Further, our thermal experiment with the human
eye (Figure 6) shows that the temperature
increase observed in and near the treated area
of the sclera is mainly due to the power transfer
efficiency of the transducer, with self-heating of
the ultrasound applicator being thermally con-
ducted into the small fluid volume of the eye
cup. We show that it is possible to mitigate the
increase in fluid temperature with external cool-
ing of the ultrasound hand piece. The thermal
images show that when the cooling system is
on, the final temperature of the eye is more
even across the globe surface, and it is close to
background room temperature (purple color).
In this setting, temperature elevation within the
sclera and vitreous are reduced considerably.

At the beginning of each experiment (time 0),
the temperature at the surface of the human
eye was stabilized at about one degree less
than room temperature. We hypothesize that
this happens mainly because of evaporation of
liquids on the eye surface.

The differences in the temperature measured
with the thermocouple sensor in the rabbit and
human set ups are probably because of four
main factors: difference in eye size and vitre-
ous volume, addition of Parafilm® to fix the eye
cup in the human set up, position of the ther-
mocouple, and initial temperature of the eye
and solution. We decided to perform the human
experiment at room temperature to allow better
visualization of the temperature gradient over
the globe surface using a thermal camera.
Moreover, in the human set up, the thermocou-
ple was inserted away from the treatment zone,
pointing toward the center of the vitreous as
oppose to the rabbit experiments, where the
thermocouple was inserted through the treated
scleral area to measure the temperature of the
vitreous close to it. Using both technologies
allowed us to present a more comprehensive
report and better understand the mechanisms
responsible for change in temperature in differ-
ent areas.

Previous in vitro studies have suggested the
potential of phonophoresis to promote drug
delivery through the sclera. Huang and col-
leagues reported a two-fold increase in the
penetration of bovine serum albumin labeled
with fluorescein isothyacianate (FITC-BSA, MW
66 KDa) using 1 MHz 0.5 W/cm? continuous
mode for 5 minutes [29]. Also, Razavi and col-
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leagues reported a 10-fold increase in the
scleral permeability to fluorescein using 1.1
MHz pulsed ultrasound, with up to 5.4 W time-
averaged acoustic powers [30]. Both findings
used rabbit sclera in their in vitro models [29,
30]. In vitro experiments are usually performed
by resecting and placing a flattened piece of
sclera in between two chambers (donor and
receiver), followed by application of ultrasound
on the donor side and measurement of the
amount of the tested compound on the receiv-
er side. These in vitro models have limitations,
as manipulation of the scleral sample may
affect the structural properties of the sclera
and have an impact on the permeability results.
In fact, Razavi and colleagues performed trans-
mission electron microscopy in the scleral sam-
ples treated in vitro and found similar evidence
of damage to fibroblasts and collagen bundle
disorganization, in both sham and ultrasound-
treated samples [30].

Our ex vivo model is a step closer to real-life
circumstances in the process of investigating
the translational potential of using ultrasound
to deliver drugs into a patient’s vitreous.
However, it also has limitations considering the
absence of the choroidal blood flow and that
the eyes were removed from the animal’s head,
possibly affecting the absorption and reflection
of the ultrasound waves leaving the eye. In
addition to that, conjunctiva and connective tis-
sues were removed, and the solution contain-
ing fluorescein was directly applied on the bare
sclera. However, the use of ex vivo eyes is a
much more cost-efficient model and probably
the best to use for optimization of the method
and selection of a few lead treatment settings
for future in vivo testing. There are very few
studies investigating the use of ultrasound over
the sclera in vivo, and the reported methods
were neither safe nor practical for prompt clini-
cal translation. Suen and colleagues reported a
significant increase in dextran penetration
through the sclera of live rabbits using phono-
phoresis. However, they used a very large trans-
ducer (1591 mm? surface area) operating at 40
kHz, and to achieve best results, they had to
treat the eyes for a relatively long session of
19.5 minutes (90 seconds of ultrasound fol-
lowed by 5 minutes in contact with the solution,
repeated for a total of three cycles) [31]. They
also reported a 14-day period of “healing” of
the scleral barrier, after which the permeation

Am J Transl Res 2018;10(10):3162-3170
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to dextran returned to baseline levels in ultra-
sound-treated eyes [31], which raises a ques-
tion about future clinical safety. In our study, we
show promising results using a smaller trans-
ducer at a higher frequency, but we did not
investigate how long after the application the
sclera remains permeable, nor did we examine
histology of samples to show retinal and scleral
integrity. Future studies should aim to develop
even smaller transducers capable of delivering
drugs across the pars plana and reducing
the scleral and RPE cell exposure to the
ultrasound.

In order to better understand the impact of
phonophoresis upon delivery of small mole-
cules through the sclera, we did not add any
enhancers to the chemical solution in this
study. However, we do believe that the associa-
tion of phonophoresis with solutions containing
chemical enhancers or microbubbles might be
the answer to reducing the time and energy
necessary to deliver drugs to the vitreous. The
gas in microbubbles lowers the cavitation
threshold, and there are reports of successful
association of ultrasound and microbubbles to
deliver drugs and genes to the cornea [32, 33].

In conclusion, we observed an increase in the
vitreous concentration of fluorescein, suggest-
ing that phonophoresis with an 880 kHz trans-
ducer can be an effective needle-less method
to enhance the penetration of small molecules
into the vitreous. We also show that the
observed ranges of increase in temperature
are not a significant component in the phono-
phoresis’ mechanism of action. Lastly, we show
that it is possible to reduce excessive increas-
es in scleral surface heating by adding a cool-
ing system to the ultrasound hand piece. There
is a clear need to develop alternatives to intra-
vitreal injections, and ultrasound based meth-
ods are promising.
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