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A challenge in ocular drug delivery is to maintain the therapeutic concentration of a drug at the site of action
in the eye. The objective of the present study was to investigate the feasibility of micellar carrier systems for
sustained drug delivery in transscleral iontophoresis in vitro. Simple and mixed micelles prepared using so-
dium taurocholate (TA) alone or with egg lecithin (LE) were the carrier systems studied. Dexamethasone
(DEX), a poorly water soluble corticosteroid, was the model drug. The micellar carrier systems were first
characterized for their solubilization and encapsulation of the drug. Passive and 2-mA iontophoretic (both
cathodal and anodal) transport experiments were conducted using these micellar carrier systems in side-
by-side diffusion cells with excised human sclera in vitro. Drug release studies were performed after the
transport experiments. Saturated DEX solution without the micellar carriers was used as a control. It was
found that the solubilization capacity of the micellar carrier systems increased as the total lipid concentration
of the systems increased. Drug release from the sclera was significantly prolonged with the micellar carrier
systems as compared to the control after passive and iontophoretic delivery. Less than ~20% of DEX was re-
leased from the sclera in approximately 2 h after cathodal iontophoretic delivery of the micellar carrier sys-
tems, whereas more than ~50% of DEX was released from the control in the same time period under the same
condition. Micellar carrier systems can be a suitable transscleral drug delivery system for poorly water solu-
ble drugs by enhancing their aqueous solubilities and providing sustained drug delivery. These micellar car-
rier systems can be efficiently delivered into and across the sclera by iontophoresis for drug delivery.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Posterior eye diseases account for the majority of blindness in the
United States [1]. For example, it was reported that the number of pa-
tients suffering from posterior uveitis was more than 100,000 in the
United States (38 per 100,000 people yearly) [2]. The use of dexa-
methasone and other corticosteroids as anti-inflammatory agents to
inhibit the inflammation in ocular tissues has been well documented
[3–5]. Topical administration of corticosteroids is commonly used to
treat anterior eye diseases [6,7], but is not effective in the treatment
of posterior eye diseases due to the low levels of drugs delivered to
the posterior eye from the administration site [8,9]. Intravitreal injec-
tion and the use of intraocular implants are effective methods to de-
liver drugs to the posterior parts of the eye, but these approaches
are invasive [10–13]. Complications associated with intraocular injec-
tions, such as cataract, retinal detachment, vitreous hemorrhage, and
endophthalmitis, have been reported [10–12]. The development of an
effective and noninvasive method to deliver drugs to the posterior
B, Cincinnati, Ohio 45267, USA.
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segment of the eye remains a challenge for ophthalmologists and
pharmaceutical scientists.

Transscleral iontophoresis is a noninvasive technique and has
been investigated to enhance drug delivery to the posterior segment
of the eye [13–19]. A limitation of transscleral iontophoresis for the
treatment of chronic eye diseases is the fast clearance of the drug
from the eye to the systemic circulation such as through episcleral
vessels and conjunctival lymphatic system, leading to the require-
ment of repeated iontophoresis administration. Also, short duration
transscleral iontophoresis is not expected to directly deliver drugs
to the posterior segment of eye due to the long transport path length
from the application site to the back of the eye [20] and the ocular dy-
namic barrier [21]. Therefore, a sustained release carrier system for
transscleral iontophoresis that can maintain therapeutic concentra-
tions of the drug in the eye is desirable.

Nanoparticulate drug delivery systems such as micellar carriers
have been studied to increase the solubility of poorly water soluble
drugs [22–24]. The application of these carrier systems to improve
therapeutic efficacy of various drugs has been established for differ-
ent routes of drug administration, e.g., ocular, parenteral, oral, and
dermal routes [25–31]. Micellar carrier systems have the properties
such as being charged and nanosize for transscleral iontophoresis. In
addition, mixed micelles composed of egg lecithin and taurocholate
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mailto:choprap@mail.uc.edu
http://www.sciencedirect.com/science/journal/01683659
http://dx.doi.org/10.1016/j.jconrel.2012.01.032


97P. Chopra et al. / Journal of Controlled Release 160 (2012) 96–104

N
A
N
O
M
E
D
IC
IN

E

have been found to exhibit a phase transition from mixed micelles to
liposomes upon aqueous dilution [32,33]. This phase transition prop-
erty could be advantageous for sustained drug delivery.

The objective of the present study was to investigate the proper-
ties of sustained release drug delivery systems of micelles for trans-
scleral iontophoresis. Particularly, dexamethasone (DEX) was
chosen as the model drug and DEX-loaded simple and mixed micellar
carrier systems prepared using taurocholate and egg lecithin were the
model micellar systems investigated. The physical properties of these
micellar carrier systems, such as drug encapsulation, size, charge,
conductivity, viscosity, and osmolarity, were characterized. The feasi-
bility of transscleral delivery of these carrier systems by passive and
iontophoretic transport methods was evaluated using cadaveric
human sclera in vitro. Drug release profiles were determined after
the transport experiments in vitro to examine the potential of these
micelles as novel sustained release systems for poorly water soluble
drugs.

2. Materials and methods

2.1. Materials

3H-dexamethasone was purchased from PerkinElmer Life and An-
alytical Sciences (Boston, MA) with purity of at least 97%. Sodium
taurocholate (TA) was purchased from Sigma-Aldrich (St. Louis,
MO). Lecithin (LE, from eggs, purity >90%) was purchased from Indo-
fine Chemical (Hillsborough, NJ). Dexamethasone was purchased
from Letco Medical (Decatur, AL). Filter membrane (0.22 μm) was
purchased from Fisher Scientific (Pittsburgh, PA). Dialysis membrane
of molecular weight cutoff 1000 Da (MWCO 1000) was purchased
from Spectrum Laboratories, Inc. (Rancho Dominguez, CA).
Phosphate-buffered saline (PBS, pH 7.4, consisting of 0.01 M phos-
phate buffer, 0.0027 M potassium chloride, 0.137 M sodium chloride)
was prepared by dissolving PBS tablets (Sigma-Aldrich, St. Louis, MO)
in distilled, deionized water. High performance liquid chromatogra-
phy (HPLC) grade acetonitrile was purchased from Pharmaco-
AAPER (Shelbyville, KY).

2.2. Preparation of micellar carrier systems

Mixed micellar solution at a ratio of LE to TA of 1:4 (mole ratio)
was prepared by first dissolving an appropriate amount of TA in
PBS to obtain a clear solution and then adding an appropriate
amount of LE to make the mixed micelle solution of desired total
lipid concentration. The concentration of the mixed micelle solution
was 95 mg/mL in all experiments unless otherwise stated. DEX was
formulated in the mixed micelles at two different concentrations:
mixed micelles containing saturated (SMM) and unsaturated
(UMM) DEX. In the preparation of SMM, excess amounts of DEX
were added to the mixed micelle solution followed by equilibration
at 36±1 °C for 24 to 48 h. After equilibration, the mixture was fil-
tered through 0.22 μm filter membrane to obtain clear SMM solution.
In the preparation of UMM, an appropriate amount of DEX was
added to the mixed micelle solution to a final DEX concentration of
0.1 mg/mL.

Since both simple and mixed micelles coexisted in the mixed mi-
cellar carrier system, saturated simple micellar carrier system (SSM)
was also prepared and tested in the present study. SSM was prepared
by dissolving an appropriate amount of TA in PBS followed by saturat-
ing the system with excess DEX. The solution was equilibrated in a
circulating waterbath at 36±1 °C for 24 to 48 h. After equilibration,
the undissolved drug was separated from the solution by filtration
using 0.22 μm filter membranes. The concentration of TA in the
SSM solution was 28 mg/mL in all experiments unless otherwise
stated. This concentration was selected because it was the same TA
concentration as of the simple micelles co-existing in the 95 mg/mL
mixed micelle system according to calculations based on a previous
study [34].

Control solution of saturated DEX was prepared by adding an ex-
cess amount of DEX in PBS followed by equilibration in a circulating
waterbath at 36±1 °C for 24 to 48 h. After equilibration, the undis-
solved drug was separated from the solution by filtration using
0.22 μm filter membranes. The concentration of DEX in the solution
(control) was found to be 0.1 mg/mL.

2.3. Preparation of the sclera

Cadaver eyes were obtained from National Disease Research Inter-
change (NDRI, Philadelphia, PA). The tissues were stored in moisture
chambers at 4 °C. Before the experiments, the tissue was cleaned at
room temperature and adhering tissues on the sclera including the
retina and choroid were removed with a pair of forceps. The sclera
was then rinsed with PBS, cut into approximate size, and equilibrated
in PBS at room temperature for 30 min before its use. The use of
human tissues was approved by the Institutional Review Board at
the University of Cincinnati, Cincinnati, OH.

2.4. Characterization of micellar carrier systems

2.4.1. Drug encapsulation: solubility study
Different concentrations of SMM and SSM were prepared using

the method described in Section 2.2 to study the solubility of DEX in
the micellar carrier systems. The total lipid concentrations (TA and
LE) of SMM were 25, 40, 55 and 95 mg/mL in the SMM experiments,
and the concentrations of TA were 29, 39, 47, 70 and 95 mg/mL in the
SSM experiments. After equilibrating SMM and SSM solutions with
excess amounts of DEX in a circulating waterbath at 36±1 °C for 24
to 48 h, the undissolved drug was separated from the solution by fil-
tration using 0.22 μm filter membranes. Aliquots of the filtered mi-
celle solutions were then subjected to appropriate dilution with the
mobile phase used in the HPLC assay. The diluted samples were
assayed for the drug using an HPLC system (Prominence, Shimadzu,
Columbia, MD) consisted of CBM-20A system controller, LC-20AT sol-
vent delivery module, SIL-20A autosampler, and SPD-20A UV–Vis de-
tector. The separation was performed with Microsorb C18 column
(150 mm×4.6 mm; Varian, Inc., Palo Alto, CA) at room temperature.
The mobile phase consisted of acetonitrile and water (65:35, v/v)
and was delivered at a flow rate of 1.0 mL/min. The detection wave-
length for DEX was 284 nm. Each sample was analyzed at least
twice, and the averages were used to calculate the concentrations of
solubilized drug in the different systems.

2.4.2. Drug encapsulation: dialysis membrane study
Drug encapsulation in the micellar systems was also measured in a

passive transport experiment with the MWCO 1000 dialysis mem-
brane in a circulating waterbath at 36±1 °C. The dialysis membrane
was mounted between the two half-cells of a side-by-side diffusion
cell with an effective diffusion area of 0.64 cm2. The donor solutions
were prepared by adding trace amounts of radiolabelled DEX
(0.2 μCi/mL) into SMM, UMM, and the control solutions. The receptor
solution was PBS. The volume of the donor and receptor solutions was
1.5 mL. The duration of the transport experiments was 90 min. Sam-
ples of 10 μL and 1 mL were withdrawn from the donor and receptor
compartments at predetermined time intervals, respectively. The
volume of the receptor was maintained constant by the addition of
1 mL fresh PBS after each sampling. The samples were then
mixed with 10 mL of liquid scintillation cocktail (Ultima Gold™,
PerkinElmer Life and Analytical Sciences, Shelton, CT) and assayed
by a liquid scintillation counter (Beckman Coulter LS 6500, Fuller-
ton, CA).

The apparent flux (J) was calculated from the slope (ΔQ/Δt) of the
linear region of the plot of the cumulative amount (ΔQ) of the
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permeant transported across the membrane into the receptor cham-
ber versus time (t) divided by the effective diffusion area (AD).

J ¼ 1
AD

ΔQ
Δt

ð1Þ

The apparent permeability coefficient (P) was calculated by nor-
malizing the apparent flux by the donor concentration of the per-
meant (CD).

P ¼ 1
CDAD

ΔQ
Δt

ð2Þ

Encapsulation efficiency (EE) is defined as the fraction of the drug
encapsulated into the mixed micelles with respect to the total
amount of the drug in the micelle solution. As only the free drug
can permeate across the dialysis membrane, EE was determined by:

EE ¼ 1− Pmm

Paq
ð3Þ

where Pmm is the apparent permeability coefficient of the drug deter-
mined in the transport experiment of the micellar carrier system and
Paq is the apparent permeability coefficient of the drug determined in
the transport experiment of the control.

2.4.3. Measurements of conductivity, viscosity, osmolarity, size, and zeta
potential

The conductivity, viscosity, osmolarity, effective size and zeta po-
tential of the micellar carrier systems were measured at room tem-
perature using a conductivity meter (510 series, Oakton
Instruments, Vernon Hills, IL), Ostwald viscometer (Barnstead Inter-
national/Thermo scientific, Dubuque, Iowa), osmometer (Model
3300, Advanced Instruments Inc, Norwood, MA), and Malvern Zetasi-
zer® (Nano ZS, Malvern Instruments Ltd, Worcestershire, UK),
respectively.

2.5. Transscleral transport study

Cadaveric human sclera was sandwiched between the two half-
cells of a side-by-side diffusion cell with the choroid side facing the
receptor. The diffusion cells had effective diffusion area of 0.2 cm2

and the temperature was maintained by a circulating waterbath at
36±1 °C. The volume of the donor and receptor solutions was
1.5 mL. Prior to the transport experiments, trace amounts of radiola-
belled DEX (0.5–1 μCi/mL) were added into SMM, UMM, SSM, and
the control solutions in the donor chamber. PBS was the receptor so-
lution in all the transport experiments. Passive transport, anodal ion-
tophoresis (anode in the donor), and cathodal iontophoresis (cathode
in the donor) experiments were performed. In the iontophoresis ex-
periments, 2 mA current was applied across the sclera with a constant
current iontophoretic device (Phoresor II Auto, Model PM 850, Iomed,
Inc., Salt Lake City, UT) using Ag/AgCl (cathode) and Ag (anode) as
the driving electrodes. The duration of the transport experiment
was 20 min. Samples of 10 μL donor solution and 1 mL receptor solu-
tion were taken at predetermined time intervals for assay. Fresh PBS
of 1 mL was then added into the receptor to maintain a constant vol-
ume in the receptor. The samples were mixed with 10 mL of the liq-
uid scintillation cocktail and assayed by the liquid scintillation
counter.

In these transscleral transport experiments, the instantaneous
fluxes were calculated from the changes in the cumulative amount
of the permeant transported across the sclera into the receptor cham-
ber and the effective diffusion area for all time points using Eq. (1).
The instantaneous fluxes at the last two time points in the transport
experiments were averaged, and the apparent permeability
coefficient (flux normalized by the donor concentration) was calcu-
lated by dividing the average flux by the donor concentration using
Eq. (2). It was important to characterize the transscleral transport be-
havior of the micellar carrier systems under a controlled in vitro set-
ting in these experiments although this setting might not predict
transscleral drug delivery in vivo due to the absence of blood vascula-
ture and lymphatic clearance.

In a separate study, transport experiments of DEX in SMM were
conducted on the same sclera tissue using a three-stage protocol:
first passive transport, cathodal iontophoresis, and second passive
transport under the same experimental conditions of the transport
experiments described above. The results of the first and second pas-
sive transport experiments were compared to examine possible irre-
versible electropermeabilization effects of iontophoresis upon human
sclera.

2.6. Drug release study

Drug release study was carried out following the transscleral
transport study with the same diffusion cells and sclera. Particularly,
at the end of the transport experiments, both the donor and receptor
solutions were removed and 1.5 mL of fresh PBS was added into the
receptor chamber to start the release study. A stopper was used on
the donor chamber to seal the donor chamber and maintain the pres-
sure in the chamber. The donor and receptor chambers were not
rinsed before the start of the release study to avoid potential washout
of the drug from the sclera. The drug release study was performed
for 6 days. At predetermined time intervals, 1 mL of receptor solu-
tion was taken from the receptor for assay followed by replenishing
the receptor with 1 mL fresh PBS. The samples were mixed with
10 mL of the liquid scintillation cocktail and assayed by the liquid
scintillation counter. While the results in the in vitro drug release
study might be different from those in vivo due to the absence of
clearance in vitro, the study was performed to assess the sustained
release properties of the micellar carrier systems before future in
vivo studies.

2.7. Drug extraction study

Drug extraction study of the sclera was performed following the
drug release study to determine the amount of DEX remained in the
sclera after the drug release study. At the end of the drug release ex-
periment, the sclera was removed from the side-by-side diffusion cell
assembly and was immersed in 2 mL ethanol solution in a vial for
24 h. After 24 h of extraction, 1 mL of sample was withdrawn from
the vial, mixed with 10 mL of liquid scintillation cocktail, and assayed
for DEX by the liquid scintillation counter. The total amounts of DEX
loaded into the sclera with passive and iontophoretic delivery were
calculated as the sum of the amounts of DEX released from the sclera
in the drug release study and the amounts of DEX remained in the
sclera.

2.8. Statistical analysis

All experiments were conducted with a minimum of three repli-
cates using sclera tissues from different donors. Themeans±standard
deviations (SD) of the data are presented. Data were compared using
Student's t-test. Differences were considered to be significant at a
level of pb0.05.

3. Results and discussion

3.1. Characterization of micellar carrier systems

Fig. 1 presents the amounts of DEX solubilized in different concen-
trations of SMM and SSM. With an increase in the concentration of



Table 1
Properties of the micellar carrier systems and the control in the present study a.

Formulations Conductivity
(mS)

Viscosity
(mPa⋅s)

Osmolarity
(mOsm)

Hydrodynamic
diameter
(nm)

Zeta
potential
(mV)

SSM 15.1±0.2 1.18±0.03 370±11 –b −67.0±1.1
SMM 13.8±0.6 1.64±0.02 394±10 4.4±0.2 −61.1±2.0
UMM 14.1±0.3 1.64±0.01 420±9 4.7±0.2 −52.0±2.0
Control 14.8±0.4 1.06±0.01 303±13 –b –b

a Mean±SD, n≥3.
b Not applicable.SMM: y = 0.0041x + 0.0666

R² = 0.9931

SSM: y = 0.0056x + 0.075
R² = 0.9993
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Fig. 1. Solubility of DEX as a function of total lipid concentration in the saturated mixed
micelle (SMM, closed diamonds) and saturated simple micelle (SSM, closed triangles)
systems.
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total lipids in the SMM system from 25 mg/mL to 95 mg/mL, the sol-
ubility of DEX increased linearly from 0.17 mg/mL to 0.45 mg/mL.
According to these data, the concentration of DEX in SMM in the
transport experiments was 0.45 mg/mL, which was within the clinical
dose range in practice [35]. For SSM, the solubility of DEX in SSM in-
creased from 0.24 mg/mL to 0.61 mg/mL when TA concentration was
increased from 29 mg/mL to 95 mg/mL. In SMM, both simple and
mixed micelles existed and contributed to the solubilization of DEX.
As stated in Section 2.2, the concentration of simple micelles of TA
in the SMM was ~28 mg/mL. From the slope in Fig. 1, the amount of
DEX solubilized by simple micelles of TA was calculated to be
0.23 mg per 28 mg TA, corresponding to 8.2 μg per mg TA simple mi-
celle. The amount of DEX solubilized by the mixed micelles estimated
by subtracting the amount of DEX solubilized by TA simple micelles
from the total drug solubilized in SMM was 0.22 mg per 95 mg total
lipids. This suggests that ~50% of the drug was solubilized by the sim-
ple micelles in SMM. From the y-intercept in Fig. 1, the aqueous solu-
bility of DEX in the absence of micelles was approximately 0.07 mg/
mL, not significantly different from the solubility of DEX determined
in the control (0.1 mg/mL).

The amount of DEX encapsulated in the UMM system cannot be
determined in the DEX solubility study, so transport experiments
with dialysis membrane were performed. The passive permeability
coefficients of DEX in SMM, UMM, and control solutions across the di-
alysis membrane were calculated using Eq. (2). The passive perme-
ability coefficient of DEX in the control (2.3×10−5 cm/s) was
approximately 3 times higher than that of SMM (5.6×10−6 cm/s)
and UMM (5.8×10−6 cm/s). The passive permeability coefficient in
the control experiment was higher than those of SMM and UMM be-
cause DEX loaded in the mixed micelles could not permeate through
the MWCO 1000 dialysis membrane [34]. As only free DEX can diffuse
across the membrane into the receptor, this allows the determination
of the encapsulation efficiencies of the carrier systems using Eq. (3).
The encapsulation efficiencies of DEX in SMM and UMM calculated
were approximately 75%. These results are consistent with the ap-
proximately four times increase in the solubility of DEX in 95 mg/
mL SMM from its aqueous solubility (0.1 mg/mL) in the solubility
study.

Table 1 summarizes the physical properties of the micellar carrier
solutions and the saturated DEX control solution tested in the present
study. The physical properties were determined to understand the
iontophoretic transport and drug release mechanisms of the micellar
carrier systems. The results show that the conductivities of SSM,
SMM, and UMM solutions are essentially the same. These results are
not significantly different from that of the control despite the rela-
tively high concentration of micelles (28 mg/mL for SSM and
95 mg/mL for SMM and UMM) used in the present study. This can
be attributed to the background electrolyte being the main conduct-
ing ions in the SMM, SSM, and UMM solutions and the increase in the
viscosity of the solutions in the presence of the micelles. The viscos-
ities of SMM and UMM were approximately 1.4 times higher than
that of SSM, suggesting that SMM has a larger impact on solution vis-
cosity than SSM. The viscosity of SSM solution was approximately 1.2
times that of the control. The osmolarities of SMM, SSM, and UMM
solutions were between 370–420 mOsm, indicating that these mi-
celle solutions were slightly hypertonic.

The effective sizes (i.e., hydrodynamic diameter) of mixed mi-
celles SMM and UMM were 4.4 and 4.7 nm, respectively (Table 1),
whereas that of the simple micelle SSM was below the detectable
range of the instrument. This is consistent with the general view
that simple micelles are smaller than the mixed micelles. In addition,
the sizes of the micelles in SMM and UMM were studied upon dilu-
tion with PBS. The results show that dilution led to an increase in
the size of SMM and UMM (to ~20 nm at 20-fold dilution) followed
by a slight decrease in size upon further dilution due to the formation
of monodisperse vesicles. This trend is consistent with a previous re-
port that the size of TA/lecithin mixed micelles first increases and
then decreases with dilution [36]. The zeta potentials of the micellar
carrier systems were also determined, and the results show that the
micellar carriers were net negatively charged in PBS under the exper-
imental conditions in the present study. Overall, SMM and SSM dif-
fered in their properties including micellar carrier sizes and solution
viscosity. These differences could influence transscleral transport,
drug release, and scleral loading of DEX of these micellar carrier sys-
tems as discussed in the following sections.

3.2. Transport study with SMM and SSM

Fig. 2A and B shows the cumulative amounts of DEX transported
across human sclera in the passive and iontophoretic transport exper-
iments with SMM and SSM solutions. Before the discussion of the
SMM data, it should be realized that both simple and mixed micelles
exist in the SMM solution due to the relatively high concentration of
TA compared to LE (4:1 mole ratio) in the micellar system (also see
Section 3.1); these simple micelles likely contribute to the behavior
of DEX delivery in the passive and iontophoretic transscleral trans-
port experiments. For both SSM and SMM, higher cumulative
amounts of DEX transported across the sclera were observed during
cathodal iontophoresis as compared to their passive counterparts.
These results are consistent with the negative charges and zeta po-
tential of SMM and SSM (Table 1) and demonstrate the direct electric
field effect of iontophoresis (i.e., electrorepulsion or Nernst-Planck ef-
fect) [14] on these carrier systems. For SMM, the higher cumulative
amounts of DEX delivered in the anodal iontophoresis experiment
than those in passive delivery were likely attributed to the contribu-
tion of electroosmosis. The electroosmosis effect was expected to be
larger for the mixed micelles in SMM than for SSM due to the differ-
ence in their sizes (Table 1) [37]. Accordingly, the cumulative
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amounts of DEX in anodal and cathodal iontophoresis of DEX in SMM
were not significantly different. In summary, the observed iontopho-
resis enhancement of both simple and mixed micelle systems sug-
gests that these carrier systems can be efficiently delivered across
human sclera using iontophoresis as compared to passive delivery.

Fig. 2C shows the cumulative amounts of DEX transported across
human sclera in the passive and iontophoretic transport experiments
with the control solution. In these control experiments, significantly
higher cumulative amount of DEX transported across the sclera was
observed during anodal iontophoresis as compared to those of pas-
sive transport and cathodal iontophoresis. The enhancement of DEX
transport observed in the anodal iontophoresis control experiment
is consistent with the dominant effect of electroosmosis upon DEX
transport across the negatively charged human sclera under the con-
dition in the present study.

To compare transscleral transport of SMM and SSM, the apparent
permeability coefficients of human sclera for DEX in SMM, SSM, and
the control were calculated by normalizing the flux with the donor
concentration (Fig. 3). The passive permeability coefficient of DEX in
SMM was lower than those of SSM and the control. This is consistent
with the larger effective size (hydrodynamic diameter) of SMM as
compared to that of SSM (see Section 3.1). DEX in the control exper-
iments had the highest passive permeability coefficient due to its mo-
lecular size and diffusion coefficient in the sclera compared to those
of the carrier systems. Similarly, the higher cathodal iontophoretic
permeability coefficient of DEX in SSM than that of SMM could be
partly attributed to the smaller effective size of SSM than SMM.

It should be pointed out that the conductivity results of SMM, SSM,
and control solutions (Table 1) suggest similar voltage drop across
the sclera in the present constant current iontophoretic transport ex-
periments. Therefore, DEX iontophoretic transport in the SMM, SSM,
and control solutions was likely under similar iontophoretic driving
forces (i.e., constant current iontophoresis of constant electrical po-
tential). This allows the direct comparison of the permeation data to
understand the interplay of electrophoresis and electroosmosis of
the micellar systems upon flux enhancement in the present study.
In addition, the osmolarity results in Table 1 suggest that convective
solvent-flow driven transport due to the water concentration gradi-
ent across the sclera (the difference in osmolarities of the receptor so-
lution and the SMM, SSM, and UMM donor solutions) in the transport
experiments was not likely to be significant. The effective sizes and
charges of the micellar carriers and their encapsulation capacity are
the primary factors influencing iontophoretic transscleral transport
in the present study.

In the study using the three-stage transport protocol of passive trans-
port followed by cathodal iontophoresis and then second passive trans-
port, no significant difference was observed in the passive permeability
coefficients of SMM before and after iontophoresis (4.5±0.8×10−6

and 6.2±1.1×10−6 cm/s, mean±SD, n=4, respectively). The
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Fig. 4. Cumulative amounts of DEX released from human sclera versus time in the re-
lease studies performed after the passive (closed diamonds), cathodal iontophoresis
(closed squares), and anodal iontophoresis (closed triangles) transport experiments
of (A) SMM, (B) SSM, and (C) control. Data represent the mean and standard deviation,
n≥3.
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essentially same permeability coefficients in the first and second passive
stages suggest no irreversible electropermeabilization effect on the bar-
rier properties of human sclera for micellar transport under the ionto-
phoretic conditions in the present study.

3.3. Drug release study with SMM and SSM

The effects of iontophoretic delivery on drug release from the
sclera were first investigated. As shown in Fig. 4A and B, drug release
from the sclera in the SMM and SSM experiments was enhanced after
cathodal iontophoresis as compared to those after anodal iontophore-
sis and passive transport. These results are consistent with the find-
ings in the transport study (Section 3.2) that cathodal iontophoresis
can effectively enhance transscleral delivery of these micellar carrier
systems. Conversely, in the control experiment without the carrier
systems (Fig. 4C), drug release was enhanced after anodal iontopho-
resis as compared to those after passive and cathodal iontophoretic
transport, consistent with electroosmotic enhancement of DEX deliv-
ery during anodal iontophoresis. Both these trends can be attributed
to the ability of iontophoresis in enhancing drug loading into the tis-
sue compared to that of passive delivery, and hence providing better
sustained drug delivery from the sclera. The effects of iontophoresis
upon drug loading will be discussed in the next section (Section 3.4).

To examine the effects of micellar carrier systems on the rate of
DEX released from the sclera, the results in Fig. 4A and B were com-
pared with those in Fig. 4C. Fig. 4C shows that more than 60% of
DEX was released within two hours after passive delivery whereas
Fig. 4A and B shows only 14% and 16% of DEX were released in the
same time period after passive delivery of SMM and SSM, respective-
ly. Similarly, drug release after iontophoretic transport of the micellar
carrier systems was generally slower as compared to that of the con-
trol after iontophoresis. For example, approximately 33% of DEX was
released in one day after cathodal iontophoresis of SMMwhile the re-
lease of DEX was 63% in one day after anodal iontophoresis of the
control. These results suggest that SMM and SSM carrier systems ex-
hibit sustained release properties by providing slower DEX release
than the control. SMM and SSM also have different sustained drug de-
livery profiles. A comparison of drug release from the sclera after
cathodal iontophoresis of SMM with that of SSM shows that approx-
imately 55% of DEX was released in two days with SMM, which was
less than the approximately 80–90% of DEX released with SSM in
the same time period. These results suggest that SMM provides better
sustain release properties than SSM.

3.4. Drug extraction study with SMM and SSM

Fig. 5 presents the total amounts of DEX loaded in the sclera at the
end of the transport experiments. The results show that the amounts
of DEX loaded in the sclera after cathodal iontophoretic transport of
SMM and SSMwere significantly larger than those after passive trans-
port of SMM and SSM. The two- to four-fold higher drug loading into
the sclera after iontophoretic transport than passive delivery supports
the hypothesis that iontophoresis enhances the loading of charged
micellar carrier systems into the sclera and hence provides enhanced
sustained transscleral drug delivery after iontophoresis. This hypoth-
esis is also consistent with the sclera transport data observed in
Section 3.2 in which higher apparent permeability coefficients were
observed during cathodal iontophoresis (SMM and SSM) as compared
to their permeability coefficients in passive delivery. On further com-
parison of enhanced drug loading due to iontophoresis, the enhance-
ment of drug loading was larger for SMM than for SSM after cathodal
iontophoresis. This might be related to the higher DEX concentration
in the donor in the transport experiment of SMM than that of SSM
(0.45 mg/mL versus 0.23 mg/mL, respectively).

To investigate the effects of the micellar carriers on scleral drug
loading, the amounts of DEX loaded in the sclera after SMM and
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SSM passive delivery were compared with that of the control. The
amount of DEX loaded into the sclera after passive drug delivery
with the control was significantly smaller than those in SMM and
SSM. This suggests that the improved aqueous solubility of DEX in
the micellar carrier systems enhanced drug loading into the sclera
in passive transscleral delivery. Similar findings of the micellar carrier
systems being more effective in loading the drug into the sclera in
iontophoretic delivery as compared to iontophoretic delivery of the
control were also observed. Together, these results demonstrate the
advantages of iontophoretic delivery and the micellar systems for
sustained ocular drug delivery. It should be pointed out that the
amounts of drug loaded into the sclera from iontophoresis corre-
spond to tissue concentration comparable to or higher than the
drug concentration in the donor chamber of the transport study with-
in the uncertainties of the dimensions of the sclera mounted on the
diffusion cells. This is probably due to iontophoretic enhanced drug
loading into the membrane [38] saturating the sclera under these
conditions. In addition, drug delivery from the small amount of resid-
ual donor solution on the surface of the sclera after the removal of
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Fig. 6. Cumulative amounts of DEX released from human sclera in the release studies
performed after the passive (open diamonds) and cathodal iontophoretic (closed dia-
monds) transport experiments of UMM. The results of the control after passive delivery
(open triangles) are presented again for comparison. Data represent the mean and
standard deviation, n≥3.
the donor solution in the release study could also contribute to this
observation.

3.5. Transport and release studies with UMM

UMM that contained the same amount of DEX as the control
(0.1 mg/mL) was used to study the effects of micellar DEX concentra-
tion upon transscleral drug transport and drug release from the
sclera. As shown in Table 1 and Section 3.1, the physical properties
and encapsulation efficiency of UMM and those of SMM are not sig-
nificantly different, suggesting that the encapsulation of DEX into
the micelles did not significantly alter the physical properties of the
micelles. The encapsulation of DEX into the micelles also did not sig-
nificantly impact transscleral transport of DEX in the micellar carrier
systems. For example, the passive (5.7×10−6 cm/s) and cathodal
iontophoretic (1.3×10−5 cm/s) permeability coefficients of sclera
for DEX in UMM are essentially the same as those in SMM,
respectively.

A comparison of the UMM results with those of the control (satu-
rated DEX solution without the micelles) shows that the passive and
iontophoretic permeability coefficients of DEX in UMM are signifi-
cantly lower than those of the control. This is consistent with UMM
being larger in hydrodynamic size than free DEX. Despite the lower
permeability coefficients of DEX in UMM relative to the control,
UMM shows higher sclera loading than those of the control after pas-
sive and iontophoretic delivery.

Fig. 6 compares the results of drug release from the sclera in UMM
with those of the control (results from Fig. 4). From the release pro-
files in the figure, approximately 25% of DEX was released from the
sclera within 2 h after passive delivery of UMM, which is significantly
smaller than the more than 60% DEX released within the same period
after passive delivery in the control experiment. This suggests interac-
tions between themicellar carrier system and the sclera that contribut-
ed to the observed slower drug release. Fig. 6 also demonstrates the
effect of cathodal iontophoresis upon the drug release profiles of
UMM. Iontophoresis of UMM enhanced the total amount of DEX re-
leased from the sclera over that after passive delivery.

3.6. Mechanisms of micellar carrier sustained delivery

Micellar carrier-sustained DEX delivery could be related to two
main factors: improved sclera loading and delayed drug release
from the sclera. The increased DEX loading in the sclera due to higher
aqueous solubility of DEX in the micellar carrier systems and en-
hanced delivery of DEX into the sclera by iontophoresis can result in
an increase in the total amount of DEX released from the sclera com-
pared with the control. Particularly, the effect of drug loading upon
sustained drug delivery is demonstrated in the iontophoresis experi-
ments. After cathodal and anodal iontophoresis that enhanced drug
loading, the amounts of DEX released were generally larger and
slower than those of passive delivery.

For delayed drug release, the mechanisms can be through carrier
and drug interactions with the sclera and slower micellar carrier dif-
fusion than that of free DEX in the sclera. For instance, interactions
between these micellar carrier systems and the sclera such as micelle
binding to the tissue can result in delayed drug release from the
sclera. In addition, the larger effective sizes of the micellar carriers
in SMM and SSM and the resultant slower diffusion of these carriers
in the sclera relative to those of free DEX would lead to delayed
drug release. As evidenced in the results from the UMM studies
(Fig. 6), such delayed drug release contributed to the sustained re-
lease properties observed in the present study. However, this effect
is probably not as significant as sclera loading effect (Figs. 4 and 6).
Enhanced sclera loading due to the increase of DEX solubility in
SMM and SSM is believed to be the main mechanism for the differ-
ences observed between the release profiles of SMM and SSM versus
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those of the control. Another factor that is worth mentioning is the
higher viscosity of SMM and UMM than SSM and the control
(Table 1) that can also contribute to the different sustained release
profiles of DEX in SMM compared to SSM and the control.

3.7. Potential application of transscleral iontophoresis of the micellar
carriers

Sustained release drug delivery systems can be a therapeutic mo-
dality for the treatment of chronic ocular disorders such as chronic in-
flammatory eye diseases [39]. Micellar carrier systems are generally
considered as safe [40], can be tailored in a variety of ways to enhance
the aqueous solubility of lipophilic drugs, and provide a sustained
drug delivery effect. Physical enhancement methods such as ionto-
phoresis have been employed in ocular drug delivery. For example,
transscleral iontophoresis was shown to have the potential to en-
hance the transport of small and macromolecules across the sclera
[16]. The results in the present study suggest that the studied micellar
carrier systems can be delivered across the sclera by iontophoresis.
Particularly, transscleral iontophoresis of the micellar carrier systems
was shown to enhance drug loading into the sclera and prolong drug
delivery from the sclera. The combination of micellar nanocarriers
and transscleral iontophoresis could therefore maintain higher drug
concentrations at the site of application, provide sustained release
from this site to the site of drug action in the eye, and overcome the
need of frequent drug dosing and injections in the eye for the desired
therapeutic effect. This drug delivery platform can be a promising
noninvasive strategy in the treatment of posterior eye diseases. It
could be more cost effective than frequent intravitreal injections, a
procedure that generally requires the involvement of a skilled oph-
thalmologist or retina specialist.

It should be pointed out that the present study was conducted
under the in vitro setting. Cautions must be exercised in the interpre-
tation of the results in the present study as it may not predict trans-
scleral drug delivery in practice in vivo due to the absence of blood
vasculature and lymphatic clearance in the present experiments in
vitro. Further pharmacokinetic studies of iontophoresis and micellar
carriers are required to demonstrate the feasibility of these systems
in vivo. In addition, the safety and toxicity of the mixed micelles
used and those of the combination use of micelles and iontophoresis
have not been evaluated in the present in vitro study. Although vari-
ous studies have demonstrated the safety of mixed micellar carriers
in cell lines [41,42] in the concentration range and LE to TA molar
ratio similar to those in the present study, it would be difficult to pre-
dict their effects in the eye. In a preliminary study to assess the safety
of the mixed micelles in the subconjunctival space using mouse eyes,
no irritation and toxicity were observed for 1 week after dosing
(unpublished data). Despite these results, future studies are required
to fully evaluate the safety of the proposed micellar carrier systems
for transscleral iontophoretic delivery.
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