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Abstract

Purpose: The objective of this study was to develop a clear, aqueous nanomicellar formulation and evaluate its
in vitro ocular biocompatibility as a novel carrier for topical ocular delivery of biotinylated lipid prodrug for the
treatment of herpetic keratitis.
Methods: Micellar formulation of Biotin-12Hydroxystearic acid-acyclovir (B-12HS-ACV) was prepared by sol-
vent evaporation/film hydration method with two nonionic surfactants, vitamin E TPGS and octoxynol-40. The
optimized formulation was characterized for various parameters including micelle size, polydispersity index
(PDI), and zeta-potential and in vitro prodrug release. Human corneal epithelial cells (HCECs) were employed
for studying the cytotoxicity of the formulation. Further, mRNA expression levels of various cytokines were also
studied with quantitative real-time PCR (qPCR).
Results: Average size was 10.46 – 0.05 nm with a PDI of 0.086 for blank nanomicelles, and 10.78 – 0.09 nm with a
PDI of 0.075 for prodrug-loaded nanomicelles. Both unloaded and prodrug-loaded nanomicelles had low
negative zeta potential. Prodrug encapsulation efficiency of mixed nanomicelles was calculated to be *90%.
Transmission electron microscopy analysis revealed that nanomicelles were spherical, homogenous, and devoid
of aggregates. B-12HS-ACV release from nanomicelles was slow with no significant burst effect. Results show a
sustained release of the prodrug from nanomicelles over a period of 4 days. Neither the blank formulation nor
the prodrug-loaded micellar formulation demonstrated any cytotoxic effects. Further, incubation of HCECs with
blank and prodrug-loaded nanomicellar groups did not significantly alter the expression levels of IL-1b, IL-6,
IL-8, IL-17, TNF-a, and IFN-g.
Conclusions: In summary, a topical clear, aqueous nanomicellar formulation comprised of vitamin E TPGS and
octoxynol-40 loaded with 0.1% B-12HS-ACV was successfully developed. B-12HS-ACV-loaded nanomicelles are
small in size, spherical, and homogenous, without any aggregates. The micellar formulations were perfectly
transparent similar to pure water. Ocular biocompatibility studies indicated that mixed nanomicelles were
nontoxic and noninflammatory to corneal epithelial cells. Therefore, nanomicellar technology represents a
promising strategy for the delivery of biotinylated lipid prodrugs of ACV.

Introduction

Topical ocular drug delivery has always been a chal-
lenging task for pharmaceutical scientists. Current ef-

forts in ophthalmic drug delivery are directed toward
sustained/controlled drug release, prolonging the residence
time or contact time of drug delivery system, and enabling
improved corneal absorption. A variety of ocular drug de-
livery systems, such as in situ gelling systems,1–3 mu-
coadhesives,4–5 nanoparticles,6–8 inserts,9,10 and soft contact
lenses,11–13 have been investigated. Although appeared to be

promising, these systems are commonly associated with lack
of patient compliance (vision interference, irritation, and
discomfort), high manufacturing cost (lack of ability to scale
up the production), and ultimately approval by regulatory
authorities.14

These problems render topical ocular formulations in the
form of aqueous solutions as suitable and alternative drug
delivery systems. However, a major issue in the field of oc-
ular drug absorption is poor drug bioavailability from topi-
cal instillation that arises from rapid elimination owing to
precorneal factors, such as tear turnover, lachrymation,
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nasolacrimal drainage, metabolic degradation, nonproduc-
tive adsorption/absorption, and, most importantly, poor
corneal permeation. The residence time of topically applied
drugs being very short ( < 5 min), only 1%–5% of the applied
drug permeates the cornea and reaches intraocular tissues.
Thus, commercially available eye drops are often ineffective
and require repeated instillations.15 Despite these disadvan-
tages, eye drops are most compliant dosage forms due to
their ease of application, minimal risk of infection compared
to implantation or injection-based drug delivery systems,
ease of dose adjustment, low interference with vision,
and moreover, highly patient compliant.14,16 In addition, a
homogenous aqueous solution may offer several advan-
tages including the simplicity of large-scale manufacturing
process.

The objective of this study was to formulate a clear,
aqueous nanomicellar formulation and evaluate in vitro oc-
ular biocompatibility as a novel carrier for topical delivery of
biotinylated lipid prodrug for the treatment of herpetic ker-
atitis. To meet the requirements of ocular delivery, a com-
bination of two nonionic surfactants, D-alpha-tocopheryl
polyethylene glycol 1000 succinate (vitamin E TPGS) cost-
abilized with octyl phenol ethoxylate (octoxynol-40), were
selected as material components.17 These nonionic surfac-
tants were chosen because of their biocompatibility, stability,
and minimal toxicity compared with cationic, anionic, or
amphoteric polymeric surfactants.16,18,19 Moreover, these
surfactants have been reported to possess very minimal he-
molytic activity, toxicity, irritation, and inflammation to the
ocular structures. Vitamin E TPGS is a component of FDA-
approved product Agenerse� (Amprenavir, an antiviral HIV
protease inhibitor) marketed by GlaxoSmithKline Pharma-
ceuticals. Octoxynol-40 is currently used in a marketed for-
mulation (Acular� and Acular LS�) of Allergan, Inc. Also,
the presence of vitamin E TPGS can act as efflux transporter
inhibitor that facilitates drug absorption and higher bio-
availability.20,21

Recently we have developed a novel targeted lipid
prodrug strategy to improve cellular absorption of acy-
clovir (ACV). This approach combines both the lipid
and transporter targeted delivery to generate synergistic
effect.22–23 Targeted lipid prodrugs of ACV exhibited higher
affinity for sodium-dependent multivitamin transporter
(SMVT). Biotinylated lipid prodrugs of ACV demonstrated
synergistic improvement in cellular uptake presumably
due to recognition of the prodrugs by SMVT on the cor-
nea and lipid mediated transcellular diffusion. Biotin-
12Hydroxystearicacid-Acyclovir (B-12HS-ACV) (Fig. 1) was
selected as a model prodrug because of its enhanced bind-
ing affinity toward SMVT, higher cellular uptake, lack of

cytotoxicity, and excellent in vitro antiviral activity against
HSV-1 and - 2. As evident by the EC50 values, B-12HS-ACV
displayed 34-fold and 60-fold increase in antiviral efficacy
against HSV-1 and HSV-2, respectively.22,23

An important aspect of ocular drug delivery is to evaluate
drug carriers not only in terms of efficacy but also in terms of
biocompatibility. Formulation components are expected to
be safe and reliable, effective for its intended use, and bio-
compatible. Biocompatibility evaluation serves as an indi-
cator of the interaction between cells and surfactants/
biopolymers. It confirms that solution/device may not pro-
duce direct/indirect injury to corneal tissues; inflammatory,
immunologic, or systemic effects; and does not induce de-
layed adverse effects.24 In vitro biocompatibility studies are
often conducted in cells. Therefore, selection of a cell line is
extremely important because it must reproduce a toxic or an
inflammatory response that is similar to what occurs
in vivo.25,26 Therefore, we chose human corneal epithelial
cells (HCECs) as an in vitro cell culture model to study the
expression profiles of inflammatory cytokines and chemo-
kines. It will also be the medium to evaluate cytotoxic effects
of the nanomicellar formulation. Hence, the objective of this
study was to develop a clear, aqueous nanomicellar formu-
lation and to evaluate in vitro ocular biocompatibility as a
novel carrier for topical delivery of biotinylated lipid pro-
drug of ACV for the treatment of herpetic keratitis.

Methods

Materials

B-12HS-ACV was synthesized according to a previously
published method.23 D-alpha-tocopheryl polyethylene glycol
1000 succinate (vitamin E-TPGS; NF grade) was pro-
cured from Eastman Chemical Co. (Kingsport, TN). Igepal
(octoxynol-40) was obtained from Rhodio, Inc. (New Jersey,
NJ). Escherichia coli–derived lipopolysaccharide (LPS) was
purchased from Sigma-Aldrich Chemical Co. (St. Louis,
MO). Dulbecco’s modified Eagle’s medium/nutrient mixture
F-12 (DMEM/F-12) was obtained from Invitrogen (Carlsbad,
CA). Fetal bovine serum (FBS) was procured from Atlanta
Biologicals (Lawrenceville, GA). Culture flasks (75 cm2 and
25 cm2 growth area) were purchased from Corning Costar
Corp. (Cambridge, MA). The buffers for cDNA synthesis
and amplification (oligodT, dNTP, magnesium chloride, and
M-MLV reverse transcriptase) were purchased from Prome-
ga Corporation (Madison, WI). Light Cycler 480� SYBR I
green master mix was obtained from Roche Applied Science
(Indianapolis, IN). Quantitative primers used in the study
were custom designed and were obtained from Invitrogen
Life Technologies (Carlsbad, CA). All the buffer components,
solvents, and other chemicals were obtained from Fisher
Scientific Co. (Fair Lawn, NJ) and were utilized without
further purification.

Preparation of micelles

Micellar formulation of B-12HS-ACV was prepared by
solvent evaporation method. Briefly, 1 mg of prodrug, 45 mg
of vitamin E TPGS, and 20 mg of octoxynol-40 were each
dissolved separately in 1 mL of 95% ethanol. All the three
solutions were mixed together to form a homogenous
solution. This solution was then evaporated under vacuum
to form a solid thin film. Subsequently, this film was

FIG. 1. Structure of Biotin-12Hydroxystearicacid-Acyclovir
(B-12HS-ACV).
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rehydrated with 500mL of distilled deionized (DDI) water
and sonicated for 20 min in bath sonicator (50/60 Hz; 125 W)
to form mixed micelles. Further, this homogenous solution
was diluted with 500mL of tear buffer and a clear aqueous
solution was obtained. Subsequently, pH of the aqueous for-
mulation was adjusted to 6.8 with Oakton pH meter (Model:
pH 510 series; Oakton Instruments, Vernon Hills, IL) and fil-
tered through 0.22-mm nylon filter to remove unentrapped
prodrug aggregates and other foreign particulates. Also, un-
loaded micelles were prepared by a similar method as de-
scribed earlier.

Critical micelle concentration determination

Critical micelle concentration (CMC) is defined as the
concentration of surfactants above which micelles are spon-
taneously formed. To determine the CMC of binary mixture
of vitamin E TPGS and octoxynol-40 in DDI water, an
ultraviolet-visible (UV-Vis) spectroscopy method was em-
ployed, using iodine as a hydrophobic probe following
previously published reports.27,28 The KI/I2 standard solu-
tion was prepared by dissolving 0.5 g of iodine and 1 g of
potassium iodide in 50 mL of DDI water. Samples of poly-
meric surfactant solution with different concentrations were
prepared. To each of the vitamin E TPGS/octoxynol-40 bi-
nary mixture (ratio 4.5:2) solutions, 25 mL of KI/I2 solution
was added. The mixtures were then incubated for 12 h at
room temperature preventing from light. The UV absorbance
values of varying polymeric surfactant concentrations at
366 nm were measured with a UV-Vis spectrometer. The
absorption intensity was plotted against logarithm of poly-
meric surfactant concentration. The CMC values correspond
to the concentration of the polymeric surfactant at which a
sharp increase in absorbance is noted.

Characterization of micelles

Micelle size and size distribution. The mean hydrodynamic
diameter and polydispersity of micelles were determined by
dynamic laser scattering (DLS) using a Zetasizer HS 3000
(Malvern Instruments, UK) with a detection angle of 90� at
25�C. The average values of 3 measurements of 12 runs were
calculated for all samples.

Drug encapsulation efficiency. The amount of prodrug
encapsulated in the micelles was measured by LC-MS/MS.
One milliliter of micelle solution was freeze-dried and dis-
solved in 1 mL dichloromethane (DCM) to reverse the mi-
celle structure. Subsequently, DCM was evaporated and
1 mL mobile phase (70:30 v/v acetonitrile/water) was added
to dissolve the prodrug. The solution was then filtered by
0.22-mm nylon syringe filter and analyzed for prodrug con-
tent. Encapsulation efficiency (EE) was calculated according
to Equation 1.

EE¼ actual amount of the prodrug encapsulated in micelles

initial amount of the prodrug used in the micelles
� 100

(1)

Transmission electron microscopy analysis. Morphology of
nanomicelles was determined by transmission electron mi-
croscopy (TEM; Philips CM12 STEM, Hillsboro, OR).29–32

Briefly, a drop of aqueous formulation containing micelles

was placed on a carbon-coated copper grid and excess fluid
was removed with a piece of filter paper. Further, the sample
was stained with 1.5% phosphotungstic acid solution and
excess solution was removed with a filter paper. TEM image
was then taken after the sample was completely dried.

In vitro prodrug release

A fixed volume (1 mL) of prodrug-loaded micellar solution
was suspended in dialysis bag (molecular mass cut-off 1 kDa),
and subsequently placed into vials containing 5 mL DPBS (pH
7.4) buffer solution. All the samples were then placed in a
shaking water bath at 60 rpm maintained at a constant tem-
perature of 37�C. The entire buffer medium was replaced at
every predetermined time point. The collected incubation
medium containing the released prodrug was immediately
stored at - 80�C until further analysis. As a control, an equal
amount (1 mg) of prodrug was dissolved in 1 mL of ethanol
and suspended into a separate dialysis bag. Prior to analysis,
samples were thawed and the supernatant was extracted by a
well-established procedure and analyzed by LC-MS/MS.22,23

LC-MS/MS analysis

A fast and sensitive LC-MS/MS method has been recently
developed in multiple reaction monitoring (MRM) with
electrospray (ES) positive ionization mode for the detection
of targeted lipid prodrug, B-12HS-ACV.22,23 QTRAP� LC-
MS/MS mass spectrometer (API 3200; Applied Biosystems/
MDS Sciex, Foster City, CA) was employed to analyze pro-
drug samples obtained from in vitro drug release and en-
trapment efficiency studies. XTerra� RP8 Column (5mm,
4.6 · 50 mm; Waters Corporation, Milford, MA) was applied
for chromatographic separation with an isocratic mobile
phase. The mobile phase consisted of 70% acetonitrile, 30%
water, and 0.1% formic acid that were pumped at a flow rate
of 0.2 mL/min. Precursor ions of the analytes as well as the
internal standard were determined from spectra obtained
during the infusion of standard B-12HS-ACV solutions with
an infusion pump connected directly to the electrospray io-
nization source. Precursor ions were subjected to collision-
induced dissociation to determine the product ions. MRM
transitions at m/z [M + H] + generated were 735.6/257.3 for
B-12HS-ACV and 256/152 for ganciclovir (GCV; internal
standard). Peak areas for all components were automatically
integrated by Analyst� software and peak-area ratios (area
of analytes to area of internal standard) were plotted against
concentration by weighted linear regression (1/concentra-
tion). The analytical data resulted from B-12HS-ACV with
MRM method exhibited linearity. This method generated
rapid and reproducible results.

Stocks and stock dilutions of B-12HS-ACV were prepared
according to a recently published procedure.23 All the release
samples were subjected to liquid–liquid extraction method.
GCV was selected as internal standard to ensure reproduc-
ibility and reliability of this analytical method. Prior to
analysis, samples were thawed at room temperature. Two
hundred microliters of samples along with 20mL of GCV
(5mg/mL) were extracted with 1 mL of organic solvent con-
taining isopropanol (IPA) and DCM (2:3 ratio). The samples
were vortexed for *2 min and centrifuged at 12,000 g for
15 min at 4�C. Organic layer (850mL) was transferred into
eppendorf tubes and evaporated to dryness under speed
vacuum with a Speedvac (SAVANT Instruments, Inc.,
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Holbrook, NY). The residue was then reconstituted in 200 mL
of mobile phase, vortexed for 1 min, and transferred into
prelabeled vials with silanized inserts. Subsequently, 15 mL of
the reconstituted solution was injected onto LC-MS/MS.
Appropriate calibration standards of B-12HS-ACV were
prepared and a calibration curve was generated using cali-
bration standards.

Cell culture

HCECs were utilized in this study and cultured following
a previously published protocol.33 HCECs were a generous
gift from Dr. Araki-Sasaki (Kinki Central Hospital, Japan).
Briefly, HCECs were grown at 37�C in a cell culture incu-
bator with 95% air and 5% CO2. Culture medium consisted
of DMEM/F-12 supplemented with 15% (v/v) FBS (heat
inactivated), 15 mM N-(2-hydroxyethyl)piperazine-N¢-(2-
ethanesulfonic acid) 22 mM sodium bicarbonate, 100 mg each
of penicillin and streptomycin, 5mg/mL insulin, and 10 ng/
mL of human epidermal growth factor. Cells of passage
numbers between 27 and 30 were utilized for all the exper-
iments in this study.

Cytotoxicity assay

In vitro cytotoxicity of unloaded and prodrug-loaded na-
nomicelles was carried out with Cell Titer 96� Aqueous Non-
Radioactive Cell Proliferation Assay Kit (Promega, Madison,
WI). HCECs were grown on 96-well plates at a density of
10,000 cells per well. Clear transparent aqueous micellar
solution was made in culture media and sterile filtered with
0.22-mm nylon membrane filters under laminar flow to ob-
tain sterile formulations. Aliquots of blank and prodrug-loa-
ded nanomicelles (100mL) in culture medium were added to
each well and cells were incubated for 1 h with the formula-
tions. Cell proliferation in the presence of unloaded and loaded
nanomicelles was compared with a positive control (medium
without drug) and a negative control (10% Triton-X 100). After
1 h of incubation, 20mL of freshly prepared dye solution (fol-
lowing manufacturer’s protocol) was added to each well and
incubated for 2½ hours enabling the dye to react. The amount
of formazan formed was measured using a 96-well microtiter
plate reader (SpectraFluor Plus; Tecan, Maennedorf, Switzer-
land), absorbance set at 490 nm wavelength. Cytotoxicity
measurements can be estimated by the amount of formazan
formed that is directly dependent on the cell viability.

Quantitative gene expression analysis

Expression levels of IL-1b, IL-6, IL-8, IL-17, TNF-a, and
IFN-g on HCECs were determined at the molecular level
with quantitative real-time PCR (qPCR). Cells were exposed
to unloaded and prodrug-loaded micellar formulation as
well as LPS (100 ng/mL) for 1 h. Cells were lysed with TRI-
zol� reagent. Chloroform was added to the cell lysate for
phase separation. Subsequently, the aqueous phase (con-
taining RNA) was separated and IPA was added to allow
RNA precipitation. The generated RNA was washed twice
with 75% ethanol and resuspended in RNase-DNase free
water. The concentration and purity of RNA was determined
with Nanodrop (Thermo Fisher Scientific, Wilmington, DE).
cDNA was obtained by reverse transcription of RNA using
oligodT as a template and M-MLV reverse transcriptase. The
reverse transcription conditions were as follows: denatur-

ation of the template RNA for 5 min at 70�C; reverse tran-
scription for 60 min at 42�C followed by final extension at
72�C for 5 min. Following reverse transcription, qPCR was
performed with LightCycler� SYBR green technology
(Roche). cDNA (80 ng) was added to each well and subjected
to amplification using specific primers listed in Table 1.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
employed as an internal standard to normalize the amount of
cDNA in each well. The specificity of these primers was also
confirmed with melting-curve analysis. The comparative
threshold method was used to calculate the relative amount
of IL-1b, IL-6, IL-8, IL-17, TNF-a, and IFN-g in different
samples according to previously published methods.33,34

Statistical analysis

All the experiments were conducted at least in quadrupli-
cate (n = 4) and the results were expressed as mean – standard
deviation (SD). Statistical comparison of mean values was
performed with Student’s t-test and one-way analysis of
Variance using GraphPad Prism (La Jolla, CA). A P-value of
< 0.05 was considered to be statistically significant.

Results

Preparation and characterization of micelles

CMC determination. CMC is a characteristic of in vitro and
in vivo stability of micelles. Low CMC values of vitamin E
TPGS/octoxynol-40 binary mixture bring about high stability
of mixed nanomicelles in solutions upon dilution. In the cur-
rent study, the micelle formation was monitored by using
iodine as a hydrophobic probe. Solubilized I2 prefers to

Table 1. Quantitative Real-Time Polymerase Chain

Reaction Primers for Glyceraldehyde-3-Phosphate

Dehydrogenase, Interleukin 1- Beta, Interleukin 6,
Interleukin 8, Interleukin 17, Tumor Necrosis

Factor Alpha, and Interferon Gamma

Gene Sequence 5¢/3¢

GAPDH
Forward ATCCCTCCAAAATCAAGTGG
Reverse GTTGTCATGGATGACCTTGG

IL-1b
Forward CACTACAGCAAGGGCTTCAGG
Reverse GTCCATGGCCACAACAACTG

IL-6
Forward CCACTCACCTCTTCAGAACGAA
Reverse GGCAAGTCTCCTCATTGAATCC

IL-8
Forward CTTGGCAGCCTTCCTGATTT
Reverse CAGCCCTCTTCAAAAACTTC

IL-17
Forward GCCATAGTGAAGGCAGGAAT
Reverse CAGGTTGACCATCACAGTCC

TNF-a
Forward CCTGCCCCAATCCCTTTATT
Reverse CCCTAAGCCCCCAATTCTCT

IFN-g
Forward GGCTTTTCAGCTCTGCATCG
Reverse TCCTGGCAGTAACAGCCAAGA

GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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partition in the hydrophobic microenvironment of copolymer,
causing the conversion of I3

- to I2 from the excess KI in the
solution. CMC of vitamin E TPGS and octoxynol-40 was cal-
culated to be 0.025 and 0.107 wt%, respectively. Interestingly,
CMC of vitamin E TPGS/octoxynol-40 was found to be 0.012
wt%. Low CMC of the micelles suggests high stability and
ability to maintain integrity even upon dilution.

Micelle size and size distribution. The solvent evaporation
method was employed for the preparation of B-12HS-
ACV-encapsulated micelles. Micellar systems were charac-
terized relative to micelle size, polydispersity index (PDI),
and zeta-potential. Average micelle diameter was
10.46 – 0.05 nm with a PDI of 0.086 for unloaded micelles,
and 10.78 – 0.09 nm with a PDI of 0.075 for prodrug-loaded
micelles (Fig. 2). PDI values suggest that the nanomicelles
exhibit narrow particle size distribution. Both unloaded and
prodrug-encapsulated nanomicelles carry negative zeta po-
tential ( - 2.26 mV for unloaded and - 1.59 mV for prodrug-
loaded nanomicelles) (Table 2).

Drug EE. Drug EE is an important factor for drug de-
livery carriers. The prodrug EE of mixed nanomicelles was
calculated to be *90%. These results demonstrate that mixed
nanomicelles achieve high prodrug EE (Table 2).

TEM analysis. The morphology of the nanomicelles was
investigated by TEM. TEM analysis showed that the micelles
were spherical and homogenous, and devoid of aggregates
(Fig. 3A). Unloaded (blank) and prodrug-encapsulated na-
nomicelles did not differ in terms of morphology. The par-
ticle sizes visualized by TEM were very similar and in
agreement with the size obtained by DLS.

Figure 3B compares 0.1% prodrug encapsulated micellar
formulation on the left with DDI water on the right side. As
the figures illustrate, the micellar formulations are perfectly
transparent comparable to DDI water.

In vitro prodrug release

In vitro–release kinetics of biotinylated lipid prodrug
B-12HS-ACV from mixed nanomicelles was investigated at a
physiological pH of 7.4 at 37�C. An equal quantity of pro-
drug dissolved in 1 mL of ethanol served as a control.
B-12HS-ACV release from ethanolic solution was much fas-
ter in comparison to prodrug in micelles. Almost 100%
prodrug release occurs in *6 h. Figure 4 represents the re-
lease kinetic profile of encapsulated prodrug from the na-
nomicelles. Release half-lives of B-12HS-ACV from
nanomicelles were slow and not associated with any signif-
icant burst effect. The results suggest a sustained release of
the prodrug from the nanomicelles over a period of 4 days.

Cytotoxicity assay

Cytotoxicity assay was performed on HCECs for a period
of 1 h to evaluate the cytotoxic effects of unloaded and
prodrug-encapsulated nanomicelles. Since eye drops are
rapidly cleared from the surface of the eye,35,36 it was as-
sumed that a 1-h incubation period would be sufficient to
evaluate any toxic effects. Triton X-100 caused significant
toxicity because it reduced the percentage of cell viability
to *6% of the whole cell number. Neither blank formulation
nor prodrug-encapsulated micellar formulation demon-
strated any cytotoxic effects as evident by the cell viability.
Results from this assay clearly suggest that our mixed

FIG. 2. Size distribution of nanomicelles: (A) nanomicelles with no drug inside, and (B) prodrug-loaded nanomicelles. PSD,
particle size distribution.

Table 2. Characteristics of the Mixed Nanomicelle Systems: Particle Size, Size Distribution,

Zeta Potential, and Entrapment Efficiency

Sample
Nanomicelle effective

diameter (nm)
Polydispersity

index
Zeta

potential
Entrapment

efficiency

Vitamin E TPGS (4.5%) + octoxynol-40 (2.0%) 10.46 0.086 - 2.26 –
Prodrug/vitamin E TPGS (4.5%) + octoxynol-40 (2.0%) 10.78 0.075 - 1.59 *90%

Vitamin E TPGS, D-alpha-tocopheryl polyethylene glycol 1000 succinate.
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nanomicellar formulation was safe for topical ocular appli-
cation (Fig. 5).

Quantitative gene expression analysis

Expression levels of IL-1b, IL-6, IL-8, IL-17, TNF-a, and
IFN-g on HCECs were determined at the molecular level with
qPCR. The quality of RNA extracted from HCECs was assessed
by measuring A260/A280 ratios. The ratio was found to be 1.83
suggesting that the RNA was pure. LPS (100 ng/mL) was se-
lected as a positive control in all the experiments.

Relative fold expression of IL-6 and IL-1b. Figure 6 shows
the mRNA expression of IL-6 and IL-1b in HCECs exposed to
blank and prodrug-encapsulated nanomicelles for 1 h. There
was no statistically significant difference in the IL-6 and IL-1b
gene expression among the control, blank, and prodrug-loaded
nanomicelle groups. LPS induced the expression of IL-6 and
IL-1b by about 8.5- and 3.5-fold times, respectively.

Relative fold expression of IL-8 and IL-17. mRNA expres-
sion levels of IL-8 (3-fold) and IL-17 (5-fold) were signifi-
cantly elevated in HCECs following LPS exposure relative to
control. However, incubation of HCECs with blank and
prodrug-loaded micelles groups did not significantly alter
the expression levels of IL-8 and IL-17 (Fig. 7).

Relative fold expression of TNF-a and IFN-g. A significant
upregulation of TNF-a (9-fold) and IFN-g (4-fold) expression
was observed in LPS-treated cells compared with control.
Similar to earlier results, there was no statistically significant

difference in the TNF-a and IFN-g gene expression among
the control, blank, and prodrug-encapsulated nanomicelles
groups (Fig. 8).

Discussion

Topical administration by commercial eye drops is often
ineffective in achieving therapeutic drug levels due to the
presence of static and dynamic barriers and rapid elimina-
tion by precorneal factors, i.e., blinking and nasolacrimal
drainage.15,37 Therefore, many ophthalmic disorders require
a systemic administration, which requires high systemic
doses to achieve therapeutic levels, with the potential of
systemic side effects. Alternatively, a topical aqueous oph-
thalmic formulation that can overcome ocular barriers and
deliver the drug directly to the target tissue would enhance
treatment efficacy with lower doses and reduced/minimal
side effects. To improve ocular bioavailability, utilization of a
carrier system that can protect the drug, improve uptake by
corneal epithelia, and enable a sustained drug/prodrug re-
lease after administration would be more attractive. To this
extent, nanosized colloidal carriers offer many advantages.
Indeed, the particle size is one key factor for transport
through biological membranes and nanosized particles per-
meate the corneal epithelial layers through both transcellular
and paracellular pathways. In the last decade, many colloidal
carrier systems including nanoparticles, nanomicelles, mi-
croparticles, and liposomes have been developed for topical
ophthalmic application.38,39 Among these systems, micelles

FIG. 3. (A) TEM picture of
prodrug-encapsulated nano-
micelles, and (B) 0.1% prodrug
nanomicellar formulation on
the left compared with dis-
tilled deionized water on the
right side. TEM, transmission
electron microscopy.

FIG. 4. Release profile of prodrug B-12HS-ACV from the
mixed nanomicelle systems under sink conditions at 37�C.
Values represent mean – standard deviation (n = 4).

FIG. 5. Cytotoxicity assay in the presence of blank and
prodrug-loaded formulation on human corneal epithelial
cells (HCECs) for 1 h. Data represent mean percentage of
viable cells – standard deviation (n = 4). A P-value of < 0.05 is
considered to be statistically significant and denoted by *.
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appear to be promising carriers for ophthalmic applications
because of their simple preparation method, nanosize, opti-
cal transparency, stability, high EE, and localized drug re-
lease. Moreover, the ability of nanomicelles to prevent/
minimize drug degradation reduces adverse effects and en-
hances drug permeation through ocular epithelia with
minimal/no irritation. Act of these properties ultimately
leads to enhanced ocular bioavailability.40–43

In this study, mixed nanomicelles prepared from vitamin E
TPGS and octoxynol-40 were used as colloidal carriers for
ocular delivery of biotinylated lipid prodrug B-12HS-ACV.
The mixed micelles have a low CMC suggesting high stability
and ability to maintain integrity even upon dilution. Mixed
micelles were characterized for their size, PDI, and entrap-
ment efficiency. The micellar size is an actual representation of
the hydrodynamic diameter of the particles in Brownian
motion. Dynamic light scattering demonstrated that blank
micelles are about 10.46 nm, while mean size of prodrug-
encapsulated micelles is slightly bigger, about 10.78 nm. Also,
these micelles display a narrow and unimodal particle size
distribution. However, no significant changes in micelles size
or size distribution were recorded. Since these nanomicelles
are in the same size range as membrane receptors, proteins,
and other biomolecules, these carriers may have the ability to
bind with cellular barriers.44 Drug EE is an important factor

for any nanotechnology-based drug delivery carriers. As evi-
dent by the EE of *90%, it can be seen that mixed nanomi-
celles can achieve a high degree of drug/prodrug
encapsulation. This is mainly because of the presence of hy-
drophobic core of mixed micelles that allows lipophilic drugs
to strongly interact with this hydrophobic core facilitating
larger amounts of drug to entrapment. TEM analysis further
confirmed that the nanomicelles were spherical and homog-
enous, and devoid of aggregation. Further, the mixed nano-
micellar formulations were perfectly transparent comparable
to DDI water. Such optically clear ophthalmic solutions may
be advantageous over suspensions because the ingredients are
completely dissolved and usually do not impair or interfere
with the vision of the patient. However, the major drawback
associated with ophthalmic suspensions is the presence of
particles large enough to produce eye irritation and may cause
blurred vision.

B-12HS-ACV release from ethanolic solution was much
faster in comparison to prodrug encapsulated in nanomi-
celles. Almost 100% prodrug release occurs in *6 h. How-
ever, in vitro prodrug release profile from nanomicelles
demonstrates slower release of B-12HS-ACV without a sig-
nificant burst effect. The results clearly suggest a sustained
release of the prodrug from nanomicelles over a period of 4
days. These results further indicate that the addition of
octoxynol-40 to vitamin E TPGS might assist in stabilizing
the total micellar composite structure and had a significant
effect in extending prodrug release. The first nonionic sur-
factant vitamin E TPGS acts as the main spherical structure
and the second nonionic surfactant octoxynol-40 adds
strength to the nanomicellar structure by inserting itself be-
tween two polymeric chains of the first nonionic surfactant.
Such stabilization is believed to result in the formation of
aqueous solutions of extremely hydrophobic drugs that have
optical clarity.45,46 Further, mixed nanomicelles are more
stable than that of pure polymeric micelles due to the pres-
ence of vitamin E TPGS and octoxynol-40 composite
polymers, which might possibly enhance hydrophobic in-
teractions between the polymeric chains in the micellar core,
thus enhancing colloidal stability of the system.47,48

Nanosized materials can be efficiently taken up and in-
ternalized by cells. Such accumulated components could
possibly interact with cells and tissues and, consequently,
cause adverse effects.49 Any alteration in corneal epithelial

FIG. 6. Relative fold induction of IL-6 and IL-1b in HCECs
treated with blank and prodrug-loaded formulation and li-
popolysaccharide (100 ng/mL) for 1 h. Values represent
mean – standard deviation (n = 4). A P-value of < 0.05 is
considered to be statistically significant and denoted by *.

FIG. 7. Relative fold induction of IL-8 and IL-17 in HCECs
treated with blank and prodrug-loaded formulation and li-
popolysaccharide (100 ng/mL) for 1 h. Values represent
mean – standard deviation (n = 4). A P-value of < 0.05 is
considered to be statistically significant and denoted by *.

FIG. 8. Relative fold induction of TNF-a and IFN-g in
HCECs treated with blank and prodrug-loaded formulation
and lipopolysaccharide (100 ng/mL) for 1 h. Values represent
mean – standard deviation (n = 4). A P-value of < 0.05 is
considered to be statistically significant and denoted by *.
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integrity or tissue disruption due to possible toxicity of the
formulations or drug delivery systems would provide inac-
curate results regarding drug entry into cornea. Therefore,
mixed nanomicelles were evaluated for their ocular bio-
compatibility. The outer surface of the corneal epithelium,
being relatively impermeable, serves as a major barrier to
foreign substances. Moreover, these cells are susceptible to
trauma caused by xenobiotics. Hence, HCECs were chosen
as an in vitro cell culture model to evaluate the cytotoxic
effects of the nanomicellar formulation on cell viability and
to determine the gene expression profiles of inflammatory
cytokines and chemokines. HCECs are one of the most fre-
quently investigated corneal cell culture model.50–52 More-
over, functional aspects and molecular expression of SMVT
were studied with HCECs. These cells have been employed
for studying the cellular accumulation of biotin-conjugated
antiviral drugs.33

Cytotoxic effects of unloaded and prodrug-encapsulated
nanomicelles were evaluated by (3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)
assay. Since eye drops are rapidly cleared from the surface of
the eye,35,36,53 it was assumed that a 1-h incubation time
would be sufficient to examine any toxic effects. All the mi-
celle formulations did not affect cell viability after 1 h of in-
cubation. Results from this assay clearly suggest that mixed
nanomicellar formulation is safe and suitable for topical oc-
ular application. A variety of inflammatory cytokines and
chemokines are involved in ocular surface inflammation.
Following exposure to a medication, proinflammatory cyto-
kines and chemokines may be produced by corneal epithelial
cells, which could promote a pathological inflammatory re-
sponse, including induction of cellular infiltration and cyto-
toxicity in the cornea epithelium.54–58 Therefore, we studied
mRNA expression levels of IL-1b, IL-6, IL-8, IL-17, TNF-a,
and IFN-g at the molecular level with qPCR. In this study,
LPS was selected as an inflammation inducer because of its
potential ability to induce a large number of inflammatory
mediators. LPS is a major component of the outer mem-
branes of gram-negative bacteria, and induces inflammation
by stimulating host innate immune system responses. In-
duction of multiple proinflammatory cytokines by LPS is
due to its ability to bind to intramembranal complex of CD-
14 and Toll-like receptors.54,59–62 LPS caused significant
upregulation of IL-1b, IL-6, IL-8, IL-17, TNF-a, and IFN-g
expression in HCECs. However, incubation of HCECs
with blank and prodrug-encapsulated nanomicelles groups
did not significantly alter the expression levels of IL-1b, IL-
6, IL-8, IL-17, TNF-a, and IFN-g. All the in vitro ocular
biocompatibility tests revealed that nanomicelle formu-
lations are biocompatible and suitable for topical ocular
application.

Conclusion

In summary, a topical aqueous optically clear mixed na-
nomicellar formulation comprised of vitamin E TPGS and
octoxynol-40 loaded with 0.1% biotinylated lipid prodrug of
ACV was successfully developed for the treatment of her-
petic keratitis. B-12HS-ACV-loaded nanomicelles are rela-
tively small in size, spherical and homogenous, and devoid
of aggregates. The nanomicelle formulations were perfectly
transparent and comparable to water. Ocular biocompati-
bility studies indicated that mixed nanomicelles were non-

toxic and noninflammatory to corneal epithelial cells.
Therefore, nanomicellar technology represents a promising
novel strategy for delivery of biotinylated lipid prodrugs of
ACV to treat herpetic keratitis.
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