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ABSTRACT
Biotinylated lipid prodrugs of acyclovir (ACV) were designed to target the
sodium dependent multivitamin transporter (SMVT) on the intestine and cornea to
facilitate ACV cellular transport. All the prodrugs were screened for their uptake across
MDCK-MDR1, Caco-2, human corneal epithelial cells (HCEC) and interaction with
SMVT on freshly excised rabbit corneas. Further confirmation of interaction of
biotinylated lipid prodrugs with SMVT was evaluated by docking analysis. The
cytotoxicity of the prodrugs was evaluated on MDCK-MDR1, Caco-2, HCEC and rabbit
primary corneal epithelial cells (rPCEC). The enzymatic stability of all the prodrugs was
studied in various ocular tissue homogenates. Finally, the in vitro antiviral activity of the
prodrugs was studied against HSV-1, HSV-2, HCMV and EBV viruses. Uptake of
biotinylated lipid prodrugs (B-R-ACV and B-12HS-ACV) was significantly higher than
B-ACV, R-ACV, 12HS-ACV and ACV in all cell lines studied. Transepithelial transport
studies across rabbit cornea showed lower [3H] biotin permeability in the presence of
biotin and biotinylated prodrugs, indicating recognition of the prodrugs by SMVT on
cornea. Average Vina scores obtained from docking studies further confirm that
biotinylated lipid prodrugs of ACV possess higher affinity to SMVT over B-ACV. None
of the prodrugs exhibited any cytotoxicity on MDCK-MDR1, Caco-2, HCEC and rPCEC
iii

cells which suggest that these compounds were safe and non-toxic. B-R-ACV and B12HS-ACV were found to be relatively more stable in all ocular tissue homogenates in
comparison to non-lipidated but biotinylated prodrug, B-ACV. B-R-ACV and B-12HSACV were found to possess excellent antiviral activity against HSV-1 and HSV-2.
Therefore, biotinylated lipid prodrugs of ACV appeared to possess enhanced affinity
towards SMVT. Synergistic improvement in cellular uptake is probably due to
recognition of the prodrugs by SMVT on the intestine/cornea and lipid mediated
transcellular diffusion. These compounds displayed excellent tissue stability and
minimal/no cytotoxicity. Also, these novel compounds exhibited excellent antiviral
activity against HSV-1, HSV-2 and EBV.
Micellar carriers composed of two non-ionic surfactants, Vitamin E TPGS
stabilized with octoxynol-40 in a defined ratio were investigated for the delivery of
biotinylated lipid prodrug of ACV to the eye. Mixed nanomicelles were characterized by
their hydrodynamic diameter, zeta-potential, polydispersity index and surface
morphology. Furthermore, in vitro biocompatibility studies such as cytotoxicity
assessment, pro-inflammatory gene and cytokine expression analyses were carried out by
MTT assay and real time PCR analysis, respectively. The average micelle size was 10.46
nm with a PDI of 0.086 for unloaded micelles, and 10.78 nm with a PDI of 0.075 for
prodrug loaded micelles. TEM analysis confirmed that the micelles were spherical and
homogenous, and devoid of aggregation. Unloaded and loaded micelles did not differ in
terms of morphology. The particle sizes visualized by TEM were very similar to the size
obtained by DLS. The formulations did not exhibit any cytotoxic or inflammatory effects
on HCEC cells.
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CHAPTER 1
LITERATURE REVIEW
Anatomy of the Eye
The eye is an isolated, highly complex and specialized organ of photoreception. Its
complex anatomy and physiology renders it a highly protected organ [1]. Generally, the
eye can be divided into two segments: anterior and posterior. The anterior segment of the
eye is comprised of cornea, conjunctiva, iris, ciliary body, aqueous humor and lens; while
the posterior segment includes sclera, choroid, retina and vitreous body (Figure 1). The
front part of the eye is bound by a transparent cornea and a minute part of the sclera. The
cornea and sclera join together through the limbus. The cornea is devoid of blood vessels
and receives nourishment and oxygen supply from aqueous humor and the tear film while
the corneal periphery receives its nourishment from the limbal capillaries. The human
cornea measures approximately 12 mm in diameter and 520 μm in thickness. It is
composed of five layers- the epithelium, Bowman's membrane, stroma, Descemet's
membrane and endothelium (Figure 2) [2].
The corneal epithelium is a stratified, squamous, non-keratinized layer with approx.
50 μm in thickness. It serves as an outer protective barrier comprising 5 to 6 cell layers,
including 2 to 3 layers of flattened superficial cells, wing cells and a single layer of
columnar basal cells which are separated by a 10–20 nm intercellular spaces.
Desmosome-attached cells can communicate by gap junctions through which small
molecules permeate. The superficial epithelial cell layers are sealed by tight junctions
called zonulae occludens which prevent the permeation of compounds with low
1

Figure 1. Anatomy of the human eye and routes of ocular drug delivery.

2

Pavement epithelium
5-6 layers thickness

Figure 2. The cornea and its cellular organization of various transport-limiting layers. The
outer superficial epithelial cells, with tight junctions, display the tightest monolayer. The
wing and basal cells demonstrate gap junctions. The stroma and Descemet’s membrane
cover the inner endothelial cells, displaying macula adherens, are more permeable.
Reproduced with permission from reference [2].
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lipophilicity across the cornea. Thus, the corneal epithelium is a rate-limiting barrier and
hinders the permeation of hydrophilic drugs and macromolecules. Bowman’s membrane
is an acellular thin basement layer made up of collagen fibrils. It is not considered as a
rate limiting barrier. Stroma constitutes about 90% of the cornea and is abundant in
hydrated collagen. Due to its hydrophilic nature, the stroma offers minimal or low
resistance to diffusion of highly hydrophilic drugs. Descemet’s membrane is a thin
homogeneous layer sandwiched between the stroma and the endothelium. Endothelium is
a single-layered squamous epithelium posterior to the corneal surface. The stroma and
Descemet’s membrane cover the inner endothelial cells which contain macula adherens.
The endothelial cells do not act as a barrier to permeant molecules due to lack of tight
junctions.
The conjunctiva is a vascularized mucous membrane lining the inner surface of
eyelids and the anterior surface of sclera up to the limbus. It facilitates lubrication in the
eye by generating mucus and helps with tear film adhesion. It offers less resistance to
drug permeation relative to cornea. The iris, the most anterior portion of the uveal tract is
the pigmented portion of the eye consisting of pigmented epithelial cells and circular
muscles (constrictor iridial sphincter muscles). The opening in the middle of the iris is
called pupil. The iris sphincter and dilator muscles aid in tuning the pupil size which
regulates the entry of light into the eye. The ciliary body, a ring-shaped muscle attached
to the iris is produced by ciliary muscles and the ciliary processes. The aqueous humor, a
fluid present in the anterior segment, is secreted by the ciliary processes into the posterior
segment at the rate of 2 - 2.5 μL/min. It supplies majority of nutrition and oxygen to
avascular tissues (lens and cornea). It flows continuously from the posterior to the
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anterior through the pupil and leaves the eye via the trabecular meshwork and Schlemm’s
canal. The continuous flow maintains the intraocular pressure. The lens is a crystalline
and flexible structure enclosed in a capsule. It is suspended from the ciliary muscles by
very thin fibers called the zonules. It is very important for vision and offers protection to
retina from UV radiation in conjunction with ciliary muscles.
The posterior segment of the eye is comprised of retina, vitreous humor, choroid,
sclera and the optic nerve. The retina is a multi-layered sensory, light sensitive tissue that
lines the back of the eye. It consists of neural layer, pigment epithelium and millions of
photoreceptors (rods and cones) which capture and subsequently convert light rays into
electrical impulses. Such impulses are transferred by optic nerve to brain where images
are formed. Vitreous humor is a jelly-like substance between the retina and lens. This
hydrogel matrix consists of hyaluronic acid, proteoglycans and collagen fibrils. Separated
from the anterior segment by the hyaloid membrane, the vitreous is joined to the retina
via ligaments. Choroid is a highly vascularized tissue located between retina and sclera.
Its major function is to provide nourishment to the photoreceptor cells in the retina.
Sclera is the whitish outermost layer, surrounding the globe and is called “the white of
the eye”. It is composed of collagen bundles, mucopolysaccharides and elastic fibers.
This tissue acts as a principal shield to protect the intraocular contents. The sclera is
about ten times more permeable than cornea and atleast half permeable as the
conjunctiva. Hence, permeants can diffuse and enter the posterior segment through the
transscleral route.
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Routes of Ocular Drug Administration
Ophthalmic diseases are primarily treated conventionally by medications
administered via either topical or systemic route (Figure 1). Topical application remains
the most preferred route due to ease of administration, low cost and patient compliance. It
is generally useful in the treatment of anterior segment disorders [3]. Drug delivery to the
posterior segment is still a major challenge to pharmaceutical scientists. Anatomical and
physiological barriers obstruct drug entry into posterior ocular tissues such as retina and
choroid. Following topical instillation, a large fraction (about 90%) of the applied dose is
lost due to nasolachrymal drainage, tear dilution and tear turnover leading to poor ocular
bioavailability. Less than 5% of the administered dose reaches the aqueous humor
following topical administration [4]. Frequent dosing is required which ultimately results
in patient discomfort and inconvenience. Two major routes have been proposed for drugs
instilled via topical route: a) corneal route (cornea to aqueous humor to intraocular
tissues), b) non-corneal route (conjunctiva to sclera to choroid/RPE). The preferred mode
of absorption depends on the physicochemical properties of the permeant [5, 6].
Conventional topical formulations require frequent large doses to produce
therapeutic amounts in the back of the eye. Therefore, oral delivery alone [7-9] or in
combination with topical delivery [10] has also been investigated since the oral route is
considered a non-invasive and patient compliant, especially for chronic retinal disorders.
High doses are required to achieve significant amounts in the retina. However, such high
doses lead to systemic adverse effects and safety and toxicity become a major concern.
Oral administration is not predominant and may be highly beneficial only if the drug
possess high oral bioavailability. Nevertheless, molecules in systemic circulation should
6

be able to cross the blood–aqueous (BAB) and blood–retinal (BRB) barriers following
oral administration.
Systemic administration is often preferred for the treatment of posterior segment
disorders. However, a major disadvantage with this route is that it only allows 1-5 % of
administered drug into the vitreous chamber. Following systemic administration, the
availability of drug is restricted by BAB and BRB, which are the major barriers for
anterior and posterior segment ocular drug delivery, respectively. The BAB consists of
two distinct cell layers; the endothelium of the iris/ciliary blood vessels and the nonpigmented ciliary epithelium. Both layers prevent drug entry into the intraocular tissues
including the aqueous humor because of the presence of tight junctions [11]. In a similar
manner, BRB prevents drug entry from blood into the posterior segment. BRB is
composed of two types; retinal capillary endothelial cells (the inner BRB) and retinal
pigment epithelium (RPE) cells (the outer BRB) (Figure 3). The RPE is a monolayer of
highly specialized cells sandwiched between neural retina and the choroid. It selectively
transports molecules between photoreceptors and choriocapillaris [12]. However, tight
junctions of RPE also restrict intercellular drug transport. Drug entry into the posterior
ocular tissues is mainly governed by the blood retinal barrier (BRB). It is selectively
permeable to highly hydrophobic drug molecules. In order to maintain high drug
concentrations, frequent dosing is necessary which often leads to systemic adverse effects
[13]. Drawbacks such as lack of adequate ocular bioavailability and failure to deliver
therapeutic drug concentration to the retina led ophthalmic scientists to explore
alternative administration routes.
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Figure 3. The retina and its cellular organization of various transport-limiting layers. The
outer layer of retinal pigmented epithelium shows a tight barrier due to the presence of
tight junctions (zonula occludens). The inner layer of retinal capillary endothelial cells
possessing tight junctions is non-fenestrated, whereas the choroidal capillary endothelial
cells are fenestrated. Reproduced with permission from reference [2].
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Over the past decade, intravitreal injections have drawn significant attention from
scientists, researchers and physicians. This method involves injection of the drug solution
directly into vitreous via pars plana using a 30 G needle. This route provides higher drug
concentrations in the vitreous and retina. Unlike other routes, the drug can be directly
injected into the vitreous cavity; however, drug distribution is not uniform. While small
molecules can rapidly diffuse throughout the vitreous fluid, the distribution of
macromolecules is restricted or limited. Following intravitreal administration, drug
elimination depends on the molecular weight of the compound as well as the
pathophysiological condition [14]. For example, macromolecules which are linear, and
globular shaped compounds (especially protein and peptide drugs) with molecular weight
between 40 and 70 kDa tend to have longer retention in vitreous humor [15]. The half-life
of the drug in the vitreous fluid is also a major determinant of therapeutic efficacy.
Elimination of a drug following intravitreal administration may occur via the anterior or
posterior route. The anterior route of elimination involves drug diffusion to the aqueous
from the vitreous humor via zonular spaces followed by elimination through aqueous
turnover and uveal blood flow. On the other hand, the posterior route of elimination
involves drug transport across BRB which necessitates optimal passive permeability or
active transport. Consequently, drug molecules with higher molecular weight and
hydrophilicity tend to be retained in the vitreous humor for longer periods due to longer
half-lives of the compounds [12]. Though intravitreal administration is advantageous in
achieving larger concentrations of drug in retina, frequent administration is often
associated with complications such as endophthalmitis, retinal detachment and
intravitreal hemorrhages leading to poor patient outcomes [16].
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Recently, periocular administration has also been considered as an efficient route
for drug delivery to the posterior segment. The term periocular refers to the periphery of
the eye or the region surrounding the eye. This route includes peribulbar, posterior
juxtascleral, retrobulbar, subtenon and subconjunctival routes. Drugs administered by the
periocular route can reach the posterior segment of the eye by three different pathways: a)
the transscleral pathway, b) systemic circulation through the choroid and c) the anterior
pathway through the tear film, cornea, aqueous humor and vitreous humor [17].
Subconjunctival injection involves the introduction of an active ingredient
beneath the conjunctiva. The conjunctival epithelium serves as a rate limiting barrier for
the permeability of water soluble compounds. As a result, the transscleral pathway
bypasses cornea-conjunctiva barrier. However, various dynamic, static, and metabolic
barriers impede drug entry to the back of the eye. Several publications reported rapid
drug elimination via these pathways after subconjunctival administration [18-20].
Therefore, most of the administered dose drains into the systemic circulation leading to
poor ocular bioavailability. However, molecules which escape conjunctival vasculature
may pass through sclera and choroid and ultimately reach the neural retina and
photoreceptor cells. The sclera offers less resistance to drug transport and is more
permeable than the cornea [21]. Unlike corneal and conjunctival tissues, scleral
permeability is independent of lipophilicity/hydrophobicity, but is dependent on the
molecular radius [12, 22]. On the other hand, high choroidal blood flow can reduce
substantial fraction of dose reaching the neural retina. Moreover, the BRB also hinders
drug availability to the photoreceptor cells. Though the periocular route is considered
suitable for sustained-release drug delivery systems, several anterior segment
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complications such as increased intraocular pressure (IOP), cataract, hyphema,
strabismus and corneal decompensation have been observed [23, 24].
Subtenon injection usually involves injection into the tenon’s capsule located
around the upper portion of the eye and into the belly of the superior rectus muscle. The
tenon’s capsule is a fibrous membrane that covers the globe from the corneal margin to
the optic nerve. A blunt tipped cannula needle is generally inserted into the tenon’s
capsule following a surgical incision into the subtenon’s space. This technique is widely
used during anesthesia for ocular surgery since the cannula approach reduces the sharp
needle complications [21].
Retrobulbar injections usually involve injection in the conical compartment
within the rectus muscles and intramuscular septa. These injections provide higher local
drug concentrations with negligible influence on IOP. The peribulbar route involves the
injection in the extracellular spaces of the rectus muscles and their intramuscular septa.
Though drug administration through peribulbar route is safer, it is less effective than the
retrobulbar route. Posterior juxtascleral injection employing a blunt tipped cannula
delivers the drug directly onto the outer surface of sclera. This route may allow sustained
delivery to the macula. Retrobulbar injections are considered the most efficient among all
periocular routes. However, it is associated with serious complications such as
retrobulbar hemorrhage, globe perforation and respiratory arrest.
Role of Efflux and Influx Transporters in the Eye
One conventional approach to enhance ocular bioavailability is to modify the
parent drug chemically to achieve desired solubility and lipophilicity with minimal
11

toxicity. However, a more coherent approach would be a transporter-targeted ligand
modification of the drug. Transporter targeted delivery has turned out to be a powerful
strategy to deliver drugs to target ocular tissues because of the ability of the transporter to
translocate the cargo inside the cell as well as into intracellular organelles at a higher rate.
Transporters are membrane associated proteins which are actively involved in the
translocation of nutrients across cellular membranes. Of particular interest in ocular drug
delivery are efflux and influx transporters [5, 25, 26]. Efflux transporters belong to the
ATP binding cassette superfamily, whereas influx transporters belong to the solute carrier
(SLC) superfamily of proteins. Efflux transporters carry molecules out of cell membrane
and cytoplasm, thereby resulting in low bioavailability. Major efflux proteins identified
on various ocular tissues include P-glycoprotein (P-gp), multidrug resistance protein
(MRP), and breast cancer resistance protein (BCRP). P-gp extrudes lipophilic compounds
from both normal and malignant cells and is involved in emergence of drug resistance.
Functional and molecular aspects of P-gp have been characterized on various ocular cell
lines and tissues such as the cornea [27-29], conjunctiva [30, 31], and RPE [32-34]. MRP
also works in a similar manner but it effluxes organic anions and conjugated compounds.
Three of nine isoforms of the MRP family have been identified in ocular tissue. MRP1 is
primarily expressed on rabbit conjunctival epithelial cells [35] and RPE [36], while
MRP2 and MRP5 have been identified on corneal epithelium [37, 38]. The molecular
presence of BCRP was also reported on corneal epithelium [39]. BCRP mediated
transport occurs in conjunction with non-polar substrates in the lipid bilayer and can
function as a drug flippase, transferring drugs from the inner to the outer portion of the
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membrane. Expression levels and patterns of these transporter proteins in cells may differ
based on its origin and culture conditions.
On the other hand, influx transporters are involved in transporting xenobiotics and
essential nutrients, such as amino acids, vitamins, glucose, lactate, and nucleobases, into
cells. Influx transporters are often targets for prodrug delivery since these derivatives can
improve absorption of poorly diffusing parent drugs; the prodrug is not a good substrate
for efflux transporters. In addition, the physicochemical properties of the active such as
solubility and stability can be enhanced. Common influx transporters usually targeted for
ophthalmic drug delivery are amino acid, vitamin and peptide transporters. These
proteins facilitate the physiological role of transporting various amino acids, vitamins and
nutrients into ocular tissues. Amino acid transporters belonging to the SLC1, SLC6, and
SLC7 gene families were detected in ocular tissues, mainly on corneal epithelium and
RPE cells. Five high affinity glutamate transporters (EAAT1-EAAT5) and two neutral
amino acid transporters (ASCT1 and ASCT2) complete the SLC1 family.

ASCT1

(SLC1A4) has been detected on rabbit cornea and in rabbit primary corneal epithelial
cells [40], whereas ASCT2 is expressed on retinal Muller cells [41]. Alanine and serine
are translocated by ASCT1 and 2 respectively. B (0, +), a neutral and cationic amino acid
transporter with broad substrate specificity has been identified on cornea [42] and
conjunctiva [43]. This system is associated with arginine transport across cornea and
conjunctiva. Also, a sodium-independent large neutral amino acid transporter, LAT1, has
been detected on human and rabbit corneas [44], while expression of LAT2 was
confirmed on ARPE-19 and hTERT-RPE cells [45, 46]. These carriers translocate
phenylalanine into ocular tissues.
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Gene products from the SLC gene families, such as sodium dependent
multivitamin transporter (SMVT), derived from SLC5A6 gene, is responsible for
translocation and absorption of vitamins such as biotin, pantothenate and lipoate. SMVT
specifically carries biotin as directed by the Na+ gradient [47]. Functional and molecular
mechanisms of biotin uptake via SMVT has been delineated on cornea and retina of both
human derived [48] and rabbit derived cells [49, 50]. SMVT has been recently explored
by designing targeted lipid based drug conjugates which can significantly enhance
absorption of a parent drug [51]. Also, peptide transporters have been extensively studied
for ocular drug delivery. An oligopeptide transporter has been identified on rabbit cornea
[52]. Both PEPT1 and PEPT2 have been detected on the newly introduced Clonetics®
human corneal epithelium (cHCE) cell line and on human cornea [53, 54]. A protoncoupled dipeptide transport system on conjunctival epithelial cells can mediate the uptake
of dipeptide L-carnosine [55]. Furthermore, peptide transporter expression was also
studied in Muller cells [56] and neural retina [57].
In addition to amino acid, vitamin and peptide transporters, several others
including organic cation/anion [54, 58], monocarboxylate [59], folate [60], ascorbate [61]
and nucleoside transporters [62] have been characterized on various ocular tissues.
Overall, influx and efflux transporters play vital roles in the absorption of vital nutrients
and drugs. These proteins also deal with the elimination of waste and harmful
xenobiotics.
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Prodrug Strategies in Ocular Drug Delivery
Prodrugs are bioreversible derivatives of drug molecules which are enzymatically
or chemically transformed in vivo to release the active parent drug, which can then elicit a
desired pharmacodynamic response [5, 63]. Prodrugs have been primarily designed to
improve physicochemical, biopharmaceutical and pharmacokinetic properties of
pharmacologically active ophthalmic drugs. In particular, most prodrugs are designed to
increase solubility, improve drug shelf-life or stability both chemically and metabolically
so that these conjugates can reach their physiological target, minimize side effects, and
aid in formulation [64]. In addition to facilitating improved therapeutic efficacy, a
prodrug strategy can allow the evasion of efflux pumps. Lipophilic prodrugs of ACV and
GCV caused enhancement of drug transport across corneal epithelium [65-67]. Apparent
permeability of the valerate ester prodrug of GCV across cornea is about six times higher
than the parent drug GCV [66]. Pilocarpine and some natural prostaglandins also
demonstrated enhanced corneal and scleral permeation after lipophilic prodrug
derivatization [68, 69].
Malik, et al., investigated transscleral retinal delivery of celecoxib, an antiinflammatory and anti-VEGF agent, which is poorly water soluble, but binds readily to
melanin pigment in choroid-RPE. These researchers have recently developed three
hydrophilic amide prodrugs of celecoxib: celecoxib succinamidic acid (CSA), celecoxib
maleamidic acid (CMA) and celecoxib acetamide (CAA). These prodrugs have been
developed to improve the solubility of celecoxib, reduce pigment binding and enhance
retinal delivery. The aqueous solubilities of CSA, CMA and CAA were 300-, 182-, and
76-fold higher than celecoxib, respectively. In vitro transport studies across isolated
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bovine sclera and sclera-choroid-RPE (SCRPE) demonstrated 8-fold higher transport for
CSA than celecoxib. The rank order for cumulative % transport across bovine sclera was
CSA > CMA > CAA ∼ celecoxib and across bovine SCRPE was CSA > CMA ∼ CAA ∼
celecoxib. In vivo delivery in pigmented Brown-Norway rats showed that the
concentrations of total celecoxib (free + prodrug) were significantly higher in the CSA
group compared to celecoxib group for all posterior eye tissues except choroid-RPE and
periocular tissues [70].
A crystalline lipid prodrug, octadecyloxyethyl-cyclic-cidofovir (ODE-cCDV) has
been recently developed for the treatment of CMV retinitis. Intraocular pharmacokinetics
of octadecyloxyethyl-cyclic-cidofovir (ODE-cCDV) after intravitreal injection was
evaluated in rabbits. Intravitreal injection of
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C-ODE-cCDV displayed biphasic drug

elimination. The initial phase lasts from the time of injection to day 21, while the second
phase is observed from day 21 to day 63. Noncompartment analysis demonstrated a halflife of 5.5 days for the first phase and a terminal half-life of 25 days. The maximum
concentration (Cmax) values were calculated to be 130.43 ± 24.42 µg/mL, 45.22 ± 10.98
µg/mL, and 16.10 ± 1.66 µg/mL in the vitreous, retina and choroid respectively. This
prodrug generated more drug exposure to the retina than to the vitreous [71].
Recently, a membrane transporter targeted prodrug design has been the most
exciting of all current drug delivery strategies. A schematic illustration of efflux evasion
by prodrug approach and simultaneous cellular entry mediated by influx transporters is
depicted in Figure 4. Prodrugs targeted towards nutrient transporters and receptors
expressed on various epithelial cells are designed to enhance absorption of poorly
permeating drug molecules. Influx transporters recognize such prodrugs as substrates and
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transport the entire cargo across the epithelial membrane. Most studies have been
directed towards peptide transporter (PEPT) to improve ocular bioavailability of ACV or
GCV following oral, systemic or topical administrations [72-75]. Mitra and coworkers
have developed a series of stereoisomeric valine-valine based dipeptide ester prodrugs of
ACV. Prodrugs including LLACV, LDACV, DLACV and DDACV were designed.
These prodrugs were designed to facilitate enhanced residence time of intact prodrug in
the systemic circulation, thus enabling targeting transporters on blood ocular barriers
(BOB) after oral or systemic administration.
Hydrolytic enzymes such as peptidases and esterases responsible for the
bioreversion of dipeptide prodrugs are stereospecific and show high affinity for Lisomers. Therefore, D-isomers were incorporated into the dipeptide moieties at a
particular position to modulate the rate of conversion of the prodrugs. Such incorporation
enabled prodrugs to be more stable in the systemic circulation and facilitate recognition
and translocation by the nutrient transporters at BOB. Among these prodrugs, LLACV
and LDACV hydrolyzed in Caco-2 cell homogenate and LDACV was relatively more
stable of the two compounds. However, incorporation of two D-Valine moieties into a
dipeptide moiety, while enhancing the enzymatic stability, abolished the affinity of these
prodrugs (DDACV and DLACV) towards PEPT.
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Figure 4. Circumvention of efflux pumps by a prodrug approach. Reproduced with
permission from reference [76].
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Several dipeptide ester prodrugs of GCV (L-Valine-L-Valine, L-Tyrosine-LValine, and L-Glycine- L-Valine) were synthesized and evaluated for their vitreal
pharmacokinetics in anesthetized rabbit model by an ocular microdialysis technique.
These prodrugs appear to permeate deeper into the retina after intravitreal administration
relative to GCV [77]. Subsequently, the vitreal pharmacokinetics of various GCV
prodrugs were also studied in a conscious animal model. A comparison of vitreous
pharmacokinetic parameters of Valine-Valine-GCV and regenerated Valine-GCV and
GCV after intravitreal administration of Valine-Valine-Ganciclovir in conscious and
anesthetized rabbit models displayed a lowering in exposure of drug and prodrug levels
in conscious animals, while vitreal half-lives did not change.
This dissertation is directed towards the design and development of a novel
prodrug strategy which imparts lipophilicity and site specificity to increase the cellular
absorption of ACV. This study utilized a lipid raft with one end conjugated to the parent
drug (ACV) molecule to impart lipophilicity and the other end to a targeting moiety
(biotin) which can be recognized by a specific transporter/receptor (SMVT). Lipophilic
prodrugs readily diffuse across the cell membrane by facilitated diffusion whereas
transporter/receptor targeted prodrugs translocate compounds across the cell membrane
via active transport by transporter recognition. Marginal improvement in cellular uptake
was evident from both these approaches. However, this novel approach combines both
lipid and transporter/receptor targeted delivery to generate a synergistic effect (Figure 5).
This novel prodrug design may also allow for enhanced plasma membrane uptake of
hydrophilic therapeutic agents such as genes, siRNA, nucleosides, nucleotides,
oligonucleotides or antisense oligonucleotides, peptides and proteins.
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Figure 5. Schematic illustration of various strategies to increase cellular absorption of
acyclovir (ACV).
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Structure and Life Cycle of HSV
The herpes family of viruses is responsible for causing a wide variety of diseases
in humans. Seroprevalence of many of these diseases is approaching 100% in the first
years of life. This family of viruses has been known to establish lifelong latency causing
recurrent episodes of the disease. While a few infections are typically mild and selflimiting, others are recurrent at any stage of life. A distinguishing feature shared by all
the herpes viruses is their progression to severe form in immunocompromised
individuals. Moreover, development of resistance is a major concern in such hosts since
the viruses tend to replicate even with treatment with first line antiviral drugs [78, 79].
Current treatment options for such resistant infections are challenging, because of the few
potent drugs. Furthermore the second line of therapies is associated with modest
potencies, toxicity, and lack of bioavailability [80, 81].
A standard therapy for management of HSV infections includes ACV and
penciclovir (PCV) along with their respective prodrugs valaciclovir and famciclovir.
Development of ACV revolutionized the treatment of herpes virus infections to a great
extent. Since its introduction, this drug has become the standard line of therapy for all
herpes simplex infections as well as herpes zoster infections. Although effective, delivery
is limited by its hydrophilic nature and poor permeability across intestine and corneal
tissues, leading to poor oral and ocular bioavailabilities. Moreover, long term prophylaxis
with ACV may cause emergence of resistant viral strains. Such development is more
prevalent in immunocompromised patients ranging from 3.5-10% [78, 79, 82]. Though
the exact mechanism of resistance development is not known, it appears to be mediated
either by a mutation in thymidine kinase (TK) (frequent) or mutation in viral DNA
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polymerase (less common) [82, 83]. Development of new therapies with different
mechanisms of action and novel molecular targets should be designed to not only treat
resistant infections but also to prevent their recurrence with single or a combination drug
therapy [78, 84]. Several novel compounds which can suppress viral replication and
prevent reactivation in the target population have been identified and are progressing
through various phases of clinical trials. Therefore, a better understanding of the structure
and life cycle of HSV can facilitate development of new therapeutics for the treatment of
herpes virus infections.
HSV Structure
Herpes simplex viruses type-1 and 2 (HSV-1 and HSV-2) are human neurotropic
viruses belonging to the family Herpesviridae, subfamily Alphaherpesvirinae and the
genus Simplexvirus. The term ‘herpes’ originates from Greek and implies to creep or
crawl. HSV-1 and HSV-2 are frequent human pathogens causing infections of orofacial,
ocular and genital mucosal surfaces. Although HSV-1 and HSV-2 show 70% genetic
homology, they differ in terms of few antigenic and biological properties [85, 86]. HSV
is a large enveloped DNA virus, approximately 150-200 nm diameter. The basic
components of a mature viral particle include a core containing linear double-stranded
DNA (120 to 230 kbp); an icosadeltahedral capsid consisting of 162 capsomers; an
amorphous proteinaceous tegument containing viral proteins and an external trilaminar
lipid envelope studded with at least 11 different glycoproteins (Figure 6) [87-91]. The
152-kbp length HSV genome encodes for 82 different proteins. The genome is composed
of two regions, UL (unique long) and US (unique short), covalently linked to each other

22

Figure 6. Structure of HSV.
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and flanked by three segments. Each protein encoded by the genome is usually named by
its location in UL or US. HSV exhibits three origins of replication (ori); one copy of oriL
and two copies of oriS [92-95]. These ori are palindromic sequences and any of the three
regions suffice for the replication to initiate [96, 97].
HSV Lytic Cycle
HSV lytic infection involves the following steps: i) viral entry ii) viral replication
and iii) viral assembly and egress. Each of these steps is described in detail below.
Viral Entry
HSV can infect a variety of host cells like lymphocytes, epithelial cells,
fibroblasts and neurons. Hence, this virus is regarded as ‘broad cell tropic’. The
mechanism of entry varies depending on the cell type. Viral entry occurs in two different
steps (Figure 7). In the first step, viral glycoproteins bind to the host cell receptors and in
the second step, the viral envelope either fuses with the plasma membrane or undergoes
endocytosis [98-101]. Viral fusion is pH-independent while endocytosis is a pHdependent process. Five of the 12 glycoproteins - glycoprotein C (gC), gB, gD, gH and
gL are essential for viral infection. gB functions as a homo-oligomer while gH and gL
forms a functional hetero-oligomer [102-104]. The binding of gC to heparan sulfate (HS)
initiates virus contact with the host cell [105]. Mutational analysis studies have
demonstrated that two hydrophobic residues Ile (142) and Phe (146) play a vital role in
maintaining this specific affinity [106, 107]. HSV binding can also occur even in the
absence of gC but with reduced infectivity with the help of gB [108, 109].
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Figure 7. Mechanism of HSV entry into the host cells. Reproduced with permission from
reference [101].
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gC and gB can also bind to C-type lectin dendritic cell-specific ICAM3‑grabbing
nonintegrin (DC-SIGN), facilitating dendritic cell infection. Apart from HS and DCSIGN, gB can bind to paired immunoglobulin-like type 2 receptor-α (PILRα), nonmuscle myosin heavy chain IIA (NMMHCIIA) and myelin-associated glycoprotein
(MAG) [110-112]. Initial tethering followed by viral fusion is facilitated by binding of
gD to second receptors such as herpes virus entry mediator (HVEM/HveA) (member of
tumour necrosis factor superfamily); nectin-1 (HveC) and nectin -2 (HveB) (cell adhesion
molecules of the immunoglobulin superfamily); and 3‑O-sulphated HS [113-118].
Finally, viral envelope fuses with host cell membrane facilitated by gB, gD and
heterodimeric gH/gL [119, 120]. Post fusion, viral nucleocapsid and tegument proteins
are released into host cytoplasm, from where the proteins are transported into the nucleus
by dynein-dynactin protein complex. This process is aided by viral capsid protein VP26
and tegument protein UL34. The capsids are propelled through the negative end of
microtubules and released into nucleus through nuclear pore complexes [121-125].
Viral Replication
Post infection into nucleus, host RNA polymerase II initiates viral gene
expression [126-128]. HSV genes are expressed in a temporally regulated manner, in
three distinct classes: immediate early (IE/α), early (E/β) and late (L/γ) genes (Figure 8).
The virion protein VP16 in conjunction with cellular octamer DNA binding protein (Oct1) induces the expression of five IE proteins (ICP0, ICP4, ICP22, ICP27 and ICP47).
This protein synthesis usually occurs within 2-4 hours post infection. All the IE proteins
except for ICP47 play a vital role in regulating the expression of E/β genes. ICP0
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Figure 8. HSV viral replication. Reproduced with permission from reference [128].
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promotes transactivation of all the three classes of genes. Further, it acts as an E3
ubiquitin ligase and degrades several cellular proteins [129-132]. ICP4 helps in
negatively regulating the expression of α and β genes by binding to repressor sequence in
its own promoter region, thus promoting their shutdown [133-136]. ICP22 plays an
important role in regulating the expression of ICP0 while ICP27 regulates early and late
gene transcription [137-139]. ICP47 plays a role in immune system evasion by
preventing viral peptides from being presented to major histocompatibility complex
(MHC) Class I molecules, evading the recognition by cytotoxic T-cells [140]. α proteins
help in the transcription of β proteins, which usually proceeds 5-7 hours post infection. β
proteins are mainly required for viral DNA replication [including origin-binding protein
(UL9), single-strand DNA-binding protein (SSB/ICP8/UL29), DNA helicase-primase
complex (UL5/UL8/UL52), DNA polymerase (UL30/UL42)] and nucleotide metabolism
[including thymidine kinase and ribonucleotide reductase] [141-143]. UL9 binds to ori
and UL29 stimulates helicase-primase and polymerase activities. Further UL29 negatively
regulates the transcription of β proteins post viral DNA replication [144-147]. HSV DNA
replicates via a theta mechanism initially and continues via sigma or rolling-circle
mechanism [148]. Post DNA replication, L/γ genes are transcribed and mainly include
viral structural components [149].
Viral Assembly and Egress
The late proteins are required for capsid assembly and are transported into nucleus
via nuclear localization sequences (NLS). A procapsid contains 162 capsomers (150
hexons and 12 pentons) that lie on a capsid floor layer connected by 320 triplexes [150].
The hexons are composed of six molecules of major capsid protein (MCP/VP5) and
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VP26 joined together [151-153]. All the pentons, except for one (termed portal) show
five molecules of VP5. The portal exhibits twelve-fold rotational symmetry with
cylindrical shape and is composed of twelve molecules of UL6 protein [154-156]. The
portal facilitates DNA entry into capsid during viral assembly. The triplexes are small
compact structures composed of one molecule of VP19 and two molecules of VP23 [150,
157]. These proteins hold the capsomers tight during capsid assembly. Another important
capsid component includes the C capsid specific component (CCSC) having one
molecule of each UL17 and UL25. This rod shaped structure appears at each capsid
vertex, supporting the capsid against pressure gradient during DNA packing [158, 159].
The procapsid is assembled inside the nucleus and packaged with viral DNA to form a
mature capsid. The re-envelopment model for viral egress proposes that a mature capsid
initially fuses with inner nuclear membrane (primary envelopment) to form an enveloped
particle and again fuses with outer nuclear membrane (ONM) (de-envelopment) to
release the capsids into the cytoplasm. In the cytoplasm, capsids re-envelope (secondary
envelopment), by budding into the Golgi compartment and are finally secreted from the
infected cells (Figure 9) [160-162].
HSV Latent Cycle
A major hallmark of herpes viruses is their ability to undergo latentiation in the
hosts for lifetime. HSV-1 can undergo latency in the trigeminal or cervical ganglia while
the major site for HSV-2 is sacral ganglia. Following primary infection at oral or genital
mucosal surfaces, the virion finds its entry into the innervating neuronal axon terminals
(Figure 10). The capsid containing viral DNA undergoes retrograde transport along the
axon via an active process occurring at an estimated rate of 0.5-3 µm/s [163]. Within the
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Figure 9. HSV viral egress. Reproduced with permission from reference [160].
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Figure 10. HSV latent cycle. Reproduced with permission from reference [164].
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neuronal cell body, viral DNA is circularized and loaded with histone proteins to form
nucleosomes, remaining as extra, unintegrated DNA. This arrangement facilitates latency
for longer periods [164, 165]. During latency, viral transcription is shutdown except for
an 8.3 kb latency associated transcript (LAT). This polyadenylated primary transcript is
unstable and rapidly processed into two major stable introns (1.5 kb and 2 kb) with
extended half-lives [166-169]. Although the exact function of these transcripts is
unknown, it has been shown that they act as anti-apoptotic proteins protecting infected
neurons [170, 171]. Upon reactivation by proper stimuli including immunosuppression,
intercurrent illness, exposure to UV and/or stress, these viruses re-initiate the lytic cycle
and cause various diseases [172].
Herpetic Keratitis
Herpetic keratitis is the most common form of ocular HSV disease, accounting for
approximately 80% of all cases. It is believed to be a serious cause of infectious
blindness, primarily resulting from stromal opacification. An estimated 500,000 people in
the United States suffer from ocular HSV and treatment of new and recurrent cases
outlays an expenditure of $ 17.7 million annually [173, 174]. Lack of surveillance-based
epidemiologic studies makes it difficult to estimate the global impact of ocular HSV.
HSV keratitis remains the leading cause of infectious blindness in developed countries,
although it appears that the vision loss burden of the disease has not been determined.
Moreover, the clinical impact of this disease in developing nations is currently not
known, with restricted access to treatment and immunosuppression possibly contributing
to a significantly higher visual morbidity.
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The foremost route of HSV entry and spread is via direct contact, as the virus
penetrates at the mucus membrane of the host [173, 175]. Ocular HSV infection can
occur as primary or recurrent episodes as described- a) primary ocular HSV (with no
previous exposure), b) recurrent ocular HSV via reactivation following primary ocular
infection, c) recurrent ocular HSV via reactivation subsequent to primary extraocular
infection, and d) recurrent ocular HSV via exposure to the same or different viral strains.
Epithelial keratitis initiates as a superficial punctate lesion, progressing to stellate erosion
and, ultimately causing a dendritic ulcer. It is believed that the immune system is actively
involved in clearing the corneal epithelium of HSV; however, the virus being able to
travel via retrograde axonal transport all along sensory nerves to the trigeminal ganglion,
where it remains latent until it is reactivated (Figure 11).
Stromal keratitis is believed to occur more commonly in recurrences. Viral effects
and inflammatory responses to viruses resulting from CD4+ T-cell destruction is a major
cause of morbidity in stromal disease [176, 177]. Subsequent episodes of infection may
augment the severity of disease and inflammatory effects may be observed although the
presence and activity of virus is not detected. Stromal keratitis can be non-necrotizing
and necrotizing types. The former presents with localized corneal edema and is often selflimited. The latter represents a rapid progression with stromal infiltrates and widespread
inflammation. However, both these types can lead to corneal neovascularization and
scarring, and ultimately blindness [178, 179].
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Figure 11. HSV ocular infection, latency and recurrence. Figure depicts retrograde HSV
transport along the ophthalmic division of the fifth cranial nerve following ocular
infection or via other routes subsequent to extraocular infection to develop latency in
trigeminal ganglia. Furthermore it may develop latency locally in the cornea. Reproduced
with permission from reference [173].
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Corneal latency of HSV is still a debatable and a controversial topic [180, 181].
There are several studies supporting evidence for corneal latency and the likelihood of
long-term viral activity in corneal epithelium/tissues [182-185]. Based on the current
literature, several possibilities might exist: a) HSV may be in a latent state in the cornea
with very few reactivation episodes progressing to disease, b) persistence of low levels of
viral activity in the cornea with some diseased individuals progressing to disease only
due to increased viral activity or reactivation from trigeminal ganglia, c) defective
genomes may be a potential source for detection of viral DNA in the cornea, d) latency
can be developed only in sensory ganglia in some persons especially with a high rate of
phenotypic reactivation [173].
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CHAPTER 2
SODIUM DEPENDENT MULTIVITAMIN TRANSPORTER (SMVT): A POTENTIAL
TARGET FOR DRUG DELIVERY
Introduction
Rapid technological developments in the field of drug discovery have led to the
introduction of many new chemical entities into the market. Though these drug molecules
may be therapeutically effective, delivery to the target site is still a challenging task
mainly due to lack of optimal physicochemical properties and inability of molecules to
overcome physiological, biochemical and chemical barriers. These agents can be suitably
formulated to overcome these barriers to a considerable extent. Inclusion of
excipients/additives or polymers which transiently alter tight junctions between epithelial
cells may be an approach to enhance permeation [186, 187]. Moreover, membrane
fluidizing agents and absorption/penetration enhancers which are capable of lowering the
permeability barrier thereby enhancing drug permeation have also been reported [188190]. However, a more effective and viable approach would be to target a membrane
transport system to facilitate drug absorption into cells. Transporter targeted delivery
appears to be a promising approach in which either the active molecule or the colloidal
carriers can be conjugated to a ligand which is a substrate for specific nutrient
transporter. Specific substrates such as amino acids (valine, serine, leucine etc), vitamins
(biotin, riboflavin, ascorbic acid, folic acid) and glucose are translocated by specific
transporters/receptors. Localization, structural elucidation, molecular and functional
characterization of these membrane transport systems may aid in better design of targeted
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drug delivery systems. This chapter highlights sodium dependent multivitamin
transporter (SMVT) as a highly promising target for drug delivery.
Barriers to Drug Delivery
Many active molecules are poorly absorbed through biological membranes due to
low cell membrane partitioning properties. For any drug to be pharmacologically
effective, it must reach the target cells (site of action) at optimal therapeutic
concentrations over a required duration. Unfortunately, the presence of physiological,
biochemical and chemical barriers can lead to heterogeneous distribution and
accumulation of therapeutic molecules. Though several other factors need to be carefully
considered, delivery of therapeutic drug concentrations at the desired site can only be
achieved by overcoming these barriers.
Physiological Barriers
Drug absorption across an epithelium is mediated by a mechanism dependent on
its physiochemical properties. Generally, molecules permeate through the membranes via
paracellular or transcellular routeS. The paracellular pathway is defined as drug transport
through the junctions or aqueous pores, between the cells. Drugs which are hydrophilic
and cannot permeate through the cell membranes may utilize this mechanism for
permeation. This pathway is mostly important for transport of ions, sugars, small
hydrophilic and charged molecules.
The flux of a compound (Jp) under sink conditions through the paracellular route is given
by Equation 1
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Eq. 1

Dp denotes diffusion coefficient through the intercellular spaces, Ɛ represents fraction of
the paracellular route, Cd is the donor drug concentration and hp is the effective
pathlength of the paracellular route.
However, tight junctions, adherens junctions and desmosomes serve as
permeability barriers in epithelial and endothelial cells regulating the passage of ions and
small molecules through the paracellular pathway [191-193]. The transcellular pathway is
defined as transport through both apical and basolateral cellular (lipoidal) membranes, as
well as through the internal aqueous environment of the cytoplasm. Since biological
membranes are lipophilic, hydrophobic drugs can easily partition into the membrane.
Similarly, the flux of a permeant (Jt) under sink conditions through the transcellular route
is given by Equation 2
(

)

Eq. 2

Dc and Kc represent diffusion and partition coefficients, respectively, and hc is the
pathlength of the transcellular route.
Biochemical Barriers
Drug absorption may be limited by efflux and metabolism by enterocytes and
hepatocytes respectively. Efflux transporters and metabolizing enzymes are known to
regulate pharmacokinetic and pharmacodynamic interactions during drug absorption and
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metabolism [61, 194-196]. Efflux transporters such as P-glycoprotein (P-gp), multi drug
resistance associated protein (MRP) and breast cancer resistance protein (BCRP) as well
as metabolizing enzymes i.e. cytochrome P450 system (CYP), esterases, peptidases,
amidases and sulfotransferases may serve as biochemical barriers. Efflux transporters are
proteins implicated in pumping out or extrusion of drug substrates and toxic molecules
from within cells into the external environment. The key mechanism of efflux is
dependent on energy derived from ATP hydrolysis. These membrane proteins are known
to reduce intracellular drug concentration leading to subtherapeutic levels [197-199].
Multiple drug administrations to achieve optimal concentration may result in systemic
toxicity along with emergence of drug resistance [195, 196, 200]. Though these
transporters are called as drug-resistant pumps, these proteins are expressed in many
normal tissues mediating cellular transport of endogenous substrates [201].
Chemical Barriers
The chemical structure of an active molecule determines its solubility and
permeability characteristics. Moreover, rate and extent of drug absorption depends on the
concentration at the target site and permeability across the target cell membrane.
Permeation via the paracellular route is determined by the physicochemical properties of
the drug itself. Factors including the size, charge and hydrophilicity/lipophilicity are also
the major factors influencing drug permeation. An alteration in the hydrophilicity of a
drug molecule may alter the permeation pathway. For example, a shift in drug permeation
from the paracellular to the transcellular route may be evident when the hydrophilicity of
a drug molecule diminishes i.e., its lipophilicity ascends.
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Transporter Targeted Drug Delivery
Remarkable changes have been observed in the field of drug delivery over the
past decade. In particular, a significant insight into various transporters present on the cell
membrane opened a new window of opportunities [5, 76, 202]. Hydrophilic drug
molecules which fail to efficiently permeate biological lipid membrane can be
conveniently delivered via transporter targeted delivery systems [49, 64, 203, 204].
Compounds which serve as substrates for efflux transporters or metabolizing enzymes
could potentially be efficiently delivered via this approach [195, 196, 205, 206].
Targeting nutrient transporters has emerged as an exciting strategy to enhance
bioavailability of poorly permeating drugs. This approach typically involves conjugating
the drug molecule or a colloidal carrier containing the active molecule to a ligand which
serves as a substrate for a specific nutrient transporter in the cell membrane. Many
transporters/receptors have been identified over the past decade. Amongst them, SMVT
has been recently gaining importance due to its low affinity and high capacity along with
wide substrate specificity.
Sodium Dependent Multivitamin Transporter
Molecular Identity
Sodium dependent multivitamin transporter (SMVT) is an electrogenic, highly
sodium dependent carrier mediated system responsible for absorption of vitamins. It is a
product of SLC5A6 gene, located on chromosome 2 and contains 17 exons.
Topographical examination (hydrophobicity analysis) of rabbit intestinal SMVT
(riSMVT), a 68.6 kDa protein revealed the presence of 12 transmembrane domains
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(TMD) with both the N- and C- termini oriented towards the cytoplasm (intracellular
region) (Figure 12) [207, 208]. Despite significant new knowledge on the cell biology
and regulation of the SMVT system, structure-function and structure–regulatory
relationships are not fully known. However, cloning studies from many species including
human, rabbit, mice and rat have delineated the molecular identity of SMVT [208, 209].
Role of the positively charged histidine (His) residues of SMVT in translocating
biotin was examined by site-directed mutagenesis approach. Nine His residues have been
identified in the primary amino acid sequence of SMVT, of which seven residues are
conserved across species (human, mouse, rat, and rabbit). The conserved His residues of
human SMVT (hSMVT) polypeptide are located at positions 46, 54, 115, 125, 238, 254,
and 533. His46 and His533 residues are expressed at the membrane-aqueous interface
where as His54 and His125 residues are situated in the extracellular domains. His238 and
His254 residues are in the large intracellular domain between sixth and seventh TMD and
His115 is expressed on third TMD. Ghosal and Said investigated the role of His residues
and the effect of chemical modification(s) on the functionality of the hSMVT system
[210]. Mutations in the His115 and His254 residues caused a significant reduction in carrier
mediated biotin uptake indicating the functional expression of these two residues. Such
mutations effect caused a significant decrease in the rate of maximal uptake (Vmax), but
not the apparent binding affinity constant (Km) of the carrier mediated process. This
observation may be due to lowered number of hSMVT at the cell membrane without any
change in affinity.
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Figure 12. Model of the membrane topology of riSMVT deduced from the Kyte–
Doolittle hydropathy plot. The hSMVT polypeptide is predicted to have 12 TMD.
Reproduced with permission from reference [207].
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Previous reports have suggested that hSMVT polypeptide contains four potential
N-glycosylation sites (Asn138, Asn489, Asn498 and Asn534) and two potential protein kinase
C (PKC) phosphorylation sites (Ser283 and Thr286) [207, 208]. N-glycosylation at Asn138
site was found to be unique to hSMVT while the other three potential N-glycosylation
sites (Asn489, Asn498 and Asn534) were conserved across human, mouse, rat and rabbit.
Potential N-glycosylation at Asn138 site is located in the extracellular domain between the
third and fourth TMD of the hSMVT protein, while Asn489 and Asn498 sites are both
located in the extracellular sequence between the eleventh and twelfth TMD. Asn534 site
is situated within the twelfth TMD (Figure 13). Effect of the putative N-glycosylation
sites of the hSMVT polypeptide on the function and regulation of the carrier protein was
investigated. Mutations in the Asn138 and Asn489 caused a significant reduction in the
Vmax without a change in the apparent Km of the biotin uptake process. This observation
may also be due to a reduction in the number and/or activity, but not affinity of the
transport system. This study suggested that glycosylation of hSMVT is considered to be
an important post translational modification affecting the mature transporter protein
[211].
On the other hand, the two potential PKC-phosphorylation sites are predicted to
be situated in the intracellular loop between the sixth and seventh TMD of the hSMVT
protein (Figure 13). Though Ser283 site is conserved across various species, Thr286 is
conserved in human and rabbit but replaced by Ser in mouse and rat. Role of the potential
PKC phosphorylation sites of hSMVT in mediating the phorbol myristate acetate (PMA)
induced inhibition of biotin uptake was evaluated by mutating these sites. A significant
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Figure 13. Predicted membrane topology of hSMVT protein to have four putative Nglycosylation motifs (Asn138, Asn489, Asn498 and Asn534) and two potential PKCphosphorylation sites (Ser283 and Thr286). Reproduced with permission from reference
[211].
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decrease in PMA induced inhibition of biotin uptake was observed due to mutations in
Thr286 sites, but not by Ser283 site. This effect was mediated only by a change in the
functional activity of the hSMVT system itself, but not by changes in the expression of
the hSMVT mRNA or total cellular level of the transporter protein [211].
Cysteine (Cys) residues appear to be involved in the regulation of SMVT [212,
213]. The hSMVT consists of 10 conserved Cys residues.

Topological prediction

analysis showed that Cys68 and Cys144 of hSMVT protein are extracellular, Cys294 and
Cys450 are cytoplasmic and Cys104, Cys186, Cys309, Cys358, Cys410 and Cys443 are expressed
in the hydrophobic TMDs of the hSMVT polypeptide (Figure 14). The exact role of a
specific Cys residue in mediating the functional activity has not been delineated. A recent
investigation addressed this issue using the molecular approach of site-directed
mutagenesis [214]. Mutation on the Cys294 residue led to a significant reduction in biotin
uptake. Replacement of Cys294 residue with a non-polar amino acid (alanine) or by
another polar residue (serine) altered biotin uptake, suggesting that cysteine itself (not the
polar or non-polar residue) is important for hSMVT function. Also a similar inhibition in
biotin uptake was observed when Cys294 was mutated to the sulfur containing amino acid
methionine, further confirming the importance of Cys residue. Results from these studies
clearly suggest that the reduction in biotin uptake as a result of mutating Cys294 residue of
hSMVT protein is presumably due to a decrease in the number of the hSMVT molecules
at the cell membrane.
Overall, these findings suggest that hSMVT protein is glycosylated and this
enzymatic process is important for its function. The significance of His115, His254 and
Cys294 residues in the function and cell biology of hSMVT are clearly delineated.
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Figure 14. Predicted membrane topology of hSMVT and location of the conserved
cysteine residues. Filled circles depict the location of conserved cysteine residue whereas
empty circles represent position of non-conserved cysteine residues. Reproduced with
permission from reference [214].
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Moreover, the impact of putative PKC-phosphorylation site Thr286 of hSMVT in the
PKC-mediated regulation of biotin uptake appear to be functionally important.
Substrate Specificity and Transport Mechanism
SMVT refers to a highly sodium-dependent specific vitamin carrier system
primarily responsible for translocation of biotin. Based on its sodium and substrate
specificity, this transmembrane protein is referred as the sodium dependent multivitamin
transporter. The concentration dependent accumulation of biotin uptake observed in the
presence of an inwardly directed sodium (Na+) gradient suggests that fluxes on biotin and
Na+ ions are coupled with the activity of Na+-biotin co-transport mechanism [215]. The
stoichiometric ratio of the biotin-Na+ coupling may be examined by elevating the
concentration of Na+ in the incubation medium. The data was fitted into the Hill equation
which provides an estimate of the number of Na+ ions required for a substrate to interact
with SMVT. Park, et al., has shown that each biotin molecule requires one sodium ion for
its translocation across the cell membrane of brain microvessel endothelial cells (BMEC)
[216]. Also, a similar coupling ratio of biotin to Na+ was reported in human colonic
epithelial (NCM460) cells suggesting that one Na+ ion is required for transport of one
biotin molecule. This study concluded that the transport process is electroneutral in
nature [217]. These results are consistent with Na+-biotin cotransport (1:1 ratio) where
biotin transport was evaluated in brush-border membrane vesicles from rat kidney [218].
Interestingly, transport of biotin and pantothenate mediated by rat SMVT seem to be
electrogenic with a Na+: substrate coupling ratio of 2:1. This transport process appears to
be associated with the transfer of one net positive charge across the membrane per
transport cycle [219]. Kinetic analysis of Na+-biotin cotransport mechanism in the
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maternal-facing membrane of human placental epithelial cells revealed that Na+-biotin
coupling ratio for the transporter is 2:1, i.e., about two Na+-ions are cotransported per
biotin molecule across the cell membrane [215]. This effect may be due to inter-species
or inter-tissue variability in different species which may alter transport mechanism by the
carrier.
Vitamins are necessary for vital metabolic processes in all mammalian cells. Such
cells involve intrinsic mechanisms for active accumulation of vitamins. The watersoluble vitamin biotin is essential for normal cellular functions, growth and development.
It serves as a cofactor for the carboxylases during fatty acid biosynthesis,
gluconeogenesis and catabolism of several branched chain amino acids and odd-chain
fatty acids. Deficiency of biotin leads to a range of clinical abnormalities such as
neurologic disorders, growth retardation and skin abnormalities. Biotin can only be
synthesized by bacteria, yeasts, molds, algae and a few plant species. Since humans and
other mammals cannot synthesize, it must be supplemented from exogenous sources
[220-223].
Structural and functional characterization of SMVT suggests that a single carrier
mediated transport system probably mediates uptake of biotin (a coenzyme for
carboxylation reaction), pantothenate (a component of coenzyme A) and lipoate (a
component in oxidative decarboxylation of pyruvate and α-ketoglutarate) in the major
absorptive tissues because these compounds share a degree of structural similarity [224,
225]. The presence of SMVT responsible for the uptake of biotin, pantothenate and
lipoate was first identified on human placenta [215, 226]. Subsequently, a second biotinspecific high affinity transporter was characterized on human keratinocytes and human
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peripheral blood mononuclear cells (PBMC) [227, 228]. Biotin transport appears to be
coupled to electrochemical gradient of sodium but not to proton gradient. Since the pKa
of biotin is in the range of 4-5, a higher biotin uptake is observed at this pH. This is due
to a larger fraction of unionized or neutral biotin components which permeates passively
across the lipid bilayer of the cell membrane [217, 224, 229].
Structure-function relationship between biotin and the uptake process can be
better delineated by studying the kinetics in the presence of unlabeled biotin and by its
structural analogs such as desthiobiotin. Kansara, et al., have shown that biotin uptake is
significantly inhibited in the presence of desthiobiotin in human retinoblastoma cell line
(Y-79) [230]. The authors suggested that the thiophane component in the biotin structure
plays an important role in binding to the transporter. Also results from this study
suggested a requirement of keto group at the second position of the imidazole ring in
biotin for the substrate to interact with SMVT. The tetrahydrothiophene ring which is
absent in desthiobiotin does not appear to be a requirement for the transporter recognition
because this analog is a potent inhibitor of biotin uptake. On the other hand, lipoic acid
which is devoid of both the ring structure and the keto group is also a potent inhibitor of
biotin uptake. Furthermore the effect of terminal carboxyl groups of the valeric acid side
chain as well as the length of the side chain in influencing the interaction of biotin with
the transporter has been investigated [215]. Biocytin and biotin methyl ester, where biotin
was modified at the carboxyl group had no effect on the biotin uptake in Y-79 and rabbit
primary corneal epithelial cells (rPCECs) [50, 230]. Both biotin methyl ester and biocytin
lack a free carboxylic acid group in their structures. Interestingly, a significant
concentration-dependent lowering in uptake was evident in the human retinal pigment
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epithelium (ARPE-19) cells [49]. Though these observations seem to be controversial,
results suggest that a free valeric carboxylic group in biotin may or may not be a
prerequisite for recognition and specific binding to SMVT [207, 231].
Tissue Distribution
Utilization of SMVT as a target for drug delivery depends both on the functional
and molecular aspects of the transporter protein. Functional activity determines the ability
of the transporter to translocate drug molecules, while the molecular evidence provides
the adequate expression levels of the transporter suitable for drug delivery. However, the
affinity and capacity of this transporter vary in different cells and tissues depending on
their origin, nature of the cell line and disease condition as well (Table 1). SMVT is
highly expressed in various tissues such as intestine [232-236], placenta [215, 226] liver
[225, 232], cornea [50], kidney [224, 233, 236-238], retina [49, 239] and also in some
carcinomatous tissues [230, 240]. This expression pattern may enable SMVT as a target
for drug delivery.
Utilization of SMVT in Drug Delivery
Biotin has been utilized in drug delivery and pharmaceutical biotechnology
primarily due to its excellent affinity for avidin proteins. Cellular uptake of biotin appears
to be mediated by SMVT, which is overexpressed in certain cancer cells. Expression of
SMVT is usually higher than folate receptor in many lung, renal, colon, intestinal, breast
and ovarian cancer cells [241]. Moreover, research focused on enhancing oral drug
delivery demonstrated that biotin either covalently attached or surface modified on
various constructs could enhance cellular uptake of various therapeutic molecules by
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Table 1. Summary of tissue distribution and kinetic parameters of SMVT uptake process
(NR represents not reported).
Species
Bovine

Cells/Tissue
Brain microvessel endothelial cells (BMEC)

Kinetic parameters
Km - 49.1 µM
Vmax - 313.2 pmoles/mg
protein/min
Km - 13 µM
Vmax - 21.5 pmoles/mg
protein/min
Km - 19.7 µM
Vmax - 38.8 pmoles/mg
protein/3min
Km - 5.26 µM
Vmax - 13.47 pmoles/mg
protein/20 sec

Reference
[216]

Canine

Kidney cells transfected with human mdr1 gene
(MDCK-MDR1)

Human

Colonic epithelial cells (NCM460)

Human

Intestinal brush border membrane (BBM)

Human

Kidney cortex brush border membrane

Km - 31 µM
Vmax - 82 nmoles/mg protein/30
sec

[238]

Human

Placental brush border membrane

Km - 21 µM
Vmax – 4.5 nmoles/mg
protein/min

[215]

Human

Proximal tubular epithelial cells (HK-2)

Km - 12.16 µM
Vmax - 14.4 pmoles/mg protein/7
min

[237]

Human

Retinal pigmented epithelial cells (ARPE-19)

Km - 138.25 µM
Vmax - 38.85 pmoles/mg
protein/min

[49]

Human

Retinoblastoma cells (Y-79)

Km - 8.53 µM
Vmax - 14.12 pmoles/mg
protein/min

[230]

Human

Placental choriocarcinoma cells (JAR)

NR

[208]

Human

Liver basolateral membrane vesicles

Km - 1.22 µM
Vmax - 4.76 pmoles/mg protein/10
sec

[242]

Human

Intestinal cells (Caco-2)

[243]

Rabbit

Intestine

Km - 9.5 µM
Vmax - 520 pmoles/mg
protein/min
NR

Rabbit

Corneal epithelial cells (rPCEC)

Km - 32.52 µM
Vmax - 10.43 pmoles/mg
protein/min

[50]

Rat

Retinal capillary endothelial cells (TR-iBRB2)

Km - 146 µM
Vmax - 0.223 nmoles/mg
protein/min

[239]
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[224]

[217]

[236]

[207]

active recognition by the transporter. Therefore, biotinylation of anticancer agents may
augment tumor targeting.
Russell-Jones, et al., have studied the potential of biotin as a targeting moiety in
cancer chemotherapy [244]. Biotinylation of fluorescently-labelled N-(2-hydroxypropyl)
methacrylamide (HPMA) polymers enhanced tumor accumulation, following intravenous
administration in mice. Consequently, the anticancer efficacy of HPMA–Doxorubicin
conjugates against colon carcinoma xenografts is significantly enhanced due to biotin
functionalization. Similar targeting approach was also investigated by employing
polyethylene (PEG) prodrugs of camptothecin (CPT). CPT-PEG-biotin conjugates were
synthesized and studied in vitro in A2780 sensitive and A2780/AD multi-drug resistant
(MDR) human ovarian carcinoma cells. CPT-PEG-biotin conjugates showed an increase
in CPT toxicity (5.2 times in sensitive and 2.1 times in multidrug-resistant cells) relative
to non-biotinylated CPT-PEG conjugate. This enhanced cytotoxicity observed in the
presence of biotinylated conjugate was due to site-specific uptake mediated by SMVT
[240].
Recently, star-burst dendrimers have been investigated as a carrier platform for
targeted drug delivery. Partially acetylated generation five (G5) polyamidoamine
(PAMAM) dendrimers were designed and conjugated with biotin and fluorescein
isothiocyanate (FITC) (Figure 15). Results from this study indicate that dendrimerbiotin-FITC conjugate exhibits much higher cellular uptake into human cervix carcinoma
(HeLa) cells compared to the conjugate devoid of biotin [245]. In another study, the
effect of generation and the mechanism of cellular uptake of biotin-PAMAM (G4)
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Figure 15. Schematic representation of the reactions involved in the synthesis of multifunctional PAMAM dendrimers for cancer cell targeting and imaging. Reproduced with
permission from reference [245].
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dendrimers were examined in ovarian cancer (OVCAR-3) and human embryonic kidney
(HEK 293T) cells. Uptake of biotin-PAMAM was significantly higher in OVCAR-3 cells
relative to HEK 293T cells suggesting their potential as nanocarriers in targeted drug
delivery [246]. Subsequently, biotinylated PAMAM dendrimers loaded with cisplatin
were evaluated for in vitro cytotoxic activity and cellular uptake of cisplatin in OVCAR3, SKOV-3 (ovarian cancer), A2780 (wild-type) and CP70 (A2780/CP70, cisplatinresistant) cells. Results from cytotoxicity studies showed that IC50 values of dendrimercisplatin complexes were significantly lower than cisplatin alone in OVCAR-3, SKOV-3
and CP70 cell lines [247].
SMVT has also been targeted to deliver large peptides orally by varying their
absorptive transport pathways and improving intestinal permeability. The absorptive
transport of novel peptidic inhibitors of the Tat protein of HIV-1, retro-inverso (R.I.-) KTat9 and R.I.-K(biotin)-Tat9, were studied on Caco-2 and transfected Chinese Hamster
Ovary (CHO) cells. Biotinylation of peptide significantly enhanced the absorptive
permeability by elevating passive and carrier-mediated uptake by SMVT [231]. The 29
kDa peptide-loaded bioconjugate (PEG:(R.I-Cys-K(biotin)-Tat9)8) and biotin-PEG-3400
are able to interact with human SMVT thereby accelerating cellular uptake and transport
of these macromolecules. Absorptive transport of PEG-3350 across Caco-2 cell
monolayers was not concentration-dependent and is probably mediated by passive
diffusion.

However,

biotin–PEG-3400

transport

across

Caco-2

cells

follows

concentration-dependent and saturable kinetics, suggesting a carrier mediated uptake
process (Figure 16). These results suggest that targeted PEG-based bioconjugates may
improve cellular uptake and transport of larger and small peptide therapeutics [248].
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Figure 16. A) Structure of the PEG:(R.I-Cys-K(biotin)-Tat9)8 conjugate. B) Absorptive
transport of biotin–PEG-3400 (▽), PEG-3350 (Δ), and PEG:(R.I-Cys-K(biotin)-Tat9)8
(○) across Caco-2 cell monolayers. Reproduced with permission from reference [248].
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A thirty-fold increase in the uptake of Tat9-C(biotin) with S-biotinylation of the
cysteine residue was observed in Jurkat cells relative to unbiotinylated Tat9-C [249]. This
enhanced effect may be due to stronger hydrophobic interactions with the plasma
membrane as well as biotinylation, which further results in stronger inhibition of
transactivating process [250]. Wan, et al., synthesized and investigated anti-HIV
activities of peptides L-Tat9, R.I.CK-Tat9, R.I.CK(biotin)-Tat9 PEG in MT-2 cells, a
HTLV-1-transformed human lymphoid cell line, infected with HIV-1 strain Vbu 3.
R.I.CK-Tat9 (EC50 = 0.85 μM) exhibits stronger anti-HIV activity relative to the L-form
of Tat9 (EC50 = 51.3 μM). Interestingly, conjugation of biotin to R.I.CK-Tat9
significantly enhances the peptide activity resulting in excellent anti-HIV activity (EC50
= 0.018 μM). These results suggest that biotinylated R.I.CK-Tat9 is approximately 47
times more potent than R.I.CK-Tat9 [251].
Janoria, et al., examined the role of SMVT on the uptake of biotin-ganciclovir (BGCV) in both ARPE-19 cells and rabbit retina [49]. This study also delineates the
intravitreal pharmacokinetics of GCV and B-GCV in unconscious New Zealand albino
rabbits by an ocular microdialysis technique. B-GCV is recognized by SMVT transporter
expressed on ARPE-19 cells and rabbit retina. The vitreal elimination half-lives of GCV
(270 ± 15.7 min) and biotin-GCV (222 ± 40.5 min) were not statistically different.
However, the AUC of biotin-GCV (17.5 ± 1.38 mg*min*mL–1) was significantly higher
than GCV (10.6 ± 1.27 mg*min*mL–1). All the other parameters such as elimination rate
constants, volume of distribution at steady state, clearance, mean residence time and even
Clast did not significantly differ. Figure 17 shows the sustained release of GCV following
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Figure 17. A) Structure of biotin-GCV. B) Vitreous concentration-time profiles of biotinGCV and regenerated GCV. Reproduced with permission from reference [49].
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intravitreal administration of B-GCV. Vitreal concentration-time profile of B-GCV
indicates regeneration of GCV at a concentration above the minimum inhibitory
concentration (MIC) (0.25–1.22 μg/mL) [252]. This study concluded that intravitreal
administration of B-GCV increases total exposure of GCV thereby leading to effective
control of viral replication.
Luo, et al., investigated the functional activity and molecular expression of
SMVT in MDCK-MDR1 cells (Madin-Darby canine kidney cells transfected with the
human MDR1 gene) [224]. The authors have studied the transport characteristics of
biotin and biotin-conjugated anti-HIV protease inhibitor, saquinavir (SQV). Biotinsaquinavir (B-SQV) prodrugs caused a significant diminution in the uptake and transport
of [3H] biotin, indicating the recognition of prodrug by SMVT. Since SQV is a wellknown substrate of P-gp, this approach significantly lowered the efflux ratio of B-SQV in
MDCK-MDR1 cells compared to SQV. This report suggests that B-SQV exhibits very
low affinity towards P-gp compared to SQV. Another prodrug conjugate has been
designed to control the release kinetics and cellular uptake of SQV at the target site and
to enable site specificity. Conjugation of PEG to SQV produced a prodrug conjugate,
SQV-Cys-PEG3400, which was less active. Incorporation of biotin into the SQV-CysPEG3400 conjugate enhanced cell uptake of these conjugates since the hydrophobicity of
biotin is known to promote cell membrane adhesion and enhanced cellular permeation.
SQV-Cys-PEG3400-biotin (ED50 = 125 nM) generated 8-fold greater antiviral activity
than unbiotinylated conjugate, SQV-Cys-PEG3400 (ED50 = 900 nM) [253].
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Conclusion
Recent advances in molecular biology provide direct evidence of membrane
transporter proteins, including molecular and functional characteristics. Transporter
targeted delivery including either a prodrug approach or a drug delivery system or a
combination of both seem to be a promising strategy for precise and efficient drug
delivery, ultimately resulting in the enhancement of therapeutic efficacy. Transporter
targeting strategy can not only facilitate enhanced drug permeation by overcoming
physiological, biochemical and biological barriers, but also by enabling drug targeting at
the intracellular level. SMVT expression under various physiological and pathological
conditions needs to be critically evaluated to understand its regulation. Though there is
sufficient evidence and encouraging data, additional studies are necessary to evaluate the
drugs/drug delivery systems. The approach is to efficiently conjugate drugs to SMVT
substrates without altering the ability of the carrier mediated transport system for efficient
recognition and translocation. Nevertheless, further work is required to evaluate the
utility of SMVT as a potential target for drug delivery. Tissue distribution, energetics and
wide substrate specificity of SMVT offers a basis for its affinity and capacity. Despite
several advantages of targeting SMVT, a significant amount of research still needs to be
conducted to investigate the feasibility of delivering therapeutics such as genes, si-RNA,
antisense RNA, DNA, oligonucleotides, antibodies, peptides and proteins. Furthermore,
the impact of pharmacokinetic properties on drug disposition is even more critical and
remains a major factor. We anticipate that better knowledge and understanding of the role
of SMVT in absorption and uptake processes would eventually contribute to better
pharmacokinetic predictions in order to achieve site specific targeted delivery.
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CHAPTER 3
RATIONALE FOR INVESTIGATION
Overview
Herpes simplex keratitis (ocular herpes) caused by herpes simplex virus (HSV) is
the leading cause of blindness in the United States as well as the most frequent cause of
corneal opacities in developed countries [204, 254, 255]. Particularly, herpes simplex
virus 1 (HSV-1) is the cause of over 95% of cases of ocular herpes [256]. After the
initiation of HSV keratitis, there is a 50% chance of recurrence within 2 years. It is due to
the ability of virus to latently infect hosts for extended periods of time and failure to
completely eliminate virus particles from the body. The preferred therapeutic intervention
includes continuous suppression rather than intermittent drug dosing.
Although multiple approaches have been attempted to prevent virus and facilitate
effective therapy, HSV infections remain among the most common infectious agents of
humans [257, 258]. The treatment of ocular HSV infections still remains a major concern
of ophthalmologists. Treatment with antiviral drugs reduces the duration of lesions and
their recurrence. However, development of drug-resistant virus strains is a potential
problem, especially in AIDS patients who are immunocompromised [259].
Statement of Problem
Acyclovir (ACV) was approved as a drug of choice for the treatment of HSV
infections which exhibits excellent antiviral activity against HSV-1. But ACV suffers
from low oral and ocular bioavailability due to its hydrophilic nature and poor
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permeability across tissues. Moreover, it suffers from rapid precorneal drainage, upon
topical administration. To date, various approaches have been investigated to improve
cellular absorption of ACV. These include derivatization of drugs into lipophilic prodrugs
which can diffuse readily across cell membrane by facilitated diffusion. The lipid prodrug
approach is known for its long lasting sustained delivery of parent compound due to slow
bioreversion at site of action [260]. Also, transporter targeted prodrug strategies have
been investigated in which drug molecule is attached to a ligand (promoiety) which is a
substrate for specific nutrient transporter. Enhanced absorption was observed due its
recognition and translocation of the prodrug by transporter. Though successful, both
these approaches have individually demonstrated only marginal improvement in cellular
accumulation of drugs. Newer strategies need to be explored in order to increase the drug
levels of antiviral agents to achieve therapeutic range.
Thus we hypothesized a strategy which involves derivatizing the hydrophilic drug
into lipophilic prodrugs (by conjugating with different carbon chain lipid rafts) and
further conjugating them to transporter targeted moiety (biotin) to enhance cellular
absorption and intraocular permeation. The lipid linker will facilitate enhanced cellular
contact with biological membrane possibly by assisting docking of the targeting moiety
into the binding domain of sodium dependent multi-vitamin transporter (SMVT). Thus,
our novel approach will provide site-specific transporter targeted delivery and enhance
lipid mediated cellular absorption in both intestinal and ocular tissues. This will
significantly lower dosage requirement and reduce side effects.
Furthermore, the derivatized targeted lipid prodrugs will be encapsulated into
nanomicelles, which can be topically administered at higher concentrations as clear
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aqueous nanomicellar drops. Hence, this approach will significantly enhance the
permeability of the otherwise hydrophilic drug molecule besides delivering them into the
deeper target tissues of the anterior segment of the eye. Therefore, the objectives of the
project were as follows
Objective 1


To synthesize novel targeted lipid prodrugs of hydrophilic antiviral drug, ACV by
conjugating lipid rafts of different carbon chain tethered at one end of the ACV
and attaching the other end of lipid raft to biotin as ligand for SMVT. All the
synthesized prodrugs will be characterized by 1H NMR,

13

C NMR and LC/MS-

MS.


To determine cellular uptake and transport of all prodrugs across Caco-2 and
MDCKII-MDR1 cell monolayers. These model in vitro cell lines have been
extensively employed to characterize prodrug conjugates that can be recognized
by the SMVT transporter [224, 232].



To perform saturation kinetics and dose dependent inhibition of [3H] biotin uptake
in the presence of different concentrations of all biotinylated prodrugs. This study
will provide a better understanding of affinity patterns of the prodrugs towards
SMVT. Prodrugs with enhanced affinity towards SMVT can be selected based on
their inhibitory potency (IC50).



To perform bioreversion and metabolism studies of these prodrugs in cell and
tissue homogenates. This will provide an idea of metabolic stability and allows us
to determine their half-lives and degradation rate constants.
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To examine the toxicity of all biotinylated lipid prodrugs, cell viability assays will
be performed on MDCKII-MDR1 and Caco-2 cell monolayers. This study will be
performed to evaluate the cytotoxic effects of all prodrugs.

Drug delivery to the anterior segment of the eye poses major challenges. Treatment of
anterior segment eye diseases requires drug delivery to deeper layers of cornea. The
corneal epithelium is composed of 5-6 layers of columnar epithelial cells. It restricts the
paracellular diffusion of hydrophilic drug molecules due to high electrical resistance of
the outer cell membrane and the zonulae occludens. Hence, epithelium is a major barrier
for hydrophilic drugs like ACV [261]. Since transporter-targeted drug delivery has
become a promising approach to treat corneal keratitis, this approach can enhance ocular
bioavailability. Therefore, we wanted to investigate the feasibility of utilizing the above
synthesized novel biotin conjugated lipid prodrugs for treating herpes keratitis in humans.
These prodrugs may be used only if SMVT is expressed on human cornea. Even though
SMVT has been identified on rabbit cornea [50], no information is currently available
regarding the molecular and functional presence of SMVT on human cornea and human
corneal epithelial cells (HCEC).
Objective 2


To perform Reverse Transcription–Polymerase Chain Reaction (RT-PCR) and
western blot for confirming the molecular presence of SMVT on HCEC and
human cornea. This involves designing of primers using PRIMER BLAST
through PUBMED.



To investigate the functional aspects of biotin uptake via SMVT on HCEC cells,
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a) Time, temperature and concentration dependent uptake of [3H] biotin will be
performed. This study will provide a better understanding of temperature
dependency, saturation and steady state kinetics of biotin uptake.
b) Ion (Na+ and Cl-), pH and energy dependent studies will also be performed.
Ion dependency will provide us the effect of various ions and the molar quantities
of each ion required for SMVT to translocate biotin. pH and energy dependent
studies will provide the effect of various pH on biotin uptake and whether this
carrier mediated process is energy dependent or not.


To delineate the structural requirements and substrate specificity for interaction
with this vitamin carrier system (SMVT), we will perform [3H] biotin uptake
studies in the presence of various structural analogs and other related vitamins.



To perform bio-reversion and metabolism studies in ocular fluids and tissues such
as cornea, lens and iris-ciliary body. This study would give us the half-lives and
degradation constants of prodrugs.



To perform ex vivo transport studies across freshly excised rabbit cornea using
side by side diffusion apparatus. This will generate information on the
permeability, apparent binding affinity patterns of all the above synthesized
biotinylated lipid prodrugs towards SMVT.



To perform antiviral efficacy studies against various herpes viruses. All the
compounds will be screened against HSV-1, HSV-2, HCMV and EBV. These
studies will be performed by our collaborator Dr. Mark Prichard at the University
of Alabama through NIAID program.
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Targeted lipid prodrugs with respect to enhanced affinity, excellent antiviral activity
and stability (selected from objectives 1 and 2) will be further studied. Since our novel
targeted lipid prodrugs will be less water soluble, our strategy would be to develop clear,
mixed nanomicellar aqueous formulation of the optimized molecules for topical ocular
drug delivery. Nanomicelles are colloidal particles with nanometer size range and forms
spherical structures of amphiphilic molecules in water. The hydrophobic core of micelles
can efficiently solubilize and encapsulate lipophilic prodrugs. We hypothesize that such
an envelope will further slowdown the bioreversion of targeted lipid prodrugs and hence
provide sustained release of drugs. It should enhance biodistribution of targeted lipid
prodrugs in anterior segments of the eye. Hence, this strategy may significantly reduce
systemic exposure and therefore systemic toxicity associated with antiviral agents.
Objective 3


To develop and optimize clear, mixed nanomicellar formulation of targeted lipid
prodrug of ACV comprising Vit E TPGS and octoxynol-40. This formulation
would be optimized by altering the ratios of Vit E TPGS and octoxynol-40. Vit E
TPGS and octoxynol-40 exhibit a HLB value of 13.2 and 18, respectively.
Reducing the concentration of octoxynol-40 should enhance the encapsulation
efficiency of targeted lipid prodrugs. This is because of the lowering of HLB
value of octoxynol-40.



To characterize and optimize formulation with respect to nanomicellar size,
polydispersity index, zeta potential and stability. Further studies such as surface
morphology, prodrug loading efficiency, entrapment efficiency and in vitro

65

prodrug release studies will be conducted as per previously published protocols
from our laboratory (published US patent application no. 20090092665).


To evaluate in vitro ocular biocompatibility of clear, aqueous nanomicellar
formulation for the topical delivery of biotinylated lipid prodrug to the eye for
treatment of herpetic keratitis. A variety of inflammatory cytokines and
chemokines are involved in ocular surface inflammation. Therefore, the mRNA
expression levels of IL-1β, IL-6, IL-8, IL-17, TNF-α and IFN-γ at the molecular
level will be studied with quantitative real-time PCR (qPCR).
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CHAPTER 4
TARGETED LIPID BASED DRUG CONJUGATES: A NOVEL STRATEGY FOR
DRUG DELIVERY
Rationale
Acyclovir [ACV, 2-amino-9-((2-hydroxyethoxy) methyl)-1H-purin-6(9H)-one] is
a guanosine analogue with excellent antiviral activity. Since its discovery, ACV has been
indicated for the treatment of herpes simplex virus (HSV) and herpes zoster (shingles)
infections. The compound is phosphorylated by viral thymidine kinases to ACV
monophosphate, which is subsequently converted by cellular kinases to active ACV
triphosphate. ACV triphosphate is then incorporated into viral DNA, inhibiting the activity
of DNA polymerase and leading to chain termination [78, 262, 263]. ACV suffers from
limited aqueous solubility and low oral bioavailability (15-30%), resulting in poor
accumulation at the target site. A wide variety of strategies have been investigated to
enhance cellular absorption amongst which transporter targeted prodrug strategy has been
a promising approach. In our laboratory, the functional characteristics of various
transporters have been exploited for targeted drug delivery. These include amino acid
transporters [44, 264], peptide transporter (PEPT1 and PEPT2) [52, 265], sodium
dependent multivitamin transporter (SMVT) [49, 50, 224], sodium dependent vitamin C
transporter (SVCT1 and SVCT2) [61, 266], riboflavin transporter [267], nucleoside and
nucleobase transporters [62, 268]. Valacyclovir (VACV), an amino acid ester prodrug of
ACV has been shown to increase the oral bioavailability of ACV by 3 to 5-fold [204, 269274].
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SMVT is primarily responsible for the uptake of vitamins such as biotin,
pantothenic acid and lipoate in epithelial cells [47, 207, 209]. Biotin, a water soluble
vitamin is essential for normal cellular growth. Absorption of biotin by SMVT is a pH
dependent process. Significant amount of biotin absorption through SMVT has been
reported in major tissues such as cornea, retina, kidney, intestine, liver and placenta [49,
50, 224, 225, 232, 235, 236, 275]. SMVT has been utilized for delivery of poorly
permeable drugs by conjugating biotin as the targeting moiety [240, 248, 276].
Ramanathan et al., utilized this transporter to improve the intestinal absorption of
peptides. Interaction of the PEG-biotin conjugates with SMVT has also been reported
[231, 248]. Other conjugates like CPT-PEG-biotin showed enhanced anticancer activity
relative to the parent drug camptothecin (CPT) in multidrug-resistant human ovarian
carcinoma cells [240]. Biotin conjugated nonapeptide R.I.-K (biotin)-Tat9 exhibited three
times higher permeability in comparison to non-biotinylated R.I.-K-Tat9 across Caco-2
cell monolayers [231].
The apparent affinity constant (Km) values of SMVT substrates are usually in the
low micro molar range [212, 217, 235, 236, 242, 243]. Such low Km values result in the
saturation of the transporter which limits the dose of drug molecule that can be delivered
through this carrier. To overcome this constraint, we have investigated the possibility of
utilizing lipid-raft based drug conjugates to maximize the amount of drug transport.
Biological membranes are lipophilic and hence only relatively lipophilic molecules can
penetrate such membranes. It has been shown that the lipid moieties conjugated to drugs
enhanced the absorption of drug resulting in higher oral bioavailability [277]. Acyclovir
diphosphate dimyristoylglycerol (ACVDP-DG), a lipid prodrug of ACV was shown to be
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very active against HSV-1 and HSV-2, ACV-resistant strains of HSV and human
cytomegalovirus (CMV) [278]. Such lipid prodrugs had shown prolonged antiviral activity
against HSV-1 retinitis in a rabbit model [279]. 1-O-hexadecylpropanediol-3-P-ACV, an
orally bioavailable lipid prodrug of ACV is highly effective against acute HSV-1 infection
in mice. It was also found to be active against CMV infections in vitro due to its ability to
bypass thymidine kinases [280]. Recently, hexadecyloxypropyl esters of cidofovir and
(S)-HPMPA have been synthesized. These lipid prodrugs were readily absorbed and
converted intracellularly to their respective diphosphates following oral administration.
These prodrugs are also orally active in animal models of viral infection [281].
Previous work from our laboratory suggested that lipid prodrug diffuses readily
across the cell membrane by facilitated diffusion whereas transporter/receptor targeted
prodrug translocates compounds across the cell membrane via active transport. Both
approaches have individually shown marginal improvement in cellular uptake. However,
our current approach combines both lipid and transporter/receptor targeted delivery to
generate synergistic effect. The lipid raft facilitates enhanced interaction of prodrug with
membrane transporters/receptors probably assisting docking of the targeted ligand into the
binding domain of transporter/receptor protein. The net effect is rapid translocation of the
cargo across cell membrane. Biotinylated lipid prodrugs with different lipid rafts
conjugated to ACV have been synthesized. These prodrugs include biotin-RicinoleicacidACV (B-R-ACV) and biotin-12-Hydroxystearicacid-ACV (B-12HS-ACV). To delineate
the individual effects of the targeting and the lipid moieties, biotin-ACV (B-ACV),
ricinoleicacid-ACV(R-ACV) and 12-hydroxystearicacid-ACV (12HS-ACV) have also
been synthesized. Emphasis was placed on the rate of cellular accumulation of these
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prodrugs for enhanced absorption of the parent drug, ACV. These compounds were
evaluated for their ability to be translocated by SMVT across Caco-2 and MDCK-MDR1
cell lines. These model in vitro cell lines have been extensively employed to delineate
compounds that may be recognized by SMVT [224, 232].
Materials and Methods
Materials
ACV was a gift from GlaxoSmithKline (Research Triangle Park, NC). Biotin,
ricinoleicacid and 12-hydroxystearic acid were purchased from Sigma-Aldrich (St. Louis,
MO). [3H] Biotin (60 Ci/mmol) was procured from Perkin-Elmer Life Science, Inc.
(Boston, MA). Madin-Darby canine kidney cells transfected with human mdr1 gene
(MDCK-MDR1) were a generous gift from Drs. Schinkel and P. Borst (The Netherlands
Cancer Institute, Amsterdam). Human colon carcinoma derived cells (Caco-2) were
obtained from American Type Culture Collection (Manassas, VA). The growth medium,
Dulbecco’s modified Eagle’s medium (DMEM) and TrypLE™ Express were obtained
from Invitrogen (Carlsbad, CA). Nonessential amino acids, penicillin, streptomycin,
sodium bicarbonate and HEPES were purchased from Sigma-Aldrich (St. Louis, MO).
Fetal bovine serum (FBS) was purchased from Atlanta Biologicals (Lawrenceville, GA).
Culture flasks (75 cm2 growth area), 12-well plates (3.8 cm2 growth area per well) and 96well plates (0.32 cm2 growth area per well) were procured from Costar (Cambridge, MA).
The buffer components and solvents were obtained from Fisher Scientific Co. (Fair Lawn,
NJ). All other chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and used
without further purification.
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Synthesis
Synthesis of Ricinoleicacid-ACV(R-ACV)
Ricinoleicacid (100 mg, 0.33 mmol) was dissolved in dimethyl formamide (DMF)
(2 mL), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) (126 mg, 0.66 mmol) was
added and stirred for 1 h at room temperature to activate the carboxyl group of
ricinoleicacid. In a separate reaction flask, ACV (110 mg, 0.49 mmol) was dissolved in
DMF, 4-dimethylaminopyridine (DMAP) (60 mg, 0.49 mmol) was added and stirred for
10 min at room temperature to activate the hydroxyl group of ACV. This mixture was
added to the reaction vessel containing ricinoleicacid through a syringe and was stirred
continuously for 72 h. Small portions of the reaction mixture were taken out and injected
into LC/MS to ensure the complete conversion of the starting material to the product. The
reaction mixture was filtered and evaporated at room temperature under reduced pressure
to generate crude product. The product R-ACV was purified by silica gel column
chromatography using 6% methanol/dichloromethane (MeOH/DCM) as eluent. The yield
was approximately 47%.
Synthesis of Biotin-Ricinoleicacid-ACV (B-R-ACV)
R-ACV (30 mg, 0.05 mmol) was dissolved in DMF; DMAP (10 mg, 0.075 mmol)
was added and stirred for 10 min at room temperature. In a separate reaction flask, biotin
(29 mg, 0.11 mmol) was dissolved in DMF (1 mL); EDC (23 mg, 0.11 mmol) was added
and stirred for 1 h. This mixture was added into the reaction containing R-ACV through a
syringe and was stirred continuously for 72 h. The complete conversion of the starting
material to product was ensured by injecting small portion of the reaction mixture into
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LC/MS. The reaction mixture was filtered and evaporated under reduced pressure to
generate crude product. The product B-R-ACV was purified by silica gel column
chromatography using 20% MeOH/DCM as eluent. The yield was approximately 79%.
Synthesis

of

12Hydroxystearicacid-ACV

(12HS-ACV)

and

Biotin-

12Hydroxystearicacid-ACV (B-12HS-ACV)
12HS-ACV and B-12HS-ACV were synthesized following the same procedure
used for the synthesis of R-ACV and B-R-ACV respectively. The yield of B-12HS-ACV
was approximately 78%.
Synthesis of Biotin-ACV (B-ACV)
Biotin (100 mg, 0.40 mmol) was dissolved in DMF (2 mL), EDC (152 mg, 0.80
mmol) was added and stirred for 1 h. In a separate reaction flask ACV (184 mg, 0.80
mmol) was dissolved in DMF, DMAP (58 mg, 0.48mmol) was added and stirred for 10
min at room temperature. This mixture was then added into the reaction containing biotin
through a syringe and was stirred continuously for 72 h. The complete conversion of the
starting material to product was ensured and the solvent was evaporated to yield the crude
product. The product B-ACV was purified by silica gel column chromatography using
10% MeOH/DCM as eluent. The yield was approximately 78%.
All the reactions were run under inert atmosphere. The prodrugs were
characterized by 1H NMR, 13C NMR and LC/MS. 1H and 13C NMR spectra were recorded
using tetra methyl silane as an internal standard on Varian Mercury 400 Plus spectrometer.
Chemical shifts (δ) are reported in parts per million relative to the NMR solvent signal
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(CD3OD, 3.31 ppm for proton and 49.15 ppm for carbon NMR spectra; DMSO-d6, 2.51
ppm for proton and 39.30 ppm for carbon NMR). A hybrid triple quadrupole linear ion
trap mass spectrometer (QTRAP® LC/MS/MS mass spectrometer (API 3200, Applied
Biosystems/MDS Sciex, Foster City, CA, USA) under enhanced mass (EMS) mode was
used for carrying out the mass analysis. Electrospray ionization (ESI) was utilized as an
ion source and operated in positive and negative ion mode.
The percent yield, mass and NMR (both 1H NMR and

13

C NMR) spectra for all

the synthesized prodrugs are given below:
Ricinoleicacid-ACV(R-ACV):
1

White

solid,

Yield

47%;

LC/MS(M/z):

506.5;

HNMR(DMSO-d6): δ 0.83 - 0.86 (t, J = 7 Hz, 3H), 1.23 - 1.47 (m, 20H), 1.97 - 2.10 (m,

4H), 3.36 (brs, 5H), 3.65 – 3.67 (m, 2H), 4.07 – 4.09 (m, 2H), 5.35 – 5.39 (m, 4H), 6.51 –
6.59 (m, 3H), 7.81 (s, 1H), 8.09 - 8.10(m, 1H); 13CNMR(DMSO-d6): 13.96, 22.09, 24.37,
25.19, 26.82, 28.40, 28.53, 28.57, 28.88, 29.04, 31.36, 33.29, 35.19, 36.47, 62.56, 66.55,
69.80, 71.80, 116.50, 126.63, 130.51, 137.66, 149.20, 151.42, 156.78, 172.80.
Biotin-Ricinoleicacid-ACV(B-R-ACV): White solid, Yield 79%; LC/MS(M/z): 732.3;
1

HNMR(DMSO-d6): δ 0.82 - 0.85 (t, J = 7 Hz, 3H), 1.23 - 1.65 (m, 18H), 1.96 - 2.01 (m,

1H), 2.17 - 2.31 (m, 5H), 2.34 (brs, 1H), 2.55 - 2.60 (m, 2H), 2.79 - 2.83 (m, 2H), 2.92 3.02 (m, 4H), 3.05 - 3.23 (m, 3H), 3.65 - 3.67(m, 2H), 4.06 - 4.14 (m, 4H), 4.29 - 4.33 (m,
2H), 5.26 - 5.30 (m, 1H), 5.35 (s, 2H), 5.43 - 5.47(m, 1H), 6.41 - 6.45 (m, 3H), 6.64 (brs,
1H), 6.87 (brs, 1H), 8.11 (s, 1H); 13CNMR(DMSO-d6): 13.06, 22.03, 24.39, 24.70, 24.78,
26.75, 28.09, 28.21, 28.48, 28.53, 28.58, 28.98, 31.16, 31.53, 33.07, 33.31, 33.67, 33.91,
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37.91, 55.46, 59.24, 61.10, 62.59, 66.56, 71.79, 72.95, 116.45, 124.47, 132.21, 137.55,
147.87, 154.27, 156.75, 162.79, 172.53, 172.85.
Biotin-12Hydroxystearicacid-ACV(B-12HS-ACV):

White

solid,

Yield

78%;

LC/MS(M/z): 734.5; 1HNMR(CD3OD): δ 0.88 - 0.91 (t, J = 7 Hz, 3H), 1.28 - 1.73 (m,
27H), 2.16 - 2.26 (m, 5H), 2.31 – 2.35 (m, 2H), 2.67 – 2.72 (m, 2H), 2.90 - 2.94 (m, 2H),
3.19 – 3.23 (m, 2H), 3.77 – 3.79 (m, 2H), 4.16 – 4.18 (m, 2H), 4.29 – 4.32 (m, 2H), 4.46 –
4.51 (m, 2H), 5.47 (s, 2H), 7.84 (s, 1H);

13

CNMR(CD3OD): 13.93, 22.02, 24.38, 24.76,

26.03, 28.07, 28.11, 28.41, 28.49, 28.64, 28.69, 28.85, 28.90, 31.16, 31.30, 33.60, 33.66,
37.34, 55.42, 59.60, 59.20, 61.07, 62.58, 66.49, 71.68, 73.08, 116.36, 137.14, 151.55,
154.99, 162.71, 162.78, 172.62, 172.84.
Biotin-ACV (B-ACV): White solid, Yield 78%; LC/MS(M/z): 452.1; 1HNMR(DMSOd6): δ 1.24 – 1.35 (m, 2H), 1.39 - 1.51 (m, 3H), 1.54 - 1.63 (m, 1H), 2.17 - 2.24 (m, 2H),
2.55 - 2.58 (m, 1H), 2.79 – 2.84 (m, 1H), 3.05 – 3.09 (m, 1H), 3.64 – 3.67 (m, 2H), 4.07 –
4.15 (m, 3H), 4.29 –4.32 (m, 1H), 5.34 (s, 2H), 6.37 (brs, 1H), 6.43 (brs, 1H), 6.55 (brs,
1H), 7.81 (s, 1H), 10.69 (brs, 1H);

13

C NMR(DMSO-d6): 24.44, 27.96, 33.17, 55.38,

59.20, 61.06, 62.63, 66.59, 71.83, 116.48, 137.74, 151.45, 153.95, 156.83, 162.76, 172.79.
Cell Culture
Caco-2 (passage numbers 25-30) and MDCK-MDR1 cells (passage numbers 1015) were utilized in the studies. Cells were grown at 37°C in an incubator with 95% air
and 5% CO2. Cells were maintained in 75 cm2 culture flasks using DMEM with 29 mM
sodium bicarbonate, 20 mM HEPES, 100 µg/mL streptomycin, 100 µg/mL of penicillin,
10% FBS (Heat Inactivated) and 1% nonessential amino acids at pH 7.4. The medium was
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changed every alternate day. After reaching 80% confluency, cells were passaged using
TrypLE™ Express (superior replacement for trypsin). Cells were subsequently plated in
12-well uptake plates at a density 250,000 cells/well and in 96-well plates at a density
10,000 cells/well. Cells were grown in a similar way and utilized for further studies.
Preparation of Drug Solutions
Concentrated stock solutions of all the drugs/prodrugs were prepared in dimethyl
sulfoxide (DMSO). Test solutions were then prepared by adding aliquots from the
respective stock solution and diluted with Dulbecco’s Phosphate Buffered Saline (DPBS)
(130 mM NaCl, 0.03 mM KCl, 7.5 mM Na2HPO4, 1.5 mM KH2PO4, 1 mM CaCl2, 0.5
mM MgSO4, 20 mM HEPES and 5 mM glucose) to achieve required concentration when
needed. The final concentration of DMSO in all the drug solutions does not exceed 1%
v/v.
Cellular Accumulation Studies
Cellular accumulation studies were performed on MDCK-MDR1 and Caco-2 cell
monolayers after growing them for 7 and 21 days, respectively. The medium was aspirated
and cells were rinsed 3 times with DPBS. Uptake was initiated by adding 1 mL drug
solution into each well and incubated for a period of 30 min. After incubation, drug
solutions were removed and uptake was terminated with ice cold stop solution (200 mM
KCl and 2 mM HEPES). Cells were lysed overnight at -800 C in 500 µL cremophore water
(2 drops of cremophore gel in 50 mL of deionized water) in each well. Samples were then
analyzed with LC-MS/MS and the rate of uptake was normalized to the protein content of
each well. The amount of protein in the cell lysate was estimated with BioRad protein
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estimation kit (BioRad, Hercules, CA) using bovine serum albumin as an internal
standard. A similar procedure was adopted to determine cellular accumulation of the
prodrugs in the presence of excess biotin to delineate the interaction of the prodrugs with
SMVT (substrate specificity).
Saturation Kinetics
Saturation kinetics in the presence of varying concentrations (0.1–100 µM) of
unlabeled biotin and prodrugs was determined on MDCK-MDR1 cells according to a
previously published method [74, 282]. Briefly, various concentrations of the prodrugs
were prepared in DPBS spiked with 0.5 µCi/mL of [3H] biotin. The medium was aspirated
and cells were rinsed thrice with DPBS. Uptake was initiated by adding 1 mL of drug
solution. After 30 min, solutions were removed and uptake process was terminated with
ice cold stop solution. Cells were lysed overnight with 1 mL of lysis solution (0.1% w/v,
Triton X-100 in 0.3N sodium hydroxide) at room temperature. Subsequently, aliquots
(500 µL) of cell lysate were withdrawn from each well and transferred to scintillation vials
containing 3 mL scintillation cocktail (Fisher Scientific). Samples were then analyzed by
liquid scintillation spectrophotometer with a Beckman scintillation counter (Model LS6500, Beckman Instruments, Inc.). The rate of uptake was normalized to protein content of
each well. The data was fitted to Michaelis-Menten equation to calculate the apparent
affinity constant (Km) and maximum velocity of uptake (Vmax).
Dose Dependent Inhibition Studies
Dose dependent inhibition studies of [3H] biotin on MDCK-MDR1 cells were
studied in the presence of various concentrations (0.1-100 µM) of unlabeled biotin and
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biotinylated prodrugs. The study was performed using the similar procedure described
earlier. The data was fitted to calculate the half maximal inhibitory concentration (IC50)
following a previously published method [195, 205].
Permeability Studies
Permeability of [3H] biotin (0.5 µCi/mL) across monolayers of MDCK-MDR1
cells in absence and presence of 50 µM concentration of unlabeled biotin and prodrugs BACV, B-R-ACV, and B-12HS-ACV has been determined. This study was performed to
ascertain whether these prodrugs were recognized by SMVT and thus share the same
transporter for their translocation. Cells were grown on transwell inserts in 12-well plates.
Prior to an experiment, medium was removed and monolayers were washed 3 times with
DPBS pH 7.4 and equilibrated for 30 min at 37 °C. Volumes of apical and basal chambers
were 0.5 and 1.5 mL, respectively. Test solutions containing [3H] biotin alone and with
respective prodrugs were added on donor side and the receiving chamber contains only
DPBS. Transport experiment was conducted over a period of 3 h. Samples (200 µL) were
withdrawn from the receiving chamber at predetermined time points (0, 15, 30, 45, 60, 90,
120, 150 and 180 min) and replaced with equal volume of DPBS to maintain sink
conditions. Samples were transferred to scintillation vials containing 3 mL of scintillation
fluid (Fisher Scientific), and radioactivity was analyzed with a Beckman Scintillation
Coulter (Model LS-6500, Beckman Instruments, Inc.).
Cytotoxicity Measurements
Cytotoxicity assay was carried out with Cell Titer 96® Aqueous Non-Radioactive
Cell Proliferation Assay Kit (Promega, Madison, WI). MDCK-MDR1 and Caco-2 cells
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were grown on 96 well plates. Sterile drug solutions (100 µM) were made in the culture
medium using 0.22 µm nylon sterile membrane filters. Aliquots of prodrugs in culture
medium (100 µL) have been added to each well and incubated for 48 h. Proliferation of
the cells in the presence of ACV and its prodrugs was compared with a positive control
(medium without drug) and a negative control (medium without cells). After 48 h of
incubation, 20 µL dye solution was added to each well and incubated for 3 h allowing the
dye to react. The amount of formazan formed was measured with a 96-well micro titer
plate reader (SpectraFluor Plus, Tecan, Maennedorf, Switzerland), absorbance set at 490
nm wavelength. As the amount of formazan formed was directly proportional to the
viability of the cells, the toxicity of these prodrugs can be estimated.
Data Analysis
All the non-radioactive samples were analyzed with LC-MS/MS. A fast and
sensitive LC-MS/MS method has been developed in multiple reaction monitoring (MRM)
with electrospray (ES) positive ionization mode for detection of ACV and targeted lipid
prodrugs. QTRAP® LC/MS/MS mass spectrometer (API 3200, Applied Biosystems/MDS
Sciex, Foster City, CA, USA) was employed to analyze samples from non-radioactive
cellular accumulation and inhibition studies. Chromatographic separation was achieved on
XTerra® RP8 Column, 5 µm, 4.6 x 50 mm (Waters Corporation, Milford, MA) with an
isocratic mobile phase. The mobile phase consists of 70% acetonitrile, 30% water and
0.1% formic acid which were pumped at a flow rate of 0.2 mL/min. Precursor ions of the
analytes as well as internal standard were determined from spectra obtained during the
infusion of standard drug/prodrug solutions with an infusion pump connected directly to
the ESI source. Each of these precursor ions was subjected to collision-induced
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dissociation to determine their respective product ions. MRM transitions at m/z [M+H] +
generated were 226.4/152.2 for ACV, 452.3/301.3 for B-ACV, 506.3/488.6 for R-ACV,
732.3/257.4 for B-R-ACV, 507.34/488.5 for 12HS-ACV, 735.6/257.3 for B-12HS-ACV
and 256/152 for GCV. 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/concentration). The
analytical data resulted from prodrugs with MRM method shows a significant linearity.
This method generates rapid and reproducible results.
Stocks and stock dilutions of ACV and respective prodrugs were prepared
similarly following a previously published procedure [283]. Samples were extracted by
liquid-liquid extraction method. Ganciclovir (GCV) was used as an internal standard to
ensure reproducibility and reliability of the method. Samples were thawed at room
temperature. Two hundred microliter sample along with 20 µL of GCV (5 µg/mL) was
extracted with 1 mL of organic solvent containing 2:3 ratios of isopropanol (IPA) and
dichloromethane (DCM). The samples were vortexed for approximately 2 min and
centrifuged at 12000 g for 15 min at 4°C. Organic layer (850 µL) was transferred into
eppendorf tubes and evaporated to dryness under speed vacuum with a Speedvac
(SAVANT Instruments, Inc., Holbrook, NY). The residue was then reconstituted in 100
μL of mobile phase, vortexed for 30 sec and transferred into pre-labeled vials with
silanized inserts. Subsequently, 15 µL of the resulting solution was injected onto LCMS/MS. Appropriate calibration standards of ACV and its novel prodrugs were prepared
by spiking known analyte concentrations to blank cell homogenate obtained from cultured
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cells following similar procedure. A calibration curve was generated using calibration
standards.
[3H] Biotin accumulated inside the cell monolayers in the presence of various
concentrations of prodrugs were calculated according to Equation 3.

Eq. 3

CPM

sample

and CPM

donor

denote average values of Counts per Minute (CPM) counts of

sample and donor (n = 4) respectively; Cdonor represents the concentration of donor used
and Csample represents the concentration of sample.
The saturation kinetics parameters were calculated by a classic Michaelis-Menten equation
(Equation 4).

Eq. 4

V is the total rate of uptake, Vmax is the maximum uptake rate for the carrier-mediated
process and Km is the Michaelis-Menten constant. Data was fitted to Eq. 4 using nonlinear
least squares regression analysis program (KaleidaGraph 3.5).
For dose dependent inhibition studies, the inhibitory effect of [3H] biotin by unlabeled
biotin and biotinylated prodrugs is described by Equation 5.

(

)

)

Eq. 5

X represents the logarithm of the concentration used; Y is the cellular accumulation of
[3H] biotin. Data was fitted to Eq. 5 with a transformed nonlinear regression curve
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analysis program (GraphPad Prism Version 4.0; GraphPad Software, Inc., San Diego,
CA).
Statistical Analysis
All the experiments were conducted at least in quadruplicate (n = 4), and the
results were expressed as mean ± standard deviation (SD). Statistical comparison of mean
values was performed with a Student’s t-test. A P-value of < 0.05 was considered to be
statistically significant.
Results
Synthesis
The synthetic schemes for ricinoleicacid-ACV, biotin-ricinoleicacid-ACV,
12hydroxystearicacid-ACV, biotin-12hydroxystearicacid-ACV and biotin-ACV are
provided in Figure 18.

81

Figure 18: Scheme 1: Synthesis of ricinoleicacid-ACV and biotin-ricinoleicacid-ACV.
Scheme 2: Synthesis of 12hydroxystearicacid-ACV and biotin-12hydroxystearicacidACV. Scheme 3: Synthesis of biotin-ACV.
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Cellular Accumulation Studies
Cellular accumulation of B-R-ACV, B-ACV, R-ACV and ACV was performed
on MDCK-MDR1 cell monolayers. The results showed 9.5 times increase in the uptake of
B-R-ACV compared to parent drug, ACV. B-ACV and R-ACV showed 6 times and 4
times increase in the uptake, respectively (Figure 19). With these results, B-12HS-ACV
was included along with other prodrugs for cellular accumulation studies on human
intestinal Caco-2 cells following similar procedure. Compared to ACV, the uptake of B-RACV and B-12HS-ACV increased by 10 and 8.3 times respectively, whereas the uptake of
B-ACV, R-ACV and 12HS-ACV was higher by 3.5, 1.4 and 1.3 times respectively
(Figure 20).
Inhibition Study (Substrate Specificity)
To investigate the involvement of SMVT, the substrate specificity of the
transporter was examined by inhibiting the uptake of B-R-ACV, B-12HS-ACV and BACV in presence of biotin on MDCK-MDR1 cells. Results showed that the uptake was
significantly lower in the presence of unlabeled biotin (Figure 21) indicating that SMVT
may be involved in the cellular uptake of B-R-ACV, B-12HS-ACV and B-ACV.
Saturation Kinetics
Uptake in MDCK-MDR1 cells was studied to determine the saturation kinetics
using varying concentrations (0.1-100 µM) of biotin, B-ACV, B-R-ACV and B-12HSACV, respectively. The results from uptake as a function of concentration of biotinylated
prodrugs suggest a saturable component with a significant change in apparent affinity
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Figure 19. Cellular accumulation of B-R-ACV, B-ACV, R-ACV and ACV on MDCKMDR1 cells. Values represent mean ± standard deviation (n = 4) of three independent
experiments. A P-value of < 0.05 was considered to be statistically significant and
denoted by *.
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Figure 20. Cellular accumulation of B-R-ACV, B-12HS-ACV, B-ACV, R-ACV, 12HSACV and ACV on Caco-2 cells. Values represent mean ± standard deviation (n = 4) of
three independent experiments. A P-value of < 0.05 was considered to be statistically
significant and denoted by *.
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Figure 21. Cellular accumulation of B-R-ACV, B-12HS-ACV and B-ACV in the
presence of excess biotin on MDCK-MDR1 cells. Values represent mean ± standard
deviation (n = 4) of three independent experiments. A P-value of < 0.05 was considered
to be statistically significant and denoted by *.
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constant (Km) (Figure 22). Transformation of the data from the concentration dependent
uptake resulted in a Lineweaver-Burk plot (R2 = 0.99). The concentration dependent
uptake kinetics of all the biotinylated prodrugs denotes a single, saturable carrier model.
Dose-Dependent Inhibition of [3H] Biotin Uptake
Dose dependent inhibition of [3H] biotin uptake in MDCK-MDR1 cells has been
studied with varying concentrations (0.1-100 µM) of biotin, B-ACV, B-R-ACV and B12HS-ACV. IC50 values of B-R-ACV and B-12HS-ACV from the dose–response curves
were calculated to be 8.04 ± 0.07 µM and 8.17 ± 0.09 µM, respectively. These values
appear to be lower relative to B-ACV (14.84 ± 0.10 µM). IC50 value of biotin used as
control was found to be 2.93 ± 0.06 µM (Figure 23).
Permeability Studies
Transport of [3H] biotin (0.5 µCi/mL) across MDCK-MDR1 monolayers was
assessed. From the transport data, cumulative amount transported was plotted against
time. Unlabeled biotin and all the biotinylated ACV prodrugs appear to inhibit the
transport of [3H] biotin, a substrate extensively studied for its translocation by SMVT
(Figure 24). Biotinylated lipid prodrugs of ACV (B-R-ACV and B-12HS-ACV) exhibited
higher inhibition in [3H] biotin transport than that of B-ACV suggesting the synergistic
involvement of SMVT transporter and the lipid moiety in mediating cellular permeation
across MDCK-MDR1. Permeabilities of [3H] biotin were 4.74 × 10-6 cm/sec in
comparison to 0.57 × 10-6 cm/sec, 2.96 × 10-6 cm/sec, 1.90 × 10-6 cm/sec, 2.10 × 10-6
cm/sec in presence of 50 µM concentration of unlabeled biotin and prodrugs B-ACV, BR-ACV, and B-12HS-ACV, respectively (Figure 24).
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Figure 22. Saturation kinetics across MDCK-MDR1 cells in the presence of B-R-ACV,
B-12HS-ACV and B-ACV. Values represent mean ± standard deviation (n = 4) of three
independent experiments.
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Figure 23. Dose dependent inhibition of [3H] biotin uptake in MDCK-MDR1 cells in the
presence of varying concentrations (0.1-100μM) of biotin. Values represent mean ±
standard deviation (n = 4) of three independent experiments.
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Figure 24. A) Transepithelial transport of [3H] biotin in MDCK-MDR1 cells in the
absence and presence of 50 µM unlabeled biotin, B-ACV, B-R-ACV, and B-12HS-ACV.
B) Comparison of permeabilities (cm/sec) of [3H] biotin alone, in the presence of 50 µM
unlabeled biotin, B-ACV, B-R-ACV, and B-12HS-ACV on MDCK-MDR1 cells. Data
represents mean ± standard deviation (n = 4-6) of four independent experiments. A Pvalue of < 0.05 was considered to be statistically significant and denoted by *.
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Cytotoxicity Assay
Cytotoxicity assay was performed on MDCK-MDR1 and Caco-2 cell monolayers
for a period of 48 h to evaluate the cytotoxic effect of all the prodrugs studied. Neither
ACV nor its targeted lipid prodrugs demonstrate any cytotoxic effect at the examined
concentration (100 µM). The results from this assay clearly suggest that all the targeted
and non-targeted lipid prodrugs studied may be comparatively less cytotoxic with respect
to ACV (Figure 25).
Discussion
DNA, RNA and other nucleotide-based therapeutic agents are highly hydrophilic
and encounter resistance in crossing lipophilic cellular membrane. Despite advances in
drug delivery technology, there still remains a need to develop newer technologies,
especially for hydrophilic therapeutic agents such as ACV. Therefore, we have developed
novel drug conjugates in which therapeutic agents are linked to a substrate for a
membrane transporter/receptor via a lipophilic raft. In this unique combination, we
hypothesize that the lipid raft facilitates interaction of prodrug with cell membrane
probably assisting in docking of the targeted ligand into the binding domain of
transporter protein. The net effect was rapid translocation of the cargo across cell
membrane. The synthesis has been carried out by conjugating the compounds via
esterification reactions. NMR data confirms the structure of all the prodrugs synthesized
(Figure 18).
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Figure 25. Cytotoxicity assay in the presence of B-R-ACV, R-ACV, B-12HS-ACV,
12HS-ACV, B-ACV and ACV on Caco-2 and MDCK-MDR1 cells for 48 h. Data
represent mean percentage of viable cells ± standard deviation (n = 4) of three
independent experiments.
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To test the hypothesis that SMVT can be a target for drug delivery, cellular
accumulation studies have been carried out in two different cell lines (MDCK-MDR1 and
Caco-2). The results were consistent in both the cell lines which demonstrate significantly
higher cellular accumulation of biotinylated lipid prodrugs (B-R-ACV and B-12HS-ACV)
relative to only biotinylated (B-ACV) or only lipid conjugated compounds (R-ACV and
12HS-ACV). Such rise in intracellular drug accumulation may presumably be due to a
combined effect of higher transcellular diffusion due to enhanced lipophilicity and
significant carrier-mediated transport by SMVT (Figure 19 and Figure 20).
MDCK-MDR1 cells have been selected for inhibition, saturation kinetics and
dose dependent studies because it has been shown as an alternative to Caco-2 cell line for
high throughput screening in drug discovery [284-286]. Specific interaction of B-R-ACV,
B-12HS-ACV and B-ACV with SMVT (substrate specificity) has been examined by
inhibiting the cellular uptake of these prodrugs across MDCK-MDR1 cell monolayers in
the presence of excess biotin. Accumulation of B-R-ACV, B-12HS-ACV and B-ACV
were significantly lowered supporting the hypothesis that these compounds were
transported primarily by SMVT (Figure 21).
The results from concentration dependent (saturation kinetics) studies reveal
lower Km values for B-R-ACV (20.25 ± 1.74 µM) and B-12HS-ACV (23.99 ± 3.20 µM)
relative to B-ACV (30.90 ± 4.19 µM) demonstrating an improved affinity of targeted lipid
prodrugs towards SMVT (Figure 22). The apparent affinity constant (Km) values of all the
biotinylated prodrugs were found to be slightly higher relative to biotin (12.25 ± 0.79 µM)
indicating that the prodrugs may not have similar affinity for SMVT relative to biotin
itself. Lower Km values of B-R-ACV and B-12HS-ACV may be attributed to the presence
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of lipid raft between the targeting moiety and the drug, which may assist in enhancing the
binding affinity of these prodrugs to SMVT. The data was then transformed into
Lineweaver-Burk plots to determine the nature of the inhibition process, i.e. competitive
or non-competitive. The transformations suggest the inhibition to be competitive,
revealing that these prodrugs may share a common site for biotin in SMVT structure (data
not shown). This data further confirms the hypothesis that the lipoidal linker was further
enhancing the affinity of substrate towards SMVT.
The half-maximal inhibitory concentration (IC50) for inhibition of [3H] biotin
uptake by the prodrug was a further indication of the enhanced affinity of the test
compound for the SMVT transporter. A comparison of IC50 values clearly suggests that
biotin exhibits much higher affinity towards SMVT relative to biotinylated prodrugs. The
targeted lipid prodrugs B-R-ACV and B-12HS-ACV appear to have comparatively lower
IC50 values of 8.04 ± 0.07 µM and 8.17 ± 0.09 µM, respectively relative to biotinylated
prodrug B-ACV (IC50 value of 14.84 ± 0.10 µM) (Figure 23). These values suggest that
the presence of a lipid raft in targeted lipid prodrugs further aids in enhancing the
inhibitory potential of the compound compared to non-lipidated biotin conjugated
prodrug. The results from this study strongly correlates to the one obtained from the
saturation kinetic studies.
[3H] biotin transport results were consistent with a previous report published from
our laboratory using MDCK-MDR1 cells [224]. [3H] biotin permeability was assessed in
the presence of biotin and various prodrugs (Figure 24). Inhibition of [3H] biotin transport
probably indicates an interaction of these newly synthesized biotinylated prodrugs with
SMVT. A significantly elevated enhancement in the inhibition of [3H] biotin permeability
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by B-R-ACV and B-12HS-ACV compared to B-ACV may be attributed to our current
approach which combines both lipid and transporter targeted delivery to generate a
synergistic transport effect (Figure 24). The results from cytotoxicity assay showed that
all of these prodrugs were safe and exhibit the same or lower cytotoxicity relative to ACV
(Figure 25).
Conclusion
In conclusion, results from this study clearly demonstrate that targeted lipid
prodrugs of ACV exhibit higher affinity towards SMVT. Cellular accumulation of these
prodrugs was mainly mediated by SMVT as biotin uptake can be significantly inhibited.
The lipid raft facilitates enhanced interaction of prodrug with membrane proteins probably
assisting docking of the targeted ligand into the binding domain of transporter/receptor
protein. The net effect was rapid translocation of the cargo across cell membrane. This
novel technology may also allow for enhanced plasma membrane uptake of various
hydrophilic therapeutic agents such as nucleosides, nucleotides, oligonucleotides or
antisense oligonucleotides and peptides.
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CHAPTER 5
FUNCTIONAL AND MOLECULAR ASPECTS OF BIOTIN UPTAKE VIA SMVT IN
HUMAN CORNEAL EPITHELIAL (HCEC) AND RETINAL PIGMENT EPITHELIAL
(D407) CELLS
Rationale
Sodium dependent multivitamin transporter (SMVT; product of the SLC5A6
gene) is a vital transmembrane protein responsible for translocating vitamins and other
essential cofactors to the ocular tissues [49, 50, 239]. This influx transporter has broad
substrate specificity and can translocate biotin (a coenzyme for carboxylation reaction),
pantothenic acid (a component of coenzyme A) and lipoic acid (a component in oxidative
decarboxylation of pyruvate and α-ketoglutarate). Biotin (Vitamin H) is an essential
water soluble vitamin required for normal cellular function, growth, and development. It
cannot be synthesized by human or any other mammalian cells and generally depends on
exogenous sources [222, 287]. It has many functions in metabolism and serves as a
regulator in cell signaling pathways and gene expression [288, 289]. Biotin translocation
is known to be either mediated by biotin transporter or SMVT. The former is a lowcapacity, high-affinity transporter which regulates only the uptake of biotin [228]; while
the latter is a low-affinity, high-capacity transporter which can translocate biotin,
pantothenic and lipoic acid [212, 217, 235, 236, 243].
SMVT has been previously identified on intestine, placenta, liver, and kidney
[207, 208, 232, 275]. The presence of SMVT on rabbit cornea and retina has been
reported previously from our laboratory [49, 50]. Though excised rabbit tissues are
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generally utilized for various studies, the anatomical and physiological disparities
between the rabbit and human eye suggest that the expression of transporters and
resulting in vitro permeation data could also differ [3, 22, 290, 291]. Such differences
make it very difficult to draw conclusions or predict drug absorption into human eyes
[292]. This generated in us the idea of studying the usefulness of human derived cells as
in vitro models to predict ocular drug absorption into the human eye.
In vitro cell culture models have recently gained importance as valuable tools to
predict ocular permeation of various drugs. Introduction of these cell culture models has
significantly reduced the number of animal experiments, thus providing a platform for
further investigations on ocular drug delivery [2, 293, 294]. Primary cultures of rabbit
corneal (rPCEC) and human retinal pigment epithelial (ARPE-19) cells have been used
for years to evaluate drug transport into ocular tissues. Primary cultures rarely survive
more than a few passages owing to their rapidly differentiating nature, especially rPCEC
cells are limited to 10 passages and ARPE-19 cells require 21 days of culture prior to
experimentation. Moreover, these cultures frequently lose metabolic and morphological
characteristics, particularly enzymatic activity and cytoskeletal polarization [295, 296].
Unlike primary cultures, immortalized human corneal epithelial (HCEC) and RPE
(D407) cells can be subcultured many times, yet maintain their physiological properties
[295, 297]. Since its development, SV40-adenovirus infected HCEC cells have become
the most frequently investigated corneal cell culture model [298]. These cells have been
predominantly employed for studying the role of transporters in cellular translocation of
the drug, bioavailability prescreening and toxicity evaluations [37-39, 299-304]. D407
cells, a cell line of human RPE origin are being extensively employed as an in vitro
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model. These cultures have been cloned from a primary culture of human RPE cells and
are spontaneously transformed [295]. Recent literature showcases its wide usage in
identification of receptors, efflux as well as influx transporters because of its ability to
preserve epithelial characteristics even after prolonged culture [32, 34, 305-307].
To date, no information currently exists with regard to the presence of SMVT on
human corneal (HCEC) and RPE (D407) cells. Hence, the purpose of the present study
was to shed light on functional and molecular aspects of biotin uptake by SMVT in
HCEC and D407 cells. We also investigated the feasibility of selecting these cells as in
vitro models to examine the transporter recognition and uptake of biotin-conjugated
prodrugs using acyclovir (ACV) as a model drug.
Materials and Methods
Materials
[3H] Biotin (specific activity 60 Ci/mmol) was procured from Perkin Elmer
(Boston, MA, USA). Unlabeled biotin, lipoic acid, pantothenic acid, desthiobiotin,
sodium azide, ouabain, 2, 4-dinitrophenol, choline chloride, triton X-100, HEPES, bovine
insulin, human epidermal growth factor and D-glucose were purchased from Sigma
Chemical Co (St. Louis, MO, USA). NHS biotin and biocytin were acquired from
ProChem, Inc (Rockford, IL, USA) and Tocris Biosciences (Ellisville, MO, USA),
respectively. Dulbecco's modified Eagle's medium (DMEM) and Dulbecco's Modified
Eagle Medium: Nutrient Mixture F-12 (DMEM/F-12) were purchased from Invitrogen
(Carlsbad, CA, USA). Fetal Bovine Serum (FBS) was obtained from Atlanta biologicals
(Lawrenceville, GA, USA). Culture flasks (75 cm2 growth area) and uptake plates (3.8
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cm2 growth area) were purchased from Corning Costar Corp. (Cambridge, MA, USA).
The buffers for cDNA synthesis and amplification (oligodT, dNTP, MgCl2, M-MLV
reverse transcriptase and Taq polymerase) were purchased from Promega Corporation
(Madison, WI, USA). Light Cycler 480® SYBR I green master mix was obtained from
Roche Applied Science (Indianapolis, IN, USA). Qualitative and quantitative primers
used in the study were custom-designed and obtained from Invitrogen Life Technologies
(Carlsbad, CA, USA). All other chemicals were obtained from Fisher Scientific Co. (Fair
Lawn, NJ, USA) and utilized without further purification.
Cell Culture
HCEC and D407 cells were generous gifts from Dr. Araki-Sasaki (Kinki Central
Hospital, Japan) and Dr. Richard Hunt (University or South Carolina, Columbia, SC,
USA), respectively. HCEC cells were cultured following a previously published protocol
[37-39]. Cells were cultured at 37°C, humidified 5% CO2/95% air atmosphere in a
culture medium containing DMEM/F-12 supplemented with 15%(v/v) FBS (heat
inactivated), 15 mM HEPES, 22 mM NaHCO3, 100 mg of penicillin and streptomycin
each, 5 μg/mL insulin and 10 ng/mL of human epidermal growth factor. Cells of passage
numbers between 25 and 30 were utilized for all the experiments.
D407 cells were grown at 37°C, humidified 5% CO2/95% air atmosphere in a
culture medium containing DMEM supplemented with 10% (v/v) FBS (heat inactivated),
29 mM NaHCO3, 20 mM HEPES, 100 mg of penicillin and streptomycin each, and 1%
nonessential amino acids at pH 7.4. Cells of passage numbers between 75 and 80 were
employed for all the experiments [32, 295]. The growth medium was changed every other
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day. Both HCEC and D407 cells were cultured in flasks, harvested at 80–90% confluency
with TrypLE™ Express (a superior replacement for trypsin) (Invitrogen, Carlsbad, CA,
USA). Cells were then plated in 12-well uptake plates at a density of 250,000 cells/well.
Cells were grown in a similar way in these plates and utilized for further studies.
Synthesis of Biotin-Acyclovir (B-ACV)
Biotin (100 mg, 0.40 mmol) was dissolved in anhydrous dimethyl formamide
(DMF), 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) (152 mg, 0.80 mmol)
was added and stirred for 1 h. In a separate reaction flask ACV (184 mg, 0.80 mmol) was
dissolved in DMF, 4-Dimethylaminopyridine (DMAP) (58 mg, 0.48 mmol) was added
and stirred for 10 min at room temperature to activate the hydroxyl group of ACV. This
mixture was then added drop wise into the reaction containing biotin through a syringe,
and stirred continuously for 72 h under an inert atmosphere. Small portions of the
reaction mixture were taken out and injected into LC/MS to ensure the complete
conversion of the starting material to product. The reaction mixture was then filtered and
evaporated at room temperature under reduced pressure to generate crude product. The
product B-ACV was purified by silica gel column chromatography with 10%
methanol/dichloromethane as eluent. The yield was approximately 78%.
B-ACV was characterized by 1H NMR,
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C NMR and LC/MS. 1H and 13C NMR

spectra were recorded using tetra methyl silane as an internal standard on a Varian
Mercury 400 Plus spectrometer. Chemical shifts (δ) were reported in parts per million
relative to the NMR solvent signal (DMSO-d6, 2.51ppm for proton and 39.30 ppm for
carbon NMR). A hybrid triple quadrupole-linear ion trap mass spectrometer (QTrap®
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LC/MS/MS spectrometer - applied biosystems) under enhanced mass (EMS) mode was
used for carrying out the mass analysis. Electrospray ionization (ESI) was used as an ion
source and operated in positive ion mode.
The percent yield, mass and NMR (both 1H NMR and

13

C NMR) spectra for B-

ACV are given below:
Biotin-Acyclovir (B-ACV): White solid; LC/MS (M/z): 452.1; 1HNMR(DMSO-d6): δ
1.24 – 1.35 (m, 2H), 1.39 - 1.51 (m, 3H), 1.54 - 1.63 (m, 1H), 2.17 - 2.24 (m, 2H), 2.55 2.58 (m, 1H), 2.79 – 2.84 (m, 1H), 3.05 – 3.09 (m, 1H), 3.64 – 3.67 (m, 2H), 4.07 – 4.15
(m, 3H), 4.29 –4.32 (m, 1H), 5.34 (s, 2H), 6.37 (brs, 1H), 6.43 (brs, 1H), 6.55 (brs, 1H),
7.81 (s, 1H), 10.69 (brs, 1H);

13

C NMR(DMSO-d6): 24.44, 27.96, 33.17, 55.38, 59.20,

61.06, 62.63, 66.59, 71.83, 116.48, 137.74, 151.45, 153.95, 156.83, 162.76, 172.79.
Uptake Studies
Uptake experiments were carried out with confluent cells 7-9 days post seeding
for HCEC and 4-5 days post seeding for D407 cells. Prior to experimentation, medium
was aspirated and cells were rinsed thrice for 5 min each with 1-2 mL of Dulbecco’s
phosphate-buffered saline (DPBS) containing 130 mM NaCl, 0.03 mM KCl, 7.5 mM
Na2HPO4, 1.5 mM KH2PO4, 1 mM CaCl2, 0.5 mM MgSO4, 20 mM HEPES, and 5 mM
glucose maintained at pH 7.4. Uptake was initiated by adding 500 μL of solution
containing 0.5 μCi/mL of [3H] biotin in the presence and absence of various competing
substrates. Following incubation, the solution was removed and uptake was terminated
with 2 mL of ice-cold stop solution containing 200 mM KCl and 2 mM HEPES. Cells
were lysed overnight at room temperature with 1 mL of lysis solution containing 0.05 %(
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v/v) Triton X-100 in 1N NaOH. Subsequently, the cell lysate (500 μL) from each well
was transferred to scintillation vials containing 3 mL of scintillation cocktail (Fisher
Scientific, Fairlawn, NJ, USA). Samples were then quantified for radioactivity using
liquid scintillation spectrophotometer coulter (Beckman Instruments Inc., Fullerton, CA,
USA, model LS-6500). Protein content of each sample was estimated by BioRad Protein
Estimation Kit (BioRad Protein Estimation Kit, Hercules, CA, USA) using bovine serum
albumin as an internal standard. The uptake rate was then normalized to its corresponding
protein content.
Time and pH Dependence
Uptake of [3H] biotin on HCEC and D407 cells was assessed at different time
intervals (5, 10, 15, 30, 45 and 60 min) to determine the optimal time required for uptake
studies. Further, to examine the effect of extracellular pH on uptake of [3H] biotin, cells
were washed and incubated with solutions of different pH (4, 5, 6, 7.4 and 8). Also, an
uptake study was performed at 4°C to differentiate the passive diffusion from the active
transport in biotin uptake.
Concentration Dependence
A concentrated stock solution of biotin was prepared in dimethyl sulfoxide
(DMSO). Subsequently, various concentrations (0.1-2000 µM and 0.5-4000 µM) of
unlabeled biotin were prepared in DPBS and spiked with 0.5 µCi/mL of [3H] biotin.
Then, concentration dependent uptake of biotin was carried out in both HCEC and D407
cells. The kinetic parameters (Km and Vmax) were assessed by fitting this data into the
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Michaelis-Menten equation using nonlinear least squares regression analysis program
(KaleidaGraph version 3.5).
Temperature and Energy Dependence
Temperature dependency of [3H] biotin uptake was determined by performing the
uptake at three different temperatures (37°C, 25°C and 4°C). The uptake rate (ln(V)) was
plotted against inverse temperature (1/T) to calculate activation energy (Ea). To delineate
the energy requirements of the carrier system, uptake of [3H] biotin was carried out in the
presence of metabolic energy inhibitors (500 µM) - ouabain, sodium azide, and 2,4dinitrophenol (DNP).
Ion Dependence
Chloride free buffer was prepared by replacing sodium (130 mM), potassium
(0.03 mM), and calcium (1 mM) chlorides in DPBS buffer with equimolar quantities of
sodium phosphate, potassium phosphate, and calcium acetate respectively. This chloride
free buffer was then used to delineate the effect of chloride ions on cellular uptake of [3H]
biotin. In a similar way, buffer solution containing sodium chloride (130 mM) and
disodium phosphate (7.5 mM) was replaced with equimolar quantities of choline chloride
and dipotassium phosphate to investigate sodium involvement. This sodium free buffer
was then used to examine sodium dependency of SMVT.
Uptake was also performed in the presence of amiloride, a sodium channel
blocker. Further, to calculate the number of sodium ions required for translocation of one
biotin molecule, uptake of [3H] biotin was carried out in the presence of different
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concentrations of sodium ions. The Hill coefficient was then calculated following a
previous published method [61].
Substrate Specificity
Uptake of [3H] biotin was carried out in the presence of different concentrations
(10, 50 and 100 µM) of competitive inhibitors for SMVT such as lipoic acid, pantothenic
acid and desthiobiotin. Structural requirements for translocation by SMVT were also
delineated by performing uptake of [3H] biotin in the presence of different concentrations
(10, 50 and 100 µM) of valeric acid (which possesses a free carboxylic acid group),
biocytin and NHS biotin (devoid of free carboxylic groups).
Interaction of B-ACV with SMVT
Uptake of [3H] biotin was carried out in the presence of 50 µM of unlabeled
biotin, ACV and B-ACV to delineate their interaction with SMVT in both HCEC and
D407 cells. Also, cellular accumulation of B-ACV was studied on HCEC and D407 cells
following a recently published procedure [51]. Uptake was initiated by adding 1 mL of
50 µM concentrations of ACV and B-ACV into each well and incubated for a period of
30 min. After incubation, drug solutions were removed and uptake was terminated with
ice cold stop solution. Cells were lysed overnight at -800C in 500 µL cremophore water
(2 drops of cremophore gel in 50 mL of deionized water) in each well. Samples were then
analyzed with LC-MS/MS and the rate of uptake was normalized to the protein content of
each well. The amount of protein in the cell lysate was estimated with BioRad protein
estimation kit (BioRad, Hercules, CA) using bovine serum albumin as an internal
standard.
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LC-MS/MS Analysis
Stocks and stock dilutions of ACV and B-ACV were prepared similarly following
a recently published procedure [51]. Samples were extracted by a liquid-liquid extraction
method and ganciclovir (GCV) was used as an internal standard to ensure reproducibility
and reliability of the method. Prior to analysis, samples were thawed at room
temperature. Two hundred microliter samples containing either ACV or B-ACV along
with 20 µL of GCV (5 µg/mL) was extracted with 1 mL of organic solvent mixture
containing 2:3 ratios of isopropanol (IPA) and dichloromethane (DCM). Samples were
vortexed vigorously for approximately 2 min and centrifuged at 12000 g for 15 min at
4°C. The organic layer (850 µL) was transferred into eppendorf tubes and evaporated to
dryness under speed vacuum with a Speedvac (SAVANT Instruments, Inc., Holbrook,
NY). The dry residue was then reconstituted in 100 μL of mobile phase, vortexed for 30
sec and transferred into pre-labeled vials with silanized inserts. Subsequently, 15 µL of
the resulting solution was injected onto LC-MS/MS.
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
analysis of ACV and B-ACV [51]. Briefly, QTrap® LC/MS/MS mass spectrometer (API
3200, Applied Biosystems/MDS Sciex, Foster City, CA, USA) was employed to analyze
samples from non-radioactive cellular accumulation studies. Chromatographic separation
of compounds was achieved on XTerra® RP8 Column, 5 µm, 4.6 x 50 mm (Waters
Corporation, Milford, MA) with an isocratic mobile phase. The mobile phase consisted of
70% acetonitrile, 30% water, and 0.1% formic acid which were pumped at a flow rate of
0.2 mL/min. Precursor ions of the analytes as well as internal standard were determined
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from spectra obtained during the infusion of standard drug/prodrug solutions with an
infusion pump connected directly to the electrospray ionization source. Each of these
precursor ions was subjected to collision-induced dissociation to determine their
respective product ions. MRM transitions at m/z [M+H]+ generated were 226.4/152.2 for
ACV, 452.3/301.3 for B-ACV and 256/152 for GCV (internal standard (IS)). Appropriate
calibration standards of ACV and B-ACV were prepared by spiking known analyte
concentrations to blank cell homogenate (HCEC and D407) obtained from cultured cells
following similar procedure. A calibration curve was generated using calibration
standards. Analyst™ software was employed to integrate the peak areas for all
components and the respective peak-area ratios (area of analytes to area of IS) were
plotted against concentration by weighted linear regression (1/concentration).
Reverse Transcription-Polymerase Chain Reaction (RT-PCR)
Expression of SMVT on HCEC and D407 cells was determined at the molecular
level with RT-PCR analysis. Cells were lysed with TRIzol® reagent (Invitrogen, USA)
and chloroform was added to the lysate for phase separation. The aqueous phase
containing RNA was separated and isopropanol was added to precipitate RNA. RNA
obtained was washed twice with 75% ethanol and then resuspended in RNase-DNase free
water. The concentration and purity of RNA was determined using Nanodrop (Thermo
Fisher Scientific, Wilmington, DE, USA). RNA was reverse transcribed to obtain cDNA
using oligodT as a template and M-MLV reverse transcriptase. The conditions for reverse
transcription were: denaturation of the template RNA for 5 min at 700C; reverse
transcription for 60 min at 42°C followed by final extension at 72°C for 5 min. cDNA
obtained was then subjected to PCR for amplification of SMVT using specific primers.
106

The primers (5'->3') designed were forward - AGGGCTGCAGCGGTTCTATT and
reverse - GCAGCTTCCAGTTTTATGGTGGAG. These primers correspond to a 774
base pair (bp) product in human SMVT cDNA (nucleotide positions 2046-2820). The
conditions of PCR amplification were: denaturation for 30 s at 94°C, annealing for 1 min
at 56°C, and extension for 1 min at 72°C, for 45 cycles followed by a final extension for
5 min at 72°C. PCR product obtained was analyzed by gel electrophoresis on 1.5%
agarose in TAE buffer and visualized under UV.
Quantitative Real Time PCR (qPCR)
Following reverse transcription, qPCR was performed using LightCycler® SYBR
green technology (Roche). cDNA equivalent to 80 ng in each well was subjected to
amplification using specific primers. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as an internal control to normalize the amount of cDNA in each well.
The sequences of real time primers (5'->3') used were SMVT: forward TACCAGTTCTGCCAGCCACAGTG

and

CAGGGACACCAAAACCTCCCTCT

and

reverse
GAPDH:

forward

–
-

ATCCCTCCAAAATCAAGTGG and reverse – GTTGTCATGGATGACCTTGG. A
preliminary experiment was performed to ensure that SMVT and GAPDH were amplified
with equal efficiencies. The specificity of these primers was also confirmed with meltingcurve analysis. The comparative threshold method was used to calculate the relative
amount of SMVT in different samples [308].
Data Analysis
Radioactive Sample Analysis
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Disintegrations per minute (DPM) of sample and donor solutions were used to
calculate uptake of [3H] biotin as shown in Equation 6.

Eq. 6

DPMsample and DPMdonor denote average values of disintegrations per minute
(DPM) counts of sample and donor (n = 4) respectively; Cdonor represents the
concentration of donor used and Csample represents the concentration of sample.
Calculation of Km and Vmax
Data obtained from the concentration dependence study was fitted to the classical
Michaelis - Menten equation as shown in Equation 7:

Eq. 7

The uptake of [3H] biotin at a given substrate concentration [S] was represented
by V. The data was fitted into a nonlinear least square regression analysis program
(KaleidaGraph version 3.5, Synergy Software, Reading, PA, USA) to calculate the
kinetic parameters Vmax and Km.
Calculation of Hill Ratio
The coupling ratio of [Na+] to biotin translocation was determined using the
logarithmic form of the Hill equation as shown in Equation 8:
( )
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Eq. 8

The uptake of [3H] biotin at a given substrate concentration [C] was represented
by V and Vmax represents the maximum uptake rate. K' is an apparent dissociation
constant and n is the Hill coefficient thus calculated.
Statistical Analysis
All the experiments were conducted at least in quadruplicate (n = 4) and the
results were expressed as mean ± standard deviation (SD) or mean ± standard error (SE).
Student’s t-test was used to calculate statistical significance and a P-value of < 0.05 was
considered to be statistically significant.
Results
Synthesis
The synthetic scheme for biotinylated prodrug B-ACV is summarized in Figure
26.

Figure 26. Synthesis of B-ACV.
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Uptake studies
Time and pH Dependence
Time-dependent [3H] biotin uptake by HCEC and D407 cells was depicted in
Figure 27. Uptake of [3H] biotin was linear until 60 min of incubation time. Hence, a 30
min uptake time was selected for all subsequent uptake experiments. To examine the
probable contribution of hydrogen ions on biotin uptake, incubation was carried out at pH
ranging from 4.0–8.0. [3H] biotin uptake was highest at pH 4 and decreased with a rise in
buffer pH from 4.0 to 7.4 in both HCEC and D407 cells (Figure 28). Further, biotin
uptake was significantly diminished in both HCEC and D407 cells when studies were
performed at the lower temperature of 4°C instead of 37°C.
Concentration Dependence
Saturation kinetics of biotin uptake were assessed by incubating the cells with
various concentrations of unlabeled biotin for 30 min at 37°C. Biotin uptake in HCEC
was found to be concentration dependent and saturable with a Km and Vmax values of
296.23 ± 25.95 μM and 77.23 ± 2.23 pmol/mg protein/min, respectively (Figure 29).
Also, a similar saturation kinetics plot was observed for D407 cells, but the kinetic
parameters Km and Vmax values were higher than those observed with HCEC cells. The
Km and Vmax values obtained from the plot were 863.81 ± 66.92 µM and 308.26 ±
10.67 pmol/mgprotein/min, respectively (Figure 29). Lineweaver-Burk transformation of
the above data obtained from both the cell lines indicate the involvement of a single
carrier in the uptake process (data not shown).
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Figure 27. Time dependent uptake of [3H] biotin in HCEC and D407 cells. Uptake of
[3H] biotin was performed at 37°C with DPBS buffer (pH 7.4). Values represent mean ±
SD (n = 4).
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Figure 28. Effect of pH on [3H] biotin uptake in A) HCEC, and B) D407 cells. Uptake of
[3H] biotin was determined in the presence of different pH (4.0, 5.0, 6.0, 7.4 and 8.0) at
37°C and 4°C for 30 min. Values represent mean ± SD (n = 4).
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Figure 29. A) Saturation kinetics of biotin uptake by HCEC cells at pH 7.4 in presence of
different concentrations of unlabeled biotin (0.1-2000 µM). Uptake was performed at
37°C for 30 min. Values represent mean ± SE (n = 4) of two independent experiments. B)
Saturation kinetics of biotin uptake by D407 cells at pH 7.4 in presence of different
concentrations of unlabeled biotin (0.5-4000 µM). Uptake was performed at 37°C for 30
min. Values represent mean ± SE (n = 4) of two independent experiments.
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Temperature and Energy Dependence
Effect of temperature on [3H] biotin uptake by HCEC and D407 cells was studied.
Cellular accumulation of biotin was inhibited to the extent of about 50% and 80% in
HCEC cells at 25°C and 4°C, respectively, when compared to the uptake process at 37°C.
In D407 cells, the uptake was decreased by approximately 50% and 85% when measured
at 25°C and 4°C, respectively (Figure 30). Activation energy (Ea) was calculated to be
8.34 and 9.77 KCal/mol in HCEC and D407 cells, respectively (Figure 30). Effect of
metabolic inhibitors on [3H] biotin uptake was studied on both HCEC and D407 cells.
Biotin uptake was significantly inhibited by ouabain (Na+/K+-ATPase inhibitor), sodium
azide (oxidative phosphorylation inhibitor), and 2, 4-DNP (intracellular ATP reducer)
(Figure 31). This suggests that biotin uptake in both the cell lines is an active energy
dependent process and sensitive to alterations in temperature.
Ion Dependence
As depicted in Fig. 6, significant inhibition (>55%) in the uptake of [3H] biotin
was observed in both HCEC and D407 cells in the presence of sodium free media. Also,
biotin uptake was reduced in the presence of amiloride (sodium ion transport inhibitor)
indicating that this process may be sodium dependent (Figure 32). On the other hand, no
significant difference in uptake was observed when chloride was replaced with equimolar
concentrations of other monovalent cations in DPBS buffer. Since the uptake process in
both the cell lines was found to be highly sodium dependent, uptake rate kinetics was
investigated with various concentrations of sodium in the incubation buffer. Uptake rate
increased with higher sodium concentrations and demonstrated saturation kinetics,
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Figure 30. A) Uptake of [3H] biotin by HCEC and D407 cells as a function of
temperature (37°C, 25°C and 4°C). [3H] biotin uptake was performed at different
temperatures with DPBS buffer (pH 7.4) for 30 min. Values represent mean ± SD (n = 4).
A P-value of < 0.05 was considered to be statistically significant and denoted by *. B)
Arrhenius plot of the effect of temperature on [3H] biotin uptake by HCEC and D407
cells.
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Figure 31. Uptake of [3H] biotin by HCEC and D407 cells in the presence of 500 µM
concentrations of ouabain, sodium azide and 2, 4-DNP. [3H] biotin uptake was performed
at 37°C with DPBS buffer (pH 7.4) for 30 min. Values represent mean ± SD (n = 4). A
P-value of < 0.05 was considered to be statistically significant and denoted by *.
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Figure 32. A) Uptake of [3H] biotin by HCEC and D407 cells in the presence of
amiloride and absence of sodium and chloride ions in DPBS buffer (pH 7.4) at 37°C.
Values represent mean ± SD (n = 4). A P-value of < 0.05 was considered to be
statistically significant and denoted by *. B) Uptake of [3H] biotin by HCEC and D407
cells as a function of sodium concentration in DPBS (pH 7.4) at 37°C. Values represent
mean ± SE (n = 4) of two independent experiments.
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reaching saturation at about 70 mM of sodium concentration in both HCEC and D407
cells (Figure 32). Hill transformation of the above data showed 1:1 molar ratio of Na+:
biotin coupling in both cells (data not shown).
Substrate Specificity
To examine the structural requirements for interactions with the carrier system,
cellular accumulation studies were carried out as described previously in the presence of
various known substrates and structural analogs. Concentration dependent inhibition of
[3H] biotin uptake was observed in the presence of 50 µM, 100 µM and 250 µM
concentrations of lipoic acid, pantothenic acid, and desthiobiotin (Table 2) in both the
cell lines. A similar type of concentration dependent inhibition of [3H] biotin uptake was
found with the presence of 50 µM, 100 µM and 250 µM concentrations of valeric acid,
biocytin and NHS biotin (Table 3).
Interaction of B-ACV with SMVT
Interaction potential of biotinylated prodrug with SMVT was tested in HCEC and
D407 cells. Uptake of biotin remained unaltered in the presence of ACV. Interestingly,
uptake was reduced to approximately 50% and 70% of control in the presence of 50 µM
unlabeled biotin and B-ACV, respectively, in both the cells (Figure 33). Also, cellular
accumulation of ACV and B-ACV was performed on HCEC and D407 cells. Compared
to ACV, the uptake of B-ACV increased by 6 and 5 times on HCEC and D407 cells,
respectively (Figure 33).
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Table 2. Effect of various substrates on [3H] biotin uptake in HCEC and D407 cells.
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Table 3. Effect of various structural analogs on [3H] biotin uptake in HCEC and D407
cells.
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Figure 33. A) Uptake of [3H] biotin by HCEC and D407 cells in presence of 50 µM
concentration of unlabeled biotin, ACV and B-ACV. [3H] biotin uptake was performed at
37°C with DPBS buffer (pH 7.4) for 30 min. Values represent mean ± SD (n = 4). A Pvalue of < 0.05 was considered to be statistically significant and denoted by *. B)
Cellular accumulation of ACV and B-ACV (50 µM) on HCEC and D407 cells at 37°C
for 30 min. Values represent mean ± SD (n = 4). A P-value of < 0.05 was considered to
be statistically significant and denoted by *.
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Evaluation of the Existence of a Second Biotin Specific High Affinity Transporter
Uptake of [3H] biotin was studied at very low concentrations (0.3-10 nM) to
evaluate the existence of a second biotin specific high affinity transporter. Biotin uptake
was linear with increasing concentrations (Figure 34). Further, [3H] biotin uptake was
examined in the presence of 25 nM unlabeled biotin, pantothenic acid, and lipoic acid.
All the compounds at the nanomolar concentration did not show any significant inhibition
(Figure 35).
RT-PCR analysis
The quality of RNA extracted from HCEC, D407, and human cornea was
assessed by measuring A260/A280 ratios. The ratios were found to be 1.87, 1.90, and
2.01, respectively suggesting that the RNA was pure. Molecular recognition of SMVT
was confirmed with RT-PCR. The cDNA generated from total RNA isolated from either
HCEC or D407 cells was PCR amplified with the primers specific for human SMVT.
Resulting PCR products were analyzed by gel electrophoresis. The band obtained at 774
bp during the gel electrophoresis confirmed the presence of SMVT. Hence, SMVT is
expressed in both HCEC and D407 cells (Figure 36).
qPCR analysis
Quantitative estimates of the relative abundance of SMVT mRNA were obtained
with qPCR analysis. mRNA levels of SMVT were analyzed in HCEC, D407 and human
cornea samples. Expression of SMVT mRNA was >5-fold and >3.5-fold in HCEC and
D407 cells relative to the human cornea (Figure 37).
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Figure 34. Uptake of [3H] biotin in the nanomolar range by HCEC and D407 cells.
Uptake of [3H] biotin (0.3-10 nM) was measured in DPBS buffer (pH 7.4) at 37°C for 30
min. No saturation was observed upto 10 nM concentration. Values represent mean ±
standard deviation (n = 4).
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Figure 35. Inhibition of [3H] biotin (2 nM) uptake in HCEC and D407 cells in the
presence of 25 nM unlabeled biotin, pantothenic acid and lipoic acid. Values represent
mean ± standard deviation (n = 4).
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Figure 36. RT-PCR showing the molecular evidence of SMVT in HCEC and D407 cells.
Lane 1 represents 100 bp molecular ladder and lane 2, 3 represents 774 bp PCR product
obtained from HCEC and D407 cells.
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Figure 37. Real time-PCR comparing the expression of SMVT in HCEC, D407 cells and
human cornea. Values represent mean ± standard deviation (n = 4). A P-value of < 0.05
was considered to be statistically significant and denoted by *.
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Discussion
Biotin is a water soluble vitamin essential for normal cellular function, growth
and development. Since it is not synthesized in the body, it must be supplemented. As a
result, a specific carrier mediated system is probably involved in translocation of biotin
[47]. The primary intention of this study was to examine functional and molecular aspects
of biotin translocation via SMVT in HCEC and D407 cells. These cell lines have been
selected because of their human origin and their suitability to study active involvement of
both efflux [32, 34, 38, 39, 299, 306] and influx transporters [307, 309-311].
Functional aspects associated with cellular translocation of biotin in HCEC and
D407 cells were delineated. Time dependency studies showed a linear increase in biotin
uptake till 60 min, and therefore, a 30 min uptake time was selected for all subsequent
experiments in both the cell lines utilized in this study (Figure 27). Uptake of biotin in
both HCEC and D407 cells was found to be decreasing when pH increased from acidic
(pH 4.0) to physiological range (pH 7.4), but was almost similar at a pH range of 7.4-8.0
(Figure 28). These alterations in uptake might be due to the ionic nature of biotin but
may not be from the H+ gradient [224, 229]. The pKa of biotin is 4.65, which ensures that
it exists in ionized form at physiological pH and cannot permeate across the plasma
membrane by simple diffusion. At lower pH, biotin uptake may be higher because of
higher availability of neutral species which usually permeates more across the lipid layer.
Results from the pH dependency study appeared to involve a partial contribution of
passive diffusion in addition to active carrier mediated process by SMVT. The uptake
study performed at 4°C clearly delineated the passive diffusion component from the
active biotin transport in both HCEC and D407 cells (Figure 28). Altogether, these
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results suggested a pH dependent SMVT-mediated biotin transport in the cells derived
from human corneal and retinal pigment epithelia.
Concentration-dependency studies revealed saturation of carrier-mediated process
at higher concentrations of unlabeled biotin. Biotin uptake was found to be saturable with
a Km of 296.23 ± 25.95 µM and 863.81 ± 66.92 µM, Vmax of 77.23 ± 2.23 pmol/mg
protein/min and 308.26 ± 10.67 pmol/mg protein/min in HCEC and D407 cells,
respectively (Figure 29). Km and Vmax are two important parameters that define the
functional and kinetic behavior of a transporter. Km is a measure of apparent binding
affinity of a substrate and Vmax is a measure of translocation capacity of the carrier
mediated system. Based on saturation kinetics, the Km value was relatively lower in
corneal cells indicating a higher binding strength and affinity of biotin when compared to
retinal cells. An interesting observation was that D407 cells exhibited higher transport
capacity compared to HCEC cells, as evident by the higher Vmax value (308.26 ± 10.67
vs 77.23 ± 2.23 pmol/mg protein/min). These results were in accordance with previously
published reports of rPCEC and ARPE-19 cells, where the corneal cells exhibited lower
Km and Vmax values than retinal cells (Table 4) [49, 50]. The ratio of these kinetic
parameters (Vmax/Km) provides an estimate of the catalytic efficiency of a transporter.
Although the Km and Vmax values were different, the transport efficiency (Vmax/Km)
was observed to be almost similar in HCEC (0.26 µL/mg protein/min) and D407 (0.35
µL/mg protein/min) cells.
Significant differences in biotin uptake rates at different temperatures imply that
the biotin uptake process was transporter mediated (Figure 30). Biotin uptake in both
HCEC and D407 cells diminished in the presence of ouabain, suggesting that this process
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Table 4. Comparison of functional aspects of biotin uptake by SMVT in corneal and
retinal cells.

Parameters
Km
(μM)
Vmax
(picomoles/mg
protein/min)
pH
Energy and
temperature
Ion
Carboxylic acid
moiety for
translocation

Corneal cells
HCEC
rPCEC

Retinal cells
D407
ARPE-19

296.23

32.52

863.81

138.25

77.23

10.43

308.26

38.85

Dependent

Independent

Dependent

NR*

Dependent

Dependent

Dependent

Dependent

Na+ dependent, Na+ dependent, Na+ dependent, Na+ dependent,
ClClClClindependent
independent
independent
independent
May or may
not be required

Required

*NR represents “not reported”.
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May or may
not be required

May or may
not be required

was Na+/K+-ATPase dependent. In addition, sodium azide and 2, 4-DNP which block
oxidative phosphorylation also reduced biotin uptake. These results signify that biotin
uptake in HCEC and D407 cells is an energy (ATP) dependent active process (Figure
31). Decreased uptake in the absence of sodium and in the presence of amiloride, a
sodium ion transport inhibitor demonstrated that this transport system may be highly
sodium dependent. The rate of biotin uptake remained unaffected in the absence of
chloride ions in the buffer suggesting that the transport system is chloride independent
(Figure 32).
Uphill transport of SMVT substrates was earlier reported to be energized by a
transmembrane sodium gradient as well as the membrane potential [225]. Therefore, we
investigated whether biotin transport via SMVT in HCEC and D407 cells was found to be
coupled with the electrochemical gradient of Na+ ions. Biotin uptake increased along
with increasing concentrations of sodium in the uptake buffer and was saturated at higher
concentrations (Figure 32). Our results suggested that biotin uptake was associated with
the co-transport of sodium ions. The Hill ratio suggested that approximately one sodium
ion (1.02 for HCEC and 0.99 for D407) is needed for translocation of each biotin
molecule.
Substrate specificity studies revealed a concentration dependent diminution in
biotin uptake in the presence of SMVT substrates (lipoic acid and pantothenic acid), and
an analog of biotin (desthiobiotin) in both HCEC and D407 cells (Table 2). Interestingly,
significant concentration dependent inhibition of biotin uptake was observed in the
presence of structural analogs such as valeric acid, biocytin, and NHS biotin in both
HCEC and D407 cells (Table 3). Similar changes were not observed with rabbit primary
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corneal epithelial cells (rPCECs) [50] and MDCK-MDR1 [224] cells as reported earlier
from our laboratory. These results suggest that a free carboxylic group may or may not
always be required for recognition and specific binding to SMVT.
Uptake of biotin did not alter in the presence of ACV in both HCEC and D407
cells. However, biotin conjugated prodrug B-ACV produced significant diminution in
biotin uptake indicating the recognition of prodrug by SMVT transporter (Figure 33).
Results suggest that B-ACV competes with biotin and interacts with the SMVT carrier
system. Since the prodrug may not have similar affinity pattern for SMVT relative to
biotin, the inhibition of biotin uptake by B-ACV was comparatively lower. Also, cellular
accumulation studies have been carried out to evaluate the rate of cellular accumulation
of B-ACV for enhanced absorption of ACV. The results were consistent in both HCEC
and D407 cells which demonstrated significantly higher cellular accumulation of
biotinylated prodrug (B-ACV) relative to the parent drug (ACV). These observations
support the hypothesis that B-ACV was transported primarily by SMVT (Figure 33).
The cumulative amount of [3H] biotin uptake by HCEC and D407 cells was linear
as a function of biotin concentration over the nanomolar range (0.3-10 nM) (Figure 34).
No diminution of biotin uptake was evident in the presence of 25 nM biotin, pantothenic
acid, and lipoic acid suggesting that the second biotin-specific high affinity system was
not functionally active in HCEC and D407 cells (Figure 35).
The molecular presence of SMVT in both HCEC and D407 cells was confirmed
by RT-PCR analysis (Figure 36). We also carried out quantitative gene expression
analysis on the RNA extracted from HCEC, D407 cells and an isolated human cornea
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with qPCR. Expression of SMVT was relatively lower in D407 cells, although these cells
exhibited a higher transport capacity than HCEC cells. Similar results were recently
reported by Jwala, et al., where the authors compared the expression and transporter
capacity in ARPE-19 and retinoblastoma (Y-79) cells [312]. Although Y-79 cells had a
higher expression of SMVT, the transport capacity was relatively lower than ARPE-19
cells. Hence, the correlation between mRNA expression and transport capacity needs
further investigation. Moreover, expression of SMVT in the human cornea was found to
be relatively lower than that of HCEC cells. This may be due to the RNA which was
extracted from a whole human cornea instead of the human corneal epithelium (Figure
37).
Conclusion
In conclusion, this study demonstrates for the first time the functional aspects and
molecular expression of SMVT in HCEC, D407 cells and an isolated human cornea.
Ocular bioavailability of biotinylated conjugates (biotin conjugated prodrugs) may be
enhanced by targeting SMVT. Moreover, these cell lines may be used as in vitro cell
culture models for screening the cellular accumulation of biotin conjugated therapeutics.
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CHAPTER 6
NOVEL BIOTINYLATED LIPID PRODRUGS OF ACYCLOVIR FOR THE
TREATMENT OF HERPETIC KERATITIS (HK): TRANSPORTER RECOGNITION,
TISSUE STABILITY AND ANTIVIRAL ACTIVITY
Rationale
Herpetic keratitis (HK) is a serious corneal complication which can lead to
blindness, predominantly because of its recurrent nature [313-315]. HK is caused by
herpes simplex virus (HSV), a DNA virus that commonly affects humans. Herpes viruses
are categorized into two types: HSV-1 and HSV-2. The former is mainly responsible for
orofacial and ocular infections, while the latter is primarily responsible for genital
infections. According to recent US statistics, the seroprevalence of HSV-1 and HSV-2
were reported to be approx. 50% and 20% respectively [78, 316]. Following primary
infection, HSV remains latent in the neuronal sensory ganglia, which then becomes an
intermittent site for periodic reactivations [317, 318]. A recent report described that
cornea acts as a reservoir for HSV-1 and is a major cause of corneal latency [181, 319].
Also, several studies reported the presence of HSV-1 DNA in the corneas of patients
suffering from chronic HK [320-324], corneas deposited in eye banks [325-327] and even
in the tears of some asymptomatic patients [328-330]. Operational latency, persistent
low-grade infection, and neuronal reactivation of latent HSV were hypothesized to be the
major reasons for the expression of HSV-1 DNA in human corneas [181, 319]. HSV
infections have been found to be more severe in immunocompromised patients [78].
Approximately 20,000 new cases of infections and more than 28,000 reactivations occur
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in the US annually. The recurrence rates of ocular HSV is approximately 20% within 2
years, 40% within 5 years, and 67% within 7 years [256, 331].
Since its introduction, acyclovir (ACV), a guanosine analogue has been the
standard first line drug for prophylaxis and treatment of HSV infections, particularly HK.
In HSV infected cells, ACV gets converted to ACV monophosphate by viral thymidine
kinases. The monophosphate derivative is then subsequently phosphorylated by cellular
kinases to ACV triphosphate which then serves as a substrate for viral DNA polymerase.
It can also act as chain terminator (Figure 38). Though highly effective, ACV has poor
permeation across cornea due to its hydrophilic nature [52]. Moreover, sufficient
evidence demonstrates that long term prophylaxis with ACV could lead to the
development of resistant viral isolates and these resistance levels have been found to be
increasing from 3.5-10% in immunocompromised patients [78, 332]. Though the exact
mechanism of resistance is not known, it is postulated to be mediated by either a mutation
in thymidine kinase or viral DNA polymerase [333]. High prevalence of ACV-resistant
HSV-1 isolates was found in HK patients (11 of 173 tested) and nine out of the 11
patients with resistant isolates were refractory to ACV therapy. These remarkable results
accentuate the need for physicians to consider ACV resistance in patients with poor
clinical response to therapy [83, 263, 334].
Various strategies have been explored to improve the cellular absorption of ACV,
including lipophilic prodrug derivatization and transporter targeted approach. Recently
we have developed a novel targeted lipid prodrug strategy which combines both the lipid
and transporter targeted delivery to generate synergistic effect [51]. Results from these
studies demonstrated that the targeted lipid prodrugs of ACV exhibited higher affinity for
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Figure 38. Mechanism of action of ACV.
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sodium dependent multivitamin transporter (SMVT). These encouraging results gave us
the idea of utilizing these novel conjugates in special drug delivery cases such as topical
ocular delivery of highly hydrophilic molecules where there is a rapid drug loss in tear
fluids and reduced uptake due to tight junctions. In such circumstances, enhanced
lipophilicity to augment cellular uptake could be highly advantageous. This could result
in achieving higher absorption of ACV and preventing ACV mediated resistance.
Therefore, we wanted to investigate the feasibility of utilizing targeted lipid prodrugs via
topical application to the eye. In the present study, we have investigated the cellular
uptake, cytotoxicity in human corneal epithelial cells (HCEC), prodrug interaction with
SMVT on freshly excised rabbit corneas, and enzymatic stability of all novel prodrugs in
tissue homogenates (cornea, iris-ciliary body and lens). Docking analysis was performed
to examine the affinity of prodrugs towards hSMVT protein. Also, the antiviral activity
of these biotinylated lipid prodrugs against herpes simplex viruses (HSV-1 and 2), human
cytomegalovirus (HCMV) and epstein barr virus (EBV) was assessed.
Materials and Methods
Materials
[3H] Biotin (specific activity 60 Ci/mmol) was procured from Perkin Elmer
(Boston, MA, USA). All the prodrugs of ACV were synthesized and purified in our
laboratory as described earlier [51]. Unlabeled biotin, HEPES, bovine insulin, human
epidermal growth factor, penicillin, streptomycin, lactalbumin enzymatic dehydrolysate,
sodium bicarbonate, and D-glucose were purchased from Sigma Chemical Co. Fetal
Bovine Serum (FBS) was obtained from Atlanta biologicals (Lawrenceville, GA, USA).
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Culture flasks (75 cm2 growth area) and 12-well plates (3.8 cm2 growth area per well)
and 96-well plates (0.32 cm2 growth area per well) were purchased from Corning Costar
Corp. (Cambridge, MA, USA). Dulbecco's Modified Eagle Medium: Nutrient Mixture F12 (DMEM/F-12) and minimum essential medium (MEM) were purchased from
Invitrogen (Carlsbad, CA, USA). All buffer components and organic solvents were
purchased from Fisher Scientific Co. (Fair Lawn, NJ). New Zealand White (NZW)
Rabbits weighing 6-7 lbs were purchased from Myrtle’s Rabbitry (Thompson Station,
TN, USA). Sodium pentobarbital was obtained from the stock maintained by the UMKC
School of Pharmacy and used under supervision.
Cell Culture
Human corneal epithelial cells (HCEC) and rabbit primary corneal epithelial cells
(rPCEC) were utilized in this study. HCEC cells were generous gifts from Dr. ArakiSasaki (Kinki Central Hospital, Japan). Briefly, HCEC cells were grown at 37°C in a cell
culture incubator with 95% air and 5% CO2. The culture medium consisted of DMEM/F12 supplemented with 15 % fetal bovine serum (FBS) (heat inactivated), 15 mM HEPES,
22 mM NaHCO3, 100 mg each of penicillin and streptomycin, 5 μg/mL insulin and 10
ng/mL of human epidermal growth factor [37, 48].
rPCECs were cultured following previous reports from our laboratory [28, 50].
Culture medium consisted of minimum essential medium (MEM), supplemented with
10% FBS, lactalbumin, HEPES, sodium bicarbonate, penicillin (100 units/mL), and
streptomycin (100 μg/mL). Cells were maintained at 37°C in a humidified atmosphere of
5% CO2 and 90% relative humidity. The medium was changed every alternate day. After
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reaching 80% confluency, the cells were passaged using TrypLE™ Express (a superior
replacement for trypsin). The cells were then plated in 12-well uptake plates at a density
of 250,000 cells/well and in 96-well plates at a density of 10,000 cells/well. The cells
were grown in a similar way in these plates and utilized for further studies.
Uptake Study
Cellular uptake studies were performed on HCEC cells after growing them for 7
days in 12 well plates. Prior to experimentation, the medium was removed and cells were
rinsed 3 times with DPBS (130 mM NaCl, 0.03 mM KCl, 7.5 mM Na2HPO4, 1.5 mM
KH2PO4, 1 mM CaCl2, 0.5 mM MgSO4, 20 mM HEPES and 5 mM glucose). Uptake was
initiated by adding 1 mL of either drug or prodrug solution into each well and incubated
for a period of 30 min. After the incubation period, the drug solutions were removed and
uptake was terminated using ice-cold stop solution (containing 200 mM KCl and 2 mM
HEPES). Subsequently the cells were washed three times to remove the surface bound
drug/prodrug and lysed overnight at -80°C with 500 µL cremophore water (2 drops of
cremophore gel in 50 mL of deionized water) in each well. The samples were then
analyzed using LC-MS/MS and uptake was normalized to the protein content of each
well. The amount of protein in the cell lysate was estimated using BioRad protein
estimation kit (BioRad, Hercules, CA) using bovine serum albumin as an internal
standard.
Following a similar method, the uptake of B-R-ACV, B-12HS-ACV and B-ACV
was also carried out in the presence of a sodium free buffer to examine the involvement
of sodium and delineate the sodium dependency of the transport system for translocation
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of biotin conjugated prodrugs via SMVT. Sodium free DPBS buffer was prepared by
replacing sodium chloride (130 mM) and disodium phosphate (7.5 mM) with equimolar
quantities of choline chloride and dipotassium phosphate.
Ex Vivo Rabbit Corneal Transport
Animal studies were conducted according to The Association for Research in
Vision and Ophthalmology (ARVO) guidelines for the use of animals in ophthalmic and
vision research. Animals were euthanized by administering sodium pentobarbital (50
mg/kg) through a marginal ear vein. Eyes were immediately and carefully enucleated and
rinsed with ice-cold DPBS of pH 7.4 to get rid of any traces of blood. Vitreous humor
was aspirated with a 1 mL syringe following a small incision into the sclera. Cornea was
carefully excised such that some scleral portion is adhered to the cornea. Sclera attached
to cornea assists in securing the cornea between the half-cells during the course of
transport experiment. Subsequently, the lens and the iris-ciliary body (ICB) were
removed and separated from the cornea. Cornea was washed instantly with ice-cold
DPBS and mounted on a side-by-side diffusion half-chamber (type-VSC-1, Crown Glass
Company Inc, (Somerville, NJ)) such that the epithelial side faces the donor
compartment. Water was circulated through the jacketed chambers of the diffusion
apparatus to maintain temperature at 34°C (corneal temperature in vivo). Drug solutions
(3 mL) consisting of 0.5 μCi/mL of [3H] biotin in the presence or absence of unlabeled
biotin and all biotinylated prodrugs were added on the epithelial side of the cornea (donor
compartment) and DPBS (3.4 mL) was added to the other half-chamber (receiver
compartment). This excess volume of DPBS in the receiver compartment maintains the
curvature of the cornea due to elevated hydrostatic pressure. Magnetic stirrer bars were
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added into the chambers to ensure continuous stirring. Sink conditions were maintained
throughout the experiment for three hours. Aliquots (200 µL) were removed from the
receiver chamber at appropriate time intervals and replaced with an equal volume of
DPBS. Samples were immediately transferred to scintillation vials containing 3 mL of
scintillation cocktail, and radioactivity was measured with Beckman scintillation counter
(Model LS-6500, Beckman Instruments, Inc.). Corneal integrity was also ensured by
assessing the permeability of [14C] mannitol (0.25 μCi/mL), a paracellular marker.
Modeling of Human SMVT Protein and Docking of Biotinylated ACV Prodrugs
The entire SMVT protein sequence (Q9Y289) was retrieved from UNIPROT
database (www.uniprot.org/uniprot/Q9Y289). The sequence was submitted to I-Tasser
homology model-building server for model calculation [335-337]. The selected model
had an I-Tasser score of -1.453. Stereo chemical quality check was performed on the
returned model. All biotin conjugated structures were sketched using GaussView
(GaussView, Version 5, Dennington, R.; Keith, T.; Millam, J. Semichem Inc., Shawnee
Mission KS, 2009). Autodock Vina (Scripps Institute docking program) [338] was used
to perform the docking studies using the default settings. The receptor grid was centered
at the center of the protein (X: 71.8067; Y: 71.5789; Z: 72.2651). The grid was
maximized with dimensions of X: 62.0908, Y: 71.4766, and Z: 73.3060 to encompass the
entire protein.

Each structure was independently docked to the targeted protein to

produce nine different poses with the highest affinities. Vina scores were derived by
utilizing a scoring function as described in Trott, et. al [338].
Cell Proliferation Assay on HCEC and rPCEC Cells
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Cytotoxicity assay was carried out with Cell Titer 96® Aqueous Non-Radioactive
Cell Proliferation Assay Kit (Promega, Madison, WI) to test the toxicity of all prodrugs
including ACV. HCEC and rPCEC cells were grown on 96 well plates. Aliquots (100 μL)
of sterile prodrug solutions (100 μM) in culture medium were added to each well and
incubated for 48 h. Cell proliferation in the presence of ACV and all biotinylated
prodrugs was compared with a positive control (medium without drug) and a negative
control (medium without cells). After 48 h of incubation, 20 µL of freshly prepared dye
solution (following manufacture’s protocol) was added to each well and incubated for
two and half hours enabling the dye to react. The amount of formazan formed was
measured using a 96-well micro titer plate reader (SpectraFluor Plus, Tecan, Maennedorf,
Switzerland), absorbance set at 490 nm wavelength. Cytotoxicity measurements were
estimated by the amount of formazan formed which is directly dependent on the cell
viability.
Ocular Tissue Homogenate Studies
Preparation of Ocular Tissues
NZW rabbits were euthanized and eyes were enucleated as described earlier. An
incision was made on sclera and the lens was exposed after aspirating vitreous humor.
The cornea was then carefully cut without any scleral tissue attached to it. The lens was
separated followed by the iris-ciliary body. All the tissues were immediately washed with
ice-cold DPBS and stored in -80°C freezer until further use. Prior to experimentation,
each tissue was homogenized with a homogenizer (Tissue Tearer Model 985-370 Type 2,
Dremel Multipro) in 3 mL ice-cold DPBS and the homogenate was centrifuged at 12,000
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rpm for 30 min at 4°C using an ultracentrifuge (Beckman TL-100) to remove cellular
debris. The obtained supernatant was utilized for hydrolysis studies. Protein content of
each supernatant was estimated with BioRad assay (Bio-Rad Laboratories, CA) with
bovine serum albumin as the standard [339, 340].
Enzymatic Hydrolysis Procedure
The protein content of supernatant obtained from homogenates was adjusted to
0.5 mg/mL and was equilibrated at 34°C for about 15 min prior to initiation of each
experiment. Hydrolysis was initiated by the addition of calculated amount of prodrug
from respective stock to 1.25 mL of supernatant to adjust to 100 µM concentration in a
microcentrifuge tube. Tubes were then placed in a shaking water bath set at 34°C.
Aliquots (125 µL) were withdrawn at appropriate time intervals for up to 24 h. The
samples were immediately diluted with equal amount of ice-cold organic mixture
containing methanol and acetonitrile (4:5) to stop enzymatic hydrolysis and precipitate
proteins. Samples were stored at −80°C until further analysis. Prior to analysis, samples
were thawed and centrifuged at 5,000 rpm for 10min and the supernatant was extracted
by a well-established procedure and analyzed by LC/MS/MS [51]. The apparent first
order rate constants were calculated from the slope of log (prodrug concentration) vs.
time plot and corrected for any chemical hydrolysis observed with the control.
LC/MS/MS Analysis
A fast and sensitive LC-MS/MS method has been developed in multiple reaction
monitoring (MRM) with electrospray (ES) positive ionization mode for detection of ACV
and novel biotinylated lipid prodrugs. QTrap® LC/MS/MS mass spectrometer (API
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3200, Applied Biosystems/MDS Sciex, Foster City, CA, USA) was employed to analyze
samples from non-radioactive cellular uptake studies. Chromatographic separation was
achieved on XTerra® RP C8 MS column 50 x 4.6 mm I.D, 5µm particle size (Waters
Corporation, Milford, MA) with isocratic mobile phase. The mobile phase consisted of
70 % acetonitrile, 30 % water and 0.1% formic acid which were pumped at a flow rate of
0.2 mL/min. Precursor ions of the analytes as well as internal standard were determined
from spectra obtained during the infusion of standard drug/prodrug solutions using an
infusion pump connected directly to the electrospray ionization source. Each of these
precursor ions was subjected to collision-induced dissociation to determine their
respective product ions. MRM transitions at m/z [M+H]+ generated were 226.4/152.2 for
ACV, 452.3/301.3 for B-ACV, 506.3/488.6 for R-ACV, 732.3/257.4 for B-R-ACV,
507.34/488.5 for 12HS-ACV, 735.6/257.3 for B-12HS-ACV and 256/152 for GCV. Peak
areas for all components were automatically integrated by using Analyst™ software and
peak-area ratios (area of analytes to area of IS) were plotted vs concentration by weighted
linear regression (1/concentration). The analytical data which resulted from prodrugs
with MRM method show a significant linearity. This method gave rapid and reproducible
results.
Stocks and stock dilutions of ACV and respective prodrugs were prepared
similarly following a previously published procedure [48, 51, 283]. Samples were
extracted by liquid-liquid extraction method. Ganciclovir (GCV) was used as an internal
standard to ensure reproducibility and reliability of the method. Prior to analysis, samples
were thawed at room temperature. Two hundred microliter sample along with 20 µL of
GCV (5 µg/mL) was extracted with 1mL of organic solvent containing 2:3 ratios of
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isopropanol and dichloromethane. The samples were vortexed for approximately 2 min
and centrifuged at 12000 g for 15 min at 4°C. Organic layer (850 µL) was transferred into
eppendorf tubes and evaporated to dryness under speed vacuum with a Speedvac
(SAVANT Instruments, Inc., Holbrook, NY). The residue was then reconstituted in 100
μL of mobile phase, vortexed for 30 sec and transferred into pre-labeled vials with
silanized inserts. Subsequently, 10 µL of the resulting solution was injected onto LCMS/MS. Appropriate calibration standards of ACV and all prodrugs were prepared by
spiking a known analyte concentrations to blank tissue homogenate following similar
procedure. A calibration curve was generated using calibration standards.
Antiviral Screening Procedures
Cells Culture and Virus Strains
Human foreskin fibroblast (HFF) cells prepared from human foreskin tissue were
obtained from the University of Alabama at Birmingham tissue procurement facility with
approval from its IRB. The tissue was incubated at 4°C for 4 h in Clinical Medium
consisting of minimum essential media (MEM) with Earl’s salts supplemented with 10%
FBS (Hyclone, Inc. Logan UT), L-glutamine, fungizone, and vancomycin. Tissue was
then placed in phosphate buffered saline (PBS), minced, rinsed to remove the red blood
cells, and resuspended in trypsin/EDTA solution. The tissue suspension was incubated at
37°C and gently agitated to disperse the cells, which were collected by centrifugation.
Cells were resuspended in 4 mL Clinical Medium and placed in a 25 cm2 flask and
incubated at 37°C in a humidified CO2 incubator for 24 h. The media was then replaced
with fresh Clinical Medium and the cell growth was monitored daily until a confluent
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monolayer was formed. HFF cells were then expanded through serial passages in
standard growth medium of MEM with Earl’s salts supplemented with 10% FBS, Lglutamine, penicillin, and gentamycin. The cells were passaged routinely and used for
assays at or below passage 10 [341]. Akata cells were kindly provided by John Sixbey
(Louisiana State University, Baton Rouge, LA). Cells were maintained in RPMI 1640
(Mediatech, Inc., Herndon, VA) supplemented with 10% FBS, L-glutamine, penicillin
and gentamicin at 37°C in a humidified 5% CO2 atmosphere. Cells were passaged 3 days
prior to performing the assay, enumerated on a hemacytometer and diluted to a final
concentration of 4×105 cells/mL. Latently infected cells were induced to undergo a lytic
infection by adding a F(ab’)2 fragment of goat anti-human IgG antibody (MP
Biomedicals, Aurora, OH) [342]. Strains of HSV-1 (E-377 strain) and HSV-2 (MS strain)
were a gift of Jack Hill (Burroughs Wellcome). The HCMV strain (AD169 strain) was
obtained from the American Type Culture Collection (ATCC, Manassas, VA) and the
construction of RC314 with a K355M mutation in the UL97 kinase was reported
previously [343]. Akata cells latently infected with EBV were obtained from John
Sixbey.
Antiviral Assays
Each experiment that evaluated the antiviral activity of the compounds included
both positive and negative control compounds to ensure the performance of each assay.
Concurrent assessment of cytotoxicity was also performed for each study (see below).
(i) Plaque Reduction Assays for HSV-1, HSV-2 and HCMV: Monolayers of HFF cells
were prepared in six-well plates and incubated at 37°C for 2 days to allow the cells to
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reach confluency. Media was then aspirated from the wells and 0.2 mL of virus was
added to each of three wells to yield 20-30 plaques in each well. The virus was allowed to
adsorb to the cells for 1 h and the plates were agitated every 15 minutes. Compounds
were diluted in assay media consisting of MEM with Earl’s salts supplemented with 2%
FBS, L-glutamine, penicillin, and gentamicin. Solutions ranging from 300 µM to 0.1 µM
were added to duplicate wells and the plates were incubated for various times, depending
on the virus used. For HSV-1 and -2, the monolayers were then stained with 1% crystal
violet in 20% methanol and the unbound dye was removed by washing with dH20. For
assays with HCMV, the cell monolayer was stained with 1% neutral red solution for 4 h
then the stain was aspirated and the cells were washed with PBS. For all assays, plaques
were enumerated using a stereomicroscope and the concentration of compound that
reduced plaque formation by 50% (EC50) and 90% (EC90) was interpolated from the
experimental data.
(ii) DNA Hybridization Assay for EBV: Assay for EBV was performed in Akata cells that
were induced to undergo a lytic infection with 50 µg/mL of a goat anti-human IgG
antibody by methods reported previously [342]. Experimental compounds were diluted in
round bottom 96-well plates to yield concentrations ranging from 60 µM to 0.48 µM.
Akata cells were added to the plates at a concentration of 4×104 cells per well and
incubated for 72 h. Briefly, 100 µL of denaturation buffer (1.2 M NaOH, 4.5 M 80 NaCl)
was added to each well to denature the DNA and a 50 µL aliquot was aspirated through
an Immobilon nylon membrane (Millipore, Bedford, MA) using a Biodot apparatus (BioRad, Hercules, CA). The membranes were then allowed to dry before equilibration in
DIG Easy Hyb (Roche Diagnostics, Indianapolis, IN) at 56°C for 30min. A specific
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digoxigenin (DIG)-labeled probe was prepared following the manufacturer’s protocol
(Roche Diagnostics). The primers (forward) 5’-CCC AGG AGT CCC AGT AGT CA-3’
and (reverse) 5’-CAG TTC CTC GCCTTAGGTTG-3, amplified a fragment
corresponding to coordinates 96802–97234 in EBV genome (AJ507799). Membranes
with EBV DNA were hybridized overnight at 56°C followed by sequential washes 0.2×
SSC with 0.1% SDS and 0.1× SSC with 0.1% SDS at the same temperature. Detection of
specifically bound DIG probe was performed with anti-DIG antibody according to the
manufacturer’s protocol (Roche Diagnostics). An image of the photographic film was
captured and quantified with QuantityOne software (Bio-Rad) and compound
concentrations sufficient to reduce the accumulation of viral DNA by 50% (EC50) and
90% (EC90), were interpolated from the experimental data.
Cytotoxicity Assays on Viral Cells
Every antiviral assay included a parallel cytotoxicity assay with the same cells
used for each virus, the same cell number, the same drug concentrations, and the same
incubation times to provide the same drug exposure. To ensure that the cytotoxicity of all
compounds could be compared directly, we also performed a standard neutral red uptake
cytotoxicity assay for all compounds in confluent HFF cells with a 7 day incubation
period.
(i) Neutral Red Uptake Cytotoxicity Assays: Each compound was evaluated in a standard
cytotoxicity assay by standard methods [341]. Briefly, HFF cells were seeded into 96well tissue culture plates at a 2.5 x 104 cells/well in standard growth medium. After 24 h
of incubation, medium was replaced with MEM containing 2% FBS, and compounds
147

were added to the first row and then 5-fold serial dilutes were used to generate a series of
compound concentrations with a maximum of 300 μM. Assay plates were then incubated
for 7 days, and 100 μL of a 0.66 mg/mL neutral red solution in PBS was added to each
well and the plates were incubated for 1 h. The stain was then removed, the plates rinsed
with PBS and the dye internalized by viable cells was solubilized in PBS supplemented
with 50% ethanol and 1% glacial acetic acid. The optical density was then determined at
550 nm and CC50 values were interpolated from the experimental data.
For all plaque reduction assays, neutral red cytotoxicity assays were performed on
a parallel set of 6-well plates containing HFF cells that received the same compound
concentrations as used for the antiviral assays, but remained uninfected. The cytotoxicity
plates were removed from the incubator on the same day as each antiviral assay and the
cell monolayer was stained for 6 h with 2 mL of a neutral red solution at a concentration
of 0.165 mg/mL in PBS. The dye was then removed, residual dye rinsed from the cells
with PBS, and cell monolayers were inspected visually for any signs of toxicity.
(ii) CellTiter Glo (Toxicity) Assay: Viability of Akata cells were assessed with the
CellTiter-Glo Luminescent Cell Viability Assay (Promega) following established
protocols [342]. Briefly, assay plates were incubated at ambient temperature for 30 min,
50 µL of CellTiter-Glo reagent was added to each well and the plates were mixed for 2
min on an orbital shaker to lyse the cells. The plates were then incubated for an additional
10 min at ambient temperature and the luminescence was quantified on a luminometer.
Standard methods were used to calculate drug concentrations that inhibited the
proliferation of Akata cells by 50% (CC50).
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Data Analysis
[3H] Biotin transport across freshly excised rabbit corneas in the presence of
biotinylated prodrugs were calculated according to Equation 9.

Eq. 9

CPMsample and CPMdonor denote average values of Counts per Minute (CPM) of sample
and donor (n = 4) respectively; Cdonor represents the concentration of donor used and
Csample represents the concentration of sample.
The flux and the permeability values were calculated according to Fick’s 1st law
of diffusion. Flux (Equation 10) was calculated by dividing the slope (obtained by
plotting a cumulative amount of the [3H] biotin permeated versus time) with the area
available for diffusion, i.e., 0.636 cm2.
( )

(

)

Eq. 10

dM/dT represents the amount of radioactive substance transported per unit time across
the cell monolayers with a cross-sectional area A.
Permeability values were calculated by dividing the flux values with the concentration of
the respective donor. Permeability (P) value was then calculated according to Equation
11.

Eq. 11
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Statistical Analysis
All the experiments were conducted at least in quadruplicate (n = 4), and results
are expressed as mean ± standard deviation (SD). Statistical comparison of mean values
was performed with one-way analysis of variance (ANOVA). A P-value of < 0.05 was
considered to be statistically significant.
Results
Uptake Study
Cellular accumulation of B-R-ACV, B-12HS-ACV, B-ACV, R-ACV, 12HS-ACV
and ACV was examined on SMVT expressing HCEC cells. Compared to ACV, the
uptake of B-R-ACV and B-12HS-ACV increased by approx. 13.6 and 13.1 times
respectively, whereas the uptake of B-ACV, R-ACV and 12HS-ACV increased only by
4.6, 1.8, 2.0 times respectively (Figure 39). As depicted in Figure 40, the uptake of B-RACV, B-12HS-ACV and B-ACV was significantly reduced to about 43%, 41% and 45%
in the presence of a sodium free buffer.
Interactions with SMVT on Rabbit Cornea
Transport of [3H] biotin (0.5 µCi/mL) across freshly excised rabbit cornea was
assessed. Cumulative amount transported was calculated from the transport data and
plotted against time. Unlabeled biotin and all biotinylated ACV prodrugs inhibited the
transport of [3H] biotin (Figure 41) demonstrating the ability of these compounds to
interact with SMVT. B-R-ACV and B-12HS-ACV caused a greater inhibition in [3H]
biotin transport than B-ACV suggesting the synergistic involvement of SMVT transporter
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Figure 39. Cellular accumulation of B-R-ACV, B-12HS-ACV, B-ACV, R-ACV, 12HSACV and ACV on HCEC cells. Uptake was performed at 37°C with DPBS buffer for 30
min. Values represent mean ± standard deviation (n = 4). A P-value of < 0.05 was
considered to be statistically significant and denoted by asterisk (*).
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Figure 40. Cellular accumulation of B-R-ACV, B-12HS-ACV and B-ACV on HCEC
cells in the presence and absence of sodium ions in DPBS buffer at 37°C. Data represents
mean ± standard deviation (n = 4). A P-value of < 0.05 was considered to be statistically
significant and denoted by asterisk (*).
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Figure 41. Transepithelial transport of [3H] biotin across freshly excised rabbit corneas in
the absence and presence of 50 μM unlabeled biotin, B-ACV, B-R-ACV, and B-12HSACV. Cumulative amount of [3H] biotin transported was measured in DPBS buffer at
34°C for 180 min. Data represents mean ± standard deviation (n = 4-6).
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and the lipid moiety in mediating cellular transport across the cornea. Permeabilities of
[3H] biotin were 3.73 × 10-6 cm/sec in comparison to 1.40 × 10-6 cm/sec, 3.10 × 10-6
cm/sec, 2.35 × 10-6 cm/sec, 2.44 × 10-6 cm/sec in presence of 50 µM concentration of
unlabeled biotin and B-ACV, B-R-ACV, and B-12HS-ACV, respectively (Figure 42).
Docking Analysis
Docking analysis was carried out to examine the affinity of biotinylated prodrugs
towards SMVT. The average Vina docking score for each predicted conformation is
shown in Table 5. The average Vina score was calculated using the nine highest Vina
docking scores for each biotinylated prodrug of ACV. The highest scoring binding poses
for each ligand along with the neighboring amino acids of Sodium-Dependent
Multivitamin Transporter are shown in Figure 43.
Binding affinity varies inversely with docking score meaning; the lower the
docking score, the stronger is the binding affinity. Docking of biotinylated lipid prodrugs
(B-R-ACV and B-12HS-ACV) yielded lower docking scores relative to non-lipidated but
biotinylated prodrug (B-ACV). These results signify that the lipid raft enhances the
affinity of prodrugs towards SMVT protein.
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Figure 42. Comparison of permeabilities (cm/sec) of [3H] biotin alone, in the presence of
50 μM unlabeled biotin, B-ACV, B-R-ACV, and B-12HS-ACV across freshly excised
rabbit corneas. Data represents mean ± standard deviation (n = 4-6). A P-value of < 0.05
was considered to be statistically significant and denoted by asterisk (*).
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Table 5. Docking scores of biotinylated lipid prodrugs of acyclovir. Binding affinity
varies inversely with docking score meaning; the lower the docking score, the stronger is
the binding affinity.
Average Docking
Score
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Figure 43. Biotinylated prodrugs of ACV are shown in their predicted binding site on
SMVT with all amino acid residues within 4 Å of the ligand. A) B-ACV; B) B-R-ACV
and C) B-12HS-ACV.
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Cell Proliferation Assay
Results from cytotoxicity studies on HCEC and rPCEC cells following exposure
for 48 h to B-RACV, B-12HS-ACV, B-ACV and ACV were shown in Figure 44. DMSO
(10% v/v) was used as a positive control and blank medium without any drug served as
the negative control. All biotinylated prodrugs did not exhibit any significant cytotoxicity
at the concentration tested, demonstrating that these compounds were safe and non-toxic.
Simultaneous conjugation of biotin and lipid rafts to ACV did not show any sign of
toxicity and were equivalent or even better than parent ACV.
Ocular Tissue Stability
Enzymatic degradation of all the prodrugs (B-R-ACV, B-12HS-ACV and BACV) was studied in ocular tissues such as cornea, ICB and lens. Biotinylated lipid
prodrugs (B-R-ACV and B-12HS-ACV) exhibited better stability and were less
susceptible to enzymatic degradation compared to non-lipidated but biotinylated prodrug,
B-ACV. Degradation rate constants of all prodrugs in rabbit ocular tissue homogenates
are shown in Table 6. All the prodrugs exhibited a first-order degradation rate in ocular
tissue homogenates. Unlike B-ACV, biotinylated lipid prodrugs (B-R-ACV and B-12HSACV) exhibited greater stability in ocular tissues (ICB and lens) indicating that these
prodrugs were stable and less susceptible to enzymatic hydrolysis.
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Figure 44. Cytotoxicity assay in the presence of B-R-ACV, B-12HS-ACV, B-ACV and
ACV on HCEC and rPCEC cells for 48 h. DMSO (10% v/v) served as a positive control.
Data represent mean percentage of viable cells ± standard deviation (n = 4). A P-value of
< 0.05 was considered to be statistically significant and denoted by asterisk (*).
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Table 6. First-order hydrolysis rate constants and half-lives of B-ACV, B-R-ACV and B-12HS-ACV in cornea, iris-ciliary
body (ICB) and lens homogenates. Values are represented as mean ± standard deviation (n = 4). Values reported are rounded
off to significant digits at every step during calculations. ND = not determined due to rapid degradation.

Prodrugs
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B-R-ACV
B-12HS-ACV
B-ACV

Cornea
Rate constant
(k×103 min−1 Half-life (hrs)
mg protein-1)
1.84 ± 0.30
6.37 ± 1.01
1.78 ± 0.29
6.62 ± 1.08
1.99 ± 0.21
5.80 ± 0.49

ICB
Rate constant
(k×103 min−1
mg protein-1)
3.75 ± 0.28
3.58 ±0.70
ND

Half-life (hrs)
3.09 ± 0.24
3.45 ± 1.06
-

Lens
Rate constant
(k×103 min−1 Half-life (hrs)
mg protein-1)
0.84 ± 0.02
13.70 ± 0.34
0.85 ± 0.16
13.85 ± 2.32
ND
-

Figure 45 highlights the varied susceptibility of B-R-ACV and B-12HS-ACV to
ocular tissues such as cornea, ICB and lens. The half-lives of B-R-ACV and B-12HSACV were almost similar in all the ocular tissues studied. On the contrary, complete
degradation of B-ACV was observed in ICB and lens homogenates.
Antiviral Screening
To determine the in vitro antiviral activity of biotinylated ACV prodrugs against
members of the α-herpesviruses, β-herpesvirus and γ-herpesviruses, all the compounds
were tested against representative strains of HSV-1 and HSV-2, HCMV and EBV,
respectively. Summary of viral strains, cell lines, and concentration ranges and assay
methods employed for antiviral screening against HSV-1, HSV-2, HCMV and EBV are
listed in Table 7. The antiviral activities and cytotoxic potencies of ACV prodrugs have
been summarized in Table 8. ACV served a positive control for antiviral screening
against HSV-1, HSV-2 and EBV, while GCV was used as a positive control for screening
against HCMV. As evident by the EC50 values, 12HS-ACV demonstrated greater than 3
fold and 15 fold increase in antiviral activity against HSV-1 and HSV-2, respectively. B12HS-ACV also displayed 34- and 60-fold rise in antiviral potency against HSV-1 and
HSV-2, respectively. The EC50 value for B-R-ACV against HSV-2 was 0.27 µM, which
is about 22 fold lower than that of ACV suggesting its greater antiviral potency. Both the
biotinylated lipid prodrugs (B-R-ACV and B-12HS-ACV) exhibited greater potency
against HSV-1 and HSV-2. EC90 values clearly demonstrate that B-R-ACV is at least 4.5
and 8.7 times more potent against representative strains of HSV-1 and HSV-2,
respectively relative to ACV. Surprisingly, B-12HS-ACV was approximately 200 and 21
times more potent against HSV-1 and HSV-2 relative to ACV. Both these prodrugs
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Figure 45. Comparison of hydrolytic rate constants for B-R-ACV and B-12HS-ACV in
various ocular homogenates (cornea, ICB and lens). Data represents mean ± standard
deviation (n = 4).
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Table 7. Summary of viral strains, cell lines, concentration ranges and assay methods employed for antiviral screening
against HSV- 1, HSV-2, HCMV and EBV.

Virus Screened
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Virus Strain
Cell Line
Vehicle
Prodrug
Concentration Range
Control
Concentration Range
Assay Method

Herpes Simplex Virus 1
(HSV-1)
E-377
HFF
DMSO
0.1 - 300 μM

Herpes Simplex Virus 2
(HSV-2)
MS
HFF
DMSO
0.1 - 300 μM

Human Cytomegalovirus
(HCMV)
AD169
HFF
DMSO
0.1 - 300 μM

Epstein-Barr Virus
(EBV)
Akata
Akata
DMSO
0.48 - 60 μM

0.032 - 100 μM

0.032 - 100 μM

0.032 - 100 μM

0.8 - 100 μM

Crystal Violet
(Cytopathic
effect/Toxicity)

Crystal Violet
(Cytopathic
effect/Toxicity)

Crystal Violet (Cytopathic
effect/Toxicity)

DNA
hybridization/CellTiter
Glo (Toxicity)

Table 8. In vitro antiviral activity (EC50 and EC90), cytotoxicity (CC50) and their selectivity indices (SI) of prodrugs of
ACV against HSV-1, HSV-2, HCMV and EBV.
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EC50 = Compound concentration that reduces viral replication by 50%, in units of µM concentration.
EC90 = Compound concentration that reduces viral replication by 90%, in units of µM concentration.
CC50 = Compound concentration that reduces cell viability by 50%, in units of µM concentration.
SI50 = Selectivity index calculated as the CC50 divided by the EC50.
SI90 = Selectivity index calculated as the CC90 divided by the EC90.

revealed very high selectivity indices (CC50/EC50) against HSV-1 and HSV-2 indicating
that these compounds are highly selective and effective against virus infected cells.
Since ACV is not indicated for the treatment of human CMV infections, all the
prodrugs tested in this study were found to be inactive against HCMV strains (Table 8).
An interesting observation was that B-R-ACV was highly active against representative
strain of EBV. The EC50 and EC90 values were 2.1 and 41.5 µM indicating that this
compound is at least 6 and 1.6 times, respectively more potent than ACV (EC 50 = 12.4
µM and EC90 = 67.3 µM). Neutral red uptake cytotoxicity and CellTiter Glo (Toxicity)
assays were performed to examine for any sign of toxicity. The obtained CC50 values
from all the assays evaluated in this study were presumably very higher than EC50 values,
confirming that these biotinylated lipid prodrugs were not cytotoxic to non-virus infected
cells. All these prodrugs are currently under investigation by NIH/NIAID for screening
their in vivo antiviral efficacy in virus infected animal models.
Discussion
Herpetic keratitis (HK) is a viral infection of the cornea and remains the leading
cause of visual morbidity in developed nations like the United States. ACV has been the
standard therapy for management of HK for many years. Prolonged treatment with ACV
resulted in the incidence of ACV resistance in immunocompromised patients [78, 332].
Recently we reported the development of novel conjugated compounds in which the
hydrophilic drug (ACV) is linked to a substrate for membrane transporter (SMVT) via
lipid rafts. This novel technology has enabled greater cellular uptake of therapeutic
agents [51]. The current study is focused on investigating the feasibility of utilizing
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biotinylated lipid prodrugs of ACV as potential drug candidates for the treatment of HSV
infections, especially HK.
HCEC cells have been employed for performing cellular uptake studies because
of the functional and molecular presence of SMVT. Also, it has been suggested as a good
in vitro model for evaluating the cellular absorption of biotinylated prodrugs [48].
Cellular uptake study was carried out in HCEC cells to determine the rate of cellular
accumulation. Enhanced uptake of biotinylated lipid prodrugs (B-R-ACV and B-12HSACV) was observed relative to biotinylated but non-lipidated prodrug (B-ACV). Such
marked increase in intracellular drug accumulation might presumably be due to the
synergistic effect of transcellular diffusion due to enhanced lipophilicity and significant
carrier-mediated transport by SMVT (Figure 39). Significant diminution in the uptake of
B-R-ACV, B-12HS-ACV and B-ACV in the absence of sodium suggested that the
prodrug uptake is mediated by SMVT, which is a highly sodium-dependent transporter
Figure 40.
[3H] biotin, a well-established SMVT substrate, was employed to establish
correlation with respect to interaction of biotinylated prodrugs with SMVT on the rabbit
cornea [50]. [3H] biotin permeability across freshly excised rabbit cornea was assessed in
the presence of unlabeled biotin and biotinylated prodrugs (Figure 41). Interaction of
biotinylated prodrugs with SMVT was clearly indicated by inhibition of [3H] biotin
transport. Biotinylated lipid prodrugs (B-R-ACV and B-12HS-ACV) caused greater
inhibition of [3H] biotin transport suggesting their enhanced affinity towards SMVT
relative to B-ACV (Figure 42). Such enhanced interaction could be attributed to the
current approach which combines both lipid and transporter targeted delivery to generate
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synergistic effect. Docking analysis was carried out to examine the affinity of all
biotinylated prodrugs towards SMVT. Average Vina Scores obtained from docking
studies suggest that the biotinylated lipid prodrugs of ACV possess enhanced affinity
towards the SMVT protein than B-ACV (Table 5). Moreover, from drug delivery point
of view, biotinylated lipid prodrugs of ACV may possess higher binding affinity for
SMVT. Further, cell proliferation assay on HCEC and rPCEC cells suggest that all the
prodrugs were safe and non-toxic to corneal epithelial cells.
Prodrugs are designed to therapeutically inactive until in vivo bioactivation to
release the parent drug which then exerts its therapeutic effect. Therefore, ocular tissue
homogenate studies were carried out to evaluate the enzymatic degradation of all
biotinylated prodrugs. Targeted lipid prodrugs B-R-ACV and B-12HS-ACV exhibited
better stability in cornea, ICB and lens homogenates relative to B-ACV (Table 6). Such
enhanced stability might be due to the presence of lipid rafts which may slow down the
enzymatic cleavage by the various ocular tissues. Also, esterase activity has been
reported to decrease due to the increased bulk of the lipid moiety leading to steric
hindrance [344-346]. B-R-ACV and B-12HS-ACV were relatively less stable in ICB
compared to cornea and lens because of the abundant esterase activity in ICB followed by
cornea and lens [344, 347, 348]. Even though esterase activity is abundant in ICB, the
activity in cornea is highly relevant since HSV establishes long term latency in the cornea
and the cornea acts as a major permeation pathway for topically administered drugs.
Surprisingly, B-ACV was rapidly hydrolyzed in ICB and lens suggesting increased
susceptibility of this compound to esterases.
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Antiviral activity of the prodrugs was screened against HSV-1, HSV-2, HCMV
and EBV. Biotinylated lipid prodrugs (B-R-ACV and B-12HS-ACV) were particularly
highly effective against strains of HSV-1 and HSV-2 (Table 8). Greater antiviral activity
of these two compounds may probably be due to enhanced cellular accumulation into the
viral infected cells. On the other hand, B-R-ACV was found to be more potent against
viral strains of EBV and could be a promising candidate for infections caused by EBV.
As expected, all the compounds tested in this study were found to be inactive against
viral strains of HCMV. Higher selectivity indexes of both the biotinylated lipid prodrugs
with greater antiviral potency and lack of cytotoxicity to non-viral infected cells makes
these compounds highly favorable for clinical development.
Conclusion
In summary, biotinylated lipid prodrugs of ACV were successfully designed and
evaluated as potential drug candidates against herpes viruses. The overall aim of this
study was to improve the cellular absorption of ACV by employing targeted lipid prodrug
strategy and investigating the feasibility of utilizing biotinylated lipid prodrugs for
corneal drug delivery. Biotinylated lipid prodrugs of ACV have shown synergistic
improvement in cellular uptake due to recognition of the prodrugs by SMVT on the
cornea and lipid mediated transcellular diffusion. These compounds displayed excellent
tissue stability and minimal/no cytotoxicity. Also, these novel compounds exhibited
excellent antiviral activity against HSV-1, HSV-2 and EBV. These biotinylated lipid
prodrugs appear to be promising drug candidates for the treatment of HK and thus may
lower ACV resistance in patients with poor clinical response to therapy.
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CHAPTER 7
SYNTHESIS AND ANTIVIRAL ACTIVITIES OF BIOTINYLATED LIPID
PRODRUG OF ACYCLOVIR (B-10HD-ACV): INTERACTION WITH SMVT
Rationale
Infections by herpes viruses are one of the most frequent causes of blindness in
the United States with 500,000 people experiencing HSV-related ocular disease [313,
349]. Following a primary infection, there is approximately a 50% chance of recurrence
within 2 years. Secondary infections resulting from reactivations cause dendritic keratitis,
the most common cause of corneal opacity in developed countries. HSV establishes long
term latency and reactivates periodically. Prevention of this recurrence can only be
achieved by complete elimination of virus particles from the body. Incessant suppression
rather than intermittent dosing was suggested as the preferred therapeutic intervention
[181, 204]. Genital herpes, also caused by HSV, is a recurrent, lifelong disease with no
cure. The incidence of genital GSV infection has increased significantly over the past 20
years [350, 351]. The prevalence of this infection has drastically increased by
approximately 30-40 % during the last two decades and about 86 million people suffer
with genital infections worldwide [352, 353].
ACV is the drug of choice for HSV infections; however, its oral and ocular
bioavailability is limited due to poor solubility and permeability across intestinal and
ocular tissues. Systemic drug delivery (intravenous or oral) is also considered an effective
route to treat various ocular diseases. However, drugs administered by this route must be
able to traverse through the blood ocular barriers (BOB) to reach the intraocular tissues.
169

The blood aqueous and blood retinal barrier constitute BOB. Following systemic
administration, cellular absorption of hydrophilic drug molecules such as ACV and GCV
is restricted by BOB. Recently, a functionally active SMVT was identified on both blood
aqueous and blood retinal barrier [49, 239]. SMVT can be utilized to increase the ocular
bioavailability of ACV following oral or intravenous administration. However, effective
absorption by SMVT at BOB requires the presence of intact prodrug at the absorption site
for prolonged periods. Several prodrugs including valaciclovir and other dipeptide
prodrugs given orally were found to be rapidly metabolized to their parent drug, thus
limiting the availability of prodrug to ocular membrane transporters expressed at BOB
[354, 355]. After oral or systemic administration, prolonged residence time of intact
prodrug in the systemic circulation will facilitate targeting the SMVT on BOB. Hence,
there is a need to design prodrugs that are fairly stable in the systemic circulation to
facilitate translocation by the membrane transporters at BOB in therapeutic amounts.
Different strategies have been attempted to improve the cellular absorption of
ACV. Lipophilic prodrug derivatization enabled lipid prodrugs to readily diffuse across
the cell membrane by facilitated diffusion. Also, transporter targeted approach has been
investigated in which drug is attached to a ligand (promoiety) which is a substrate for
specific membrane transporter. Such transporter targeted prodrugs translocate these
conjugated compounds across the cell membrane via active transport. Though successful,
both these approaches have individually shown marginal improvement in cellular
absorption. Therefore, we hereby present a novel approach which combines both lipid
and transporter targeted delivery to generate synergistic effect. We hypothesize that the
lipid raft facilitates enhanced interaction of prodrug with membrane nutrient transporters
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probably assisting docking of the targeted ligand into the binding domain of the
transporter protein.
Further, we chose SMVT as a potential target for drug delivery. SMVT is the
primary transport system responsible for biotin uptake. This transport system also carries
vitamins (pantothenate and lipoate) and other cofactors essential to the intestine and
ocular tissues. SMVT possess excellent capacity and affinity for utilization in drug
delivery. The water-soluble vitamin biotin is essential for normal cellular functions,
growth and development [47, 48, 224, 356]. In this work, biotinylated lipid prodrug,
biotin-10hydroxydecanoic acid-acyclovir (B-10HD-ACV) has been synthesized. This
prodrug was evaluated for interaction ability with SMVT, cytotoxicity and in vitro
antiviral activity against HSV-1, HSV-2, HCMV and EBV.
Materials and Methods
ACV was a gift from GlaxoSmithKline (Research Triangle Park, NC). Biotin and
10-hydroxydecanoic acid were obtained from Sigma–Aldrich (St. Louis, MO). [3H]
biotin (60 Ci/mmol) was purchased from Perkin-Elmer Life Science, Inc. (Boston, MA).
The growth medium, Dulbecco’s modified Eagle’s medium (DMEM) and TrypLE™
Express were purchased from Invitrogen (Carlsbad, CA). Nonessential amino acids,
penicillin, streptomycin, sodium bicarbonate and HEPES were obtained from Sigma–
Aldrich (St. Louis, MO). Fetal bovine serum (FBS) was procured from Atlanta
Biologicals (Lawrenceville, GA). Culture flasks (75 cm2 growth area), 12-well plates (3.8
cm2 growth area per well) and 96-well plates (0.32 cm2 growth area per well) were
purchased from Costar (Cambridge, MA). The buffer components and solvents were
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procured from Fisher Scientific Co. (Fair Lawn, NJ). All other chemicals were obtained
from Sigma–Aldrich (St. Louis, MO) and used without further purification.
Synthesis
Synthesis of 10-Hydroxydecanoic acid-ACV (10HD-ACV)
Commercially available 10-Hydroxydecanoic acid (500 mg, 2.66 mmol) was
dissolved in DMF (5 mL). EDC (1019.89 mg, 5.32 mmol) was added and stirred for 1h at
room temperature. In a separate reaction flask, ACV (599.06 mg, 2.66 mmol) was
dissolved in DMF and DMAP (487.46 mg, 3.99 mmol) was added and continued stirring
for 10 min at room temperature under inert atmosphere to activate the hydroxyl group of
ACV. This mixture was added into the reaction mixture containing 10-Hydroxydecanoic
acid through a syringe and continued stirring for 72 h at room temperature. A small
portion of the reaction mixture was taken out and injected into LC/MS to ensure complete
conversion of the starting material to product. The reaction mixture was filtered and
solvent was evaporated at room temperature under reduced pressure to get crude product.
The product 10-Hydroxydecanoic acid-ACV (10HD-ACV) was purified by silica column
chromatography using 10% MeOH/DCM as eluent with 53% yield.
Synthesis of Biotin-10-Hydroxydecanoic acid-ACV (B-10HD-ACV)
Biotin (200 mg, 0.82 mmol) was dissolved in DMF (1 mL). EDC (314.4 mg, 1.64
mmol) was added and stirred for 1h at room temperature. In a separate reaction flask,
10HD-ACV (324.28 mg, 0.82 mmol) was dissolved in DMF and DMAP (150.27 mg,
1.23 mmol) was added and continued stirring for 10 min at room temperature under inert
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atmosphere. This mixture was added into the reaction mixture containing biotin through a
syringe and continued stirring for 72 h at room temperature. Small portion of the reaction
mixture was taken out and injected into LC/MS to ensure the complete conversion of the
starting material to product. The reaction mixture was filtered and solvent was evaporated
at room temperature under reduced pressure to get crude product. The product Biotin10Hydroxydecanoic acid-ACV (B-10HD-ACV) was purified by silica column
chromatography using 12% MeOH/ DCM as eluent with 61% yield.
Interaction of B-10HD-ACV with SMVT
Radioactive uptake of [3H] biotin was performed on MDCK-WT cell monolayers
in the presence of unlabeled biotin and B-10HD-ACV. Drugs were dissolved in DMSO to
generate stock solution. Then solutions were prepared by diluting the stock solution with
DPBS and 0.5 µCi/mL of [3H] biotin was added immediately before experiment. Cells
were rinsed three times, 10 minutes each with DPBS and uptake was initiated by adding 1
mL drug solution in each well, incubated for a period of 15 minutes. After incubation the
drug solution was removed and uptake was stopped by adding ice cold stop solution (200
mM KCl and 2 mM HEPES). Cells were lysed overnight with lysis solution (1 mL 0.1%,
w/v, Triton X-100 in 0.3N sodium hydroxide) at room temperature. Aliquots of 500 µL
were withdrawn from each well and transferred to scintillation vials containing 3 mL
scintillation

cocktail.

Samples

were

then

analyzed

by

liquid

scintillation

spectrophotometry with a Beckman scintillation counter (Model LS-6500, Beckman
Instruments, Inc. Fullerton, CA). The rate of uptake was normalized to the protein
content of each well. Amount of protein in the cell lysate was estimated by BioRad
protein estimation kit (BioRad, Hercules, CA).
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Estimation of Cytotoxicity Using Cell Proliferation Assay
For testing the toxicity of prodrugs, cell proliferation assay was carried out. For
this assay Cell Titer 96® Aqueous Non-Radioactive Cell Proliferation Assay Kit
(Promega, Madison, WI) was used. This assay determines the number of viable cells left
after the exposure to the prodrugs on the basis of colorimetry. Cells which are
metabolically active release an enzyme called Dehydrogenase which in turn reduces the
dye

(3-(4,5-dimethlythiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl-2H-

tetrazolium), MTS, present in the assay kit into a water soluble compound called
formazan. This compound could be measured at 490 nm wavelength through absorption
spectrometer. The quantity of formazan formed is directly proportional to the number of
viable cells.
MDCK-WT cells were seeded on 96 well plates with cell density of 1.2 ×104 cells
per well. Cells were cultured in humidified environment with 5% CO2 and 95% air in cell
culture incubator maintained at 37°C. Sterile drug solutions of TFT, ACV, B-ACV,
10HD-ACV, B-10HD-ACV at different concentrations were prepared in the culture
medium using 0.22 µm nylon sterile membrane filters and 100 µL of drug solution was
added to the wells. After 48 h of incubation, drug solutions were added to the wells along
with one positive control (without drug) and also one negative control (without cells).
After drug exposure for 48 h, 20 µL dye solution was added to each well and kept back in
incubator for 4 h to enable the dye to react. To determine the amount of formazan
formed, an automatic 96 well micro-plate reader reader (SpectraFluor Plus; Tecan,
Maennedorf, Switzerland) was used and absorbance was set at 490 nm wavelength. As
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the viability of the cells is directly proportional to the amount of formazan formed, the
percentage of viable cells were estimated with respect to that of the control.
In Vitro Antiviral Activity and Cytotoxicity Testing
Preparation of Human Foreskin Fibroblast Cells
New born human foreskins were obtained immediately after circumcision and
were placed in minimal essential medium (MEM) containing 50 µg vancomycin/mL, 3
µg fungizone/mL, 100 units penicillin/mL and 25 µg gentamicin/mL, for 4 h at room
temperature. Subsequently, the medium was removed; the collected foreskins were
minced into small pieces and washed repeatedly to remove red cells. The tissue was then
trypsinized using trypsin (0.25%) with continuous stirring for 15 min at 37°C in a CO2
incubator. After each 15 min period, the tissue was permitted to settle to the bottom of
the flask. The supernatant (containing cells) was passed through sterile cheesecloth into a
flask containing MEM and 10% fetal bovine serum. The flask containing medium was
kept on ice throughout this procedure. After each decanting, the cheese cloth was washed
with MEM containing serum. Fresh trypsin was added each time to the foreskin pieces
and this procedure was repeated until no more cells became available. Further, the cell
containing medium was centrifuged at 1000 rpm for 10 min at 4°C. The supernatant
liquid was discarded and the cells were resuspended in a small amount of MEM with
10% FBS. The cells were counted using a coulter counter and then cultured in 25 cm2
tissue culture flasks. Cells were subcultured in 175 cm2 flasks and maintained on
vancomycin and fungizone to passage number three. Cell lines were tested every so often
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for the presence of mycoplasma contamination using the Hoechst fluorescent stain for
mycoplasma DNA. Further, cells were utilized only until passage 10 for further studies.
Plaque Reduction Assay
Two days prior to experimentation, Human Fibroblast Foreskin (HFF) cells were
trypsinized, counted and plated into six-well plates and incubated at 37°C with 5% CO2
and 90% humidity. During the day of experimentation, the drug/prodrug solutions were
prepared at the desired concentration in 2% MEM and then serially diluted 1:5 in 2%
MEM to obtain six concentrations of drug/prodrug. The drug concentrations utilized were
usually 100-0.03 µM. The respective virus was diluted in MEM containing 10% FBS to a
desired concentration which will give 20–30 plaques per well. The culture media was
then aspirated from each well and 200 µL of virus was added to each well in triplicate
with 200 µL of media being added to drug toxicity wells. Subsequently, the plates were
incubated for 1 h with shaking every 15 min. After the incubation period, 2 mL of the
drug/prodrug solutions were added to each well and the plates were incubated for
different days for HSV-1, HSV-2 and EBV, after which the cells were stained with 1.5%
solution of neutral red. At the end of 4-6 h incubation period, the stain was aspirated, and
plaques were counted using a stereomicroscope at 10× magnification. Also, the cytotoxic
concentration which was toxic to 50% of the cells tested (CC50) and effective
concentration which produces effect in 50% of the cells tested (EC50) values were
determined.
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Results
Synthesis
The synthetic scheme is provided in Figure 46. The percent yield, mass and NMR
(1H NMR) spectra for B-10HD-ACV was given below.
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Figure 46. Synthesis of 10-Hydroxydecanoic acid-ACV and biotin-10-Hydroxydecanoic
acid-ACV.

Biotin-10Hydroxydecanoic acid-ACV (B-10HD-ACV): White solid, Yield 61%;
LC/MS(M/z): 622.2; 1HNMR(DMSO-d6): δ 1.15 - 1.58 (m, 20H), 1.77 – 2.17 - 2.24 (m,
2H), 2.30 – 2.38 (m, 2H), 2.87 – 3.10 (m, 3H), 3.61 – 3.91(m, 2H), 3.93 – 4.08 – 4.20 (m,
4H), 4.26 – 4.30 (m, 2H), 5.68 (s, 2H), 7.47 (m, 2H), 7.87 (s, 1H), 8.15 (m, 2H);10.70
(brs, 1H).
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Interaction of B-10HD-ACV with SMVT
To investigate the involvement of SMVT, the substrate specificity of the
transporter was examined by performing the uptake [3H] biotin in the presence of B10HD-ACV and B-ACV on MDCK-WT cells. The uptake of [3H] biotin reduced to 23%
and 58% of control, in the presence of 25 µM B-ACV and B-10HD-ACV, respectively.
Biotinylated lipid prodrug B-10HD-ACV showed greater inhibition in the uptake of [3H]
biotin (Figure 47). This suggests that this prodrug may be recognized by SMVT
transporter. The inhibition of B-ACV was less than that of B-10HD-ACV since nonlipidated but biotinylated prodrug of ACV may not have similar affinity for SMVT
compared to biotinylated lipid prodrug.
Cytotoxicity Assay
Cytotoxicity assay was performed on MDCK-WT cell monolayers for a period of
48 h to evaluate the cytotoxic effect of all the prodrugs studied. Neither ACV nor its
biotinylated lipid prodrug B-10HD-ACV demonstrated any cytotoxic effect at the
examined concentrations (50 and 200 µM). Results from this assay clearly suggest that
the targeted and non-targeted lipid prodrugs studied may be comparatively less cytotoxic
with respect to ACV and TFT, the current gold standard treatment (Figure 48).
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Figure 47. [3H] biotin uptake in MDCK-WT cells in the presence of 25 µM B-ACV and
B-10HD-ACV. Cells were incubated at 37°C in DPBS buffer for 15 min. Data
represented as mean ± SD (n = 4-6).
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Figure 48. Cell proliferation assay in the presence of different concentrations of B-10HDACV, 10HD-ACV, B-ACV, ACV and TFT. Data represent mean percentage of viable
cells ± S.D (n =4).

180

In Vitro Antiviral Activity and Selectivity
Antiviral potencies of 10HD-ACV and B-10HD-ACV have been summarized in
Table 9. These prodrugs exhibited excellent in vitro antiviral activity against HSV-2 and
EBV. Surprisingly, there was no increase in antiviral potency of these prodrugs against
HSV-1. In fact, 10HD-ACV and B-10HD-ACV were about 2 and 17 times more potent
against HSV-2 than ACV, respectively. Interestingly, 10HD-ACV showed excellent
antiviral activity against EBV with an EC50 of 2.3 µM in comparison to 12.4 µM for
ACV. As expected, there was no antiviral activity against HCMV strains because of the
parent drug which does not possess any intrinsic antiviral activity against HCMV. The
CC50 values indicated that these prodrugs were not cytotoxic to non-virus infected cells.
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Table 9. In vitro antiviral activity (EC50 and EC90), cytotoxicity (CC50) and their selectivity indices (SI) of prodrugs of ACV
against HSV-1, HSV-2, HCMV and EBV.

EC50 = Compound concentration that reduces viral replication by 50%, in units of µM concentration.
EC90 = Compound concentration that reduces viral replication by 90%, in units of µM concentration.
CC50 = Compound concentration that reduces cell viability by 50%, in units of µM concentration.
SI50 = Selectivity index calculated as the CC50 divided by the EC50.
SI90 = Selectivity index calculated as the CC90 divided by the EC90.
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Discussion
The objective of this study was to synthesize a series of targeted lipid prodrugs of
ACV and to investigate their interaction with SMVT, cytotoxicity, and in vitro antiviral
activity. The overall aim was to investigate whether these new ACV prodrugs are effective
in treating various herpes infections that are currently prevalent in immunocompromised
patients. The synthesis has been carried out by conjugating the compounds via
esterification reactions. NMR data confirms the structure of all the prodrugs synthesized
(Figure 46). MDCK-WT cells have been selected for inhibition studies because it has
been shown as an alternative to Caco-2 cell line for high throughput screening in drug
discovery.
Specific interaction of biotinylated prodrugs with SMVT has been examined by
performing the cellular uptake of [3H] biotin across MDCK-WT cell monolayers in the
presence of B-10HD-ACV and B-ACV. Uptake of biotin was significantly inhibited in the
presence of B-ACV and B-10HD-ACV in MDCK-WT cells indicating the recognition of
prodrug by SMVT transporter (Figure 47). However, biotinylated lipid prodrug B-10HDACV produced greater diminution in biotin uptake. Such greater inhibition of [3H] biotin
uptake by B-10HD-ACV compared to B-ACV may be attributed to the presence of lipid
raft in biotinylated lipid prodrug which further aids in enhancing the inhibitory potential of
the compound compared to non-lipidated biotin conjugated prodrug. Results from this
study strongly correlates to the one obtained from previous studies in Chapter 4.
Cytotoxicity assay was performed on MDCK-WT cell monolayers for a period of 48 h to
evaluate the cytotoxic effect of all the prodrugs studied. Results from cytotoxicity assay
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showed that prodrugs were safe and exhibit much lower cytotoxicity relative to ACV and
TFT, the current gold standard treatment (Figure 48).
Antiviral activity of the prodrugs was screened against HSV-1, HSV-2, HCMV
and EBV. B-10HD-ACV was particularly highly effective against HSV-2 strains (Table
9). Surprisingly, there was no increase in potency of these prodrugs against HSV-1. As
expected, there was no antiviral activity against HCMV strains because of the parent drug
which does not possess any intrinsic activity against HCMV. Greater antiviral potency of
these compounds may probably be due to enhanced cellular accumulation into the virus
infected cells. On the other hand, 10HD-ACV was found to be more potent against viral
strains of EBV and could be a promising candidate for infections caused by EBV. Higher
selectivity indexes of non-biotinylated and biotinylated lipid prodrugs with greater
antiviral potency and lack of cytotoxicity to non-virus infected cells makes these
compounds highly favorable for clinical development. Therefore, further investigations
regarding their use in other herpes infections should be carried out.
Conclusion
In summary, results from this study clearly demonstrate that B-10HD-ACV
exhibit higher affinity towards SMVT. Cellular accumulation of these prodrugs is mainly
mediated by SMVT as biotin uptake can be significantly inhibited. The lipid raft
facilitates enhanced interaction of prodrug with membrane proteins probably assisting
docking of the targeted ligand into the binding domain of transporter/receptor protein.
Cytotoxicity of the prodrugs were comparable to that of the parent drug ACV indicating
that this novel prodrug design did not lead to increased cytotoxicity. Also, these novel
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compounds exhibited excellent antiviral activity against HSV-2 and EBV. Considering
the interaction ability of these prodrugs with SMVT and antiviral activities, biotinylated
lipid prodrugs appear to be ideal candidates for treating herpes infections following oral
and ocular administrations.
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CHAPTER 8
NANOMICELLES: AN EMERGING PLATFORM FOR DRUG DELIVERY TO THE
EYE
Delivery of pharmacologically active drugs at therapeutic concentrations to the
target tissues with minimal/no toxicity to the healthy ocular tissues still remains a
significant challenge for ocular pharmacologists. The complex anatomy and physiology
of the eye restricts drug entry to the desired site of action, thus rendering it a highly
protected organ [1]. Furthermore, existence of static and dynamic barriers including the
lipophilic corneal epithelium, hydrophilic corneal and scleral stroma, conjunctival
lymphatics, choroidal vasculature and blood-ocular barriers also pose a significant
challenge for ocular drug absorption [357, 358].
Topical administration (eye drops) is the most preferred, convenient and patient
compliant route of drug administration for treating ophthalmic disorders. Though highly
desirable, ocular drug availability following topical drop instillation is very low. Several
protective mechanisms severely limit ocular drug absorption. Such constraints to topical
ocular drug delivery include: a) high-resistance by drug absorption barriers offered
primarily by the corneal and conjunctival layers, b) rapid elimination from the cul-de-sac
due to drainage of the instilled solutions, c) lacrimation, blinking and tear turnover, d)
binding by the lacrimal proteins, e) metabolism of pharmacologically active drug by
enzymes present in tears, f) limited corneal space and poor corneal permeability, and g)
removal of the therapeutic agent by highly vascularized ocular tissues such as
conjunctiva, choroid, uveal tract, and inner retina [5, 76]. Topical administration is
186

advantageous because of its ease of application, minimal risk of infection compared to
implantation (during surgery) or any injection based systems and their suitability to adjust
dose [359]. Although a relatively small percentage (typically less than 5%) of topically
applied dose reaches the anterior ocular tissues, topical formulations can be highly
effective with high drug concentrations arising from highly soluble drug substances.
Currently, many research groups in academia and industry are focused on
developing topical formulations which could enable drug delivery to the anterior and
particularly the posterior segments (back of the eye). Currently, the treatment of posterior
segment diseases is significantly limited due to difficulties in delivering therapeutic drug
concentration to target tissues in the posterior chamber. Drug delivery into the vitreous by
intravitreal injections is the current mode of treatment for these diseases. However, such
a regimen is not patient compliant. Moreover, it is largely associated with a growing risk
of tissue damage, infection and serious adverse effects. Therefore, a successful topical
formulation enabling drug delivery to front and back of the eye would redefine ocular
drug delivery and provide opportunities to address large markets, including dry eye
syndrome, glaucoma, age-related macular degeneration, CMV retinitis, diabetic
retinopathy, and other inherited retinal degenerative diseases [1, 4, 203, 360-362].
Several drugs are currently available for effective treatment of ocular disorders.
However, these potential therapeutic agents are often dropped from the initial screening
portfolio due to failure in developing a suitable and efficient delivery system. Many
agents being very hydrophobic lowers the feasibility of generating aqueous formulations
which can provide therapeutic levels in the ocular tissues. To overcome these issues,
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nanotechnology must make significant advances by offering smart drug delivery systems
such as nanomicelles for ocular delivery.
Nanomicelles are self-assembling nano-sized (usually with particle size within a
range of 10 to 100 nm) colloidal dispersions with a hydrophobic core and hydrophilic
shell [363]. These are currently used as pharmaceutical carriers for solubilizing
hydrophobic drugs. Hydrophobicity is considered a major limiting factor for formulating
clear aqueous solutions with concentrations sufficient to attain therapeutic levels in
ocular tissues. Nanomicelles solubilize hydrophobic drugs by entrapping within a mixed
micellar hydrophobic core with a corona composed of hydrophilic chains extending
outwards, resulting in a clear aqueous formulation [359]. Nanomicelles serve as excellent
pharmaceutical carriers because of their ability to prevent or minimize drug degradation,
lower adverse side effects and improve drug permeation through ocular epithelia with
minimal or no irritation ultimately leading to enhanced ocular bioavailability [358].
One of such technologies has been developed in our laboratory in association with
Lux Biosciences Inc. It is a novel nanomicellar formulation of voclosporin, a calcineurin
inhibitor, for the treatment of dry eye syndrome. The resulting mixed nanomicelles are
formed from the combination of two non-ionic surfactants, D-alpha-tocopheryl
polyethylene glycol 1000 succinate (Vitamin E TPGS) co-stabilized with octyl phenol
ethoxylate (octoxynol-40) in a defined ratio [359]. The micelles were found to be very
small in size (in nanometer range), and the resulting aqueous solution is completely
homogeneous and perfectly clear on appearance. A noteworthy advancement of this
formulation is that relatively high concentrations of drug could be achieved, such as,
0.2% formulation for the highly hydrophobic drug voclosporin. Besides establishing high
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drug levels locally, these nanomicelles are stable over prolonged periods of time when
compared to the classic emulsions (a milky fluidic appearance). Topical instillation of
this formulation achieved drug amounts higher than the therapeutic levels in retina and
the choroid in the back of the eye. An interesting observation was that no drug was
detected in the lens or vitreous. This distribution pattern is absolutely necessary to
circumvent the development of major side effects such as cataract formation and
intraocular pressure elevation, which often leads to discontinuation of the therapy. The
nanomicellar solutions were well tolerated in patients and provide higher uptake in ocular
tissues and glands.
Upon topical administration, therapeutic molecules can reach the back of the eye
by two pathways: a) intraocular route through the cornea, aqueous humor, lens, vitreous
humor and retina, and/or b) conjunctival/scleral route around the conjunctiva, through the
sclera, choroid, and retina [4]. Intraocular delivery is often unsuccessful with
hydrophobic drugs such as voclosporin and dexamethasone because the hydrophilic
stroma can act as a rate-limiting barrier for transcorneal permeation [364]. Furthermore,
the flow of aqueous humor in the anterior and posterior chambers in opposite directions
may impede drug transport from the aqueous humor to the lens and, consequently,
through the lens zonular spaces to the vitreous humor, thus rendering this pathway
unfavorable. Alternatively, the conjunctival/scleral pathway appears to be more viable for
back of the eye delivery of hydrophilic drugs by facilitating passive diffusion through the
scleral water channels/pores. Hydrophobic drugs encapsulated in nanomicelles form
spherical structures of amphiphilic molecules in aqueous phase [365]. Hydrophilic corona
facilitates permeation of these micellar nanocarriers through scleral aqueous
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channels/pores(ranging from 30 to 300 nm in size) [366]. Subsequently, nanomicelles can
endocytosed onto the basolateral side of the retinal pigment epithelium (RPE). The
therapeutic cargo is released inside the cell after vesicular fusion with cell membrane.
During transport, the corona of nanomicelles being hydrophilic may be able to evade
drug washout into the systemic circulation by conjunctival/choroidal blood vessels and
lymphatics.
In conclusion, nanomicelles possess the advantages of having a small size, exhibit
low toxicity, increasing the solubility of hydrophobic drugs, and achieving therapeutic
concentrations. Nanomicellar drug delivery platform appears to be a potential
pharmaceutical carrier for topical administration of hydrophobic drugs. Moreover, this
technology can be highly patient compliant and may enable non-invasive drug delivery to
the back of the eye disorders such as age related macular degeneration, diabetic
retinopathy, diabetic macular edema and posterior uveitis. It is highly anticipated that
nanomicelles as potential drug delivery systems may receive FDA approval for human
use in the near future. However, substantial progress still needs to be made in this field to
achieve sustained drug release from the micelles relative to other larger particulate
systems such as nanoparticles, microparticles and liposomes.
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CHAPTER 9
AQUEOUS NANOMICELLAR FORMULATION FOR TOPICAL DELIVERY OF
BIOTINYLATED LIPID PRODRUG OF ACYCLOVIR: FORMULATION
DEVELOPMENT AND OCULAR BIOCOMPATIBILITY
Rationale
Topical ocular drug delivery has always been a challenging task for
pharmaceutical scientists. Current efforts in ophthalmic drug delivery are directed
towards 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 delivery systems such as in situ gelling systems [367-369], mucoadhesives [370,
371], nanoparticles [372-374] inserts [375, 376], soft contact lenses [377-379] 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 [380].
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 ocular drug absorption is poor drug bioavailability from topical instillation which
arises from rapid elimination owing to precorneal factors such as tear turnover,
lachrymation,

nasolachrymal

drainage,

metabolic

degradation,

nonproductive

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
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permeates the cornea and reaches intraocular tissues. Thus, commercially available eye
drops are often ineffective and require repeated instillations [5]. Despite these
disadvantages, eye drops are most patient 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 [380, 381]. In addition, a homogenous aqueous solution may
offer several advantages including the simplicity of large-scale manufacturing process.
The objective of this study was to formulate a clear, aqueous nanomicellar
formulation and evaluate its in vitro ocular biocompatibility as a novel carrier for topical
delivery of biotinylated lipid prodrug for the treatment of herpetic keratitis. To meet the
requirements of ocular delivery, a combination of two non-ionic surfactants, D-alphatocopheryl polyethylene glycol 1000 succinate (Vitamin E TPGS) co-stabilized with
octyl phenol ethoxylate (octoxynol-40) were selected as material components [359].
These non-ionic surfactants are chosen because of their biocompatibility, stability, and
minimal toxicity compared to cationic, anionic, or amphoteric polymeric surfactants
[381-383]. Moreover, these surfactants have been reported to possess very minimal
hemolytic 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 Pharmaceuticals. Octoxynol-40 is
currently used in a marketed formulation (Acular® and Acular LS®) of Allergan, Inc.
Also, the presence of TPGS can act as efflux transporter inhibitor facilitating drug
absorption and higher bioavailability [384, 385]. Biotin-12Hydroxystearicacid-Acyclovir
(B-12HS-ACV) was selected as a model prodrug because of its enhanced binding affinity
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towards sodium dependent multivitamin transporter (SMVT), higher cellular uptake, lack
of cytotoxicity and excellent in vitro antiviral activity against HSV-1 and 2 [51].
An important aspect of ocular drug delivery is to evaluate drug carriers not only in
terms of efficacy, but also biocompatibility. Formulation components are expected to be
safe and reliable, effective for its intended use and biocompatible. Biocompatibility
evaluation

serves

as

an

indicator

of

the

interaction

between

cells

and

surfactants/biopolymers. It confirms that solution/device may not produce direct/indirect
injury to corneal tissues, inflammatory, immunologic or systemic effects, and does not
induce delayed adverse effects [386]. 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
[387] [387, 388]. Therefore, we chose human corneal epithelial cells (HCEC) as an in
vitro cell culture model to study the expression profiles of inflammatory cytokines and
chemokines. 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 formulation and to evaluate in vitro ocular biocompatibility as a novel
carrier for topical delivery of biotinylated lipid prodrug of acyclovir for topical treatment
of herpetic keratitis (HK).
Materials and Methods
Materials
Biotin-12Hydroxystearic

acid-acyclovir

(B-12HS-ACV)

was

synthesized

according to a previously published method [51]. D-alpha-tocopheryl polyethylene glycol
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1000 succinate (Vitamin E-TPGS; NF grade) was procured from Eastman Chemical Co.
(Kingsport, TN). Igepal (octoxynol-40) was obtained from Rhodio Inc (New Jersey).
Escherichia coli-derived lipopolysaccharide (LPS) was purchased from Sigma-Aldrich
Chemical Co. (St Louis, MO). Dulbecco’s Modified Eagle Medium: Nutrient Mixture F12 (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, MgCl2, and MMLV reverse transcriptase) were purchased from Promega 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
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 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 TPGS and 20 mg of Oc-40 were 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 rehydrated with 500 µL of distilled deionized
(DDI) water and sonicated for 20 mins in bath sonicator (50/60 Hz; 125 W) to form
mixed micelles. Further, this homogenous solution was diluted with 500 µL of tear buffer
and a clear aqueous solution was obtained. Subsequently, pH of the aqueous formulation
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was adjusted to 6.8 with Oakton pH meter (Model: pH 510 series, Oakton Instruments,
Vernon Hills, IL) and filtered through 0.22 µm nylon filter to remove unentrapped
prodrug aggregates and other foreign particulates. Also, unloaded micelles were prepared
by a similar method as described earlier.
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 three measurements of
12 runs were calculated for all samples.
Drug Encapsulation Efficiency (EE)
The amount of prodrug encapsulated in the micelles was measured by LCMS/MS. One mL micelle solution were freeze-dried and dissolved in 1 mL DCM to
reverse the micelle structure. Subsequently, DCM was evaporated and 1 mL mobile
phase (70:30 v/v acetonitrile/water solution) was added to dissolve the prodrug. The
solution was then filtered by 0.22 µm nylon syringe filter and analyzed for prodrug
content. EE was calculated according to Equation 12
(

)
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Eq. 12

TEM Analysis
Morphology of micelles was determined by Transmission Electron Microscopy
(TEM) (Philips CM12 STEM, Hillsboro, OR). 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 1kDa), 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 and a constant temperature 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
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.
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 B-12HS-ACV [51]. QTRAP® LC/MS/MS mass spectrometer (API 3200,
Applied Biosystems/ MDS Sciex, Foster City, CA) was employed to analyze prodrug
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samples obtained from in vitro drug release and entrapment efficiency studies. XTerra®
RP8 Column, 5µm, 4.6 mm×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 which 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 ESI 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
GCV. 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/concentration). 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 [51]. All the release samples were subjected to liquid-liquid
extraction method. Ganciclovir (GCV) was selected as internal standard to ensure
reproducibility and reliability of this analytical method. Prior to analysis, samples were
thawed at room temperature. Two hundred microliters of samples along with 20 µL of
GCV (5 µg/mL) were extracted with 1 mL of organic solvent containing isopropanol
(IPA) and dichloromethane (DCM) (2:3 ratio). The samples were vortexed for
approximately 2 min and centrifuged at 12,000×g for 15 min at 4 ◦C. Organic layer (850
µL) was transferred into eppendorf tubes and evaporated to dryness under speed vacuum
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with a Speedvac (SAVANT Instruments, Inc., Holbrook, NY). The residue was then
reconstituted in 200 µL of mobile phase, vortexed for 1 min and transferred into prelabeled vials with silanized inserts. Subsequently, 15 µL 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 calibration standards.
Cell Culture
Human corneal epithelial cells (HCEC) were utilized in this study and cultured
following a previously published protocol [48]. HCEC cells were a generous gift from
Dr. Araki-Sasaki (Kinki Central Hospital, Japan). Briefly, HCEC cells were grown at
37°C in a cell culture incubator with 95% air and 5% CO2. Culture medium consisted of
DMEM/F-12 supplemented with 15 % (v/v) (FBS) (heat inactivated), 15 mM HEPES, 22
mM NaHCO3, 100 mg each of penicillin and streptomycin, 5 μg/mL insulin and 10
ng/mL of human epidermal growth factor. Cells of passage numbers between 27 and 30
were utilized for all the experiments in this study.
Cytotoxicity Assay
In vitro cytotoxicity of unloaded and prodrug loaded micelles was carried out with
Cell Titer 96® Aqueous Non-Radioactive Cell Proliferation Assay Kit (Promega,
Madison, WI). HCEC cells were grown on 96 well plates at a density of 10,000
cells/well. Clear transparent aqueous micellar solution was made in culture media and
sterile filtered with 0.22 µm nylon membrane filters under laminar flow to obtain sterile
formulations. Aliquots of blank and prodrug loaded micelles (100 µL) in culture medium
were added to each well and cells were incubated 1 h with the formulations. Cell
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proliferation in the presence of unloaded and loaded micelles was compared with a
positive control (medium without drug) and a negative control (10 % Triton-X 100).
After 1h of incubation, 20 µL of freshly prepared dye solution (following manufacture’s
protocol) was added to each well and incubated for two and half hours enabling the dye
to react. The amount of formazan formed was measured using a 96-well micro titer plate
reader (SpectraFluor Plus, Tecan, Maennedorf, Switzerland), absorbance set at 490 nm
wavelength. Cytotoxicity measurements can be estimated by the amount of formazan
formed which is directly dependent on the cell viability.
Quantitative Gene Expression Analysis
Expression levels of IL-1β, IL-6, IL-8, IL-17, TNF-α and IFN-γ on HCEC cells
were determined at a molecular level with quantitative real-time PCR (qPCR). Cells were
exposed to unloaded and prodrug loaded micellar formulation as well as
lipopolysaccharide (LPS) (100ng/mL) for 1 h. Cells were lysed with TRIzol® reagent.
Chloroform was added to the cell lysate for phase separation. Subsequently, the aqueous
phase (containing RNA) was separated and isopropanol 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: denaturation of the template RNA for 5 min at
70°C; reverse transcription for 60 min at 42°C followed by final extension at 72°C for 5
min. Following reverse transcription, quantitative real-time PCR (qPCR) was performed
with LightCycler® SYBR green technology (Roche). cDNA (80 ng) was added to each
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well and subjected to amplification using specific primers listed in (Table 10).
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-1β, IL-6, IL-8, IL-17, TNF-α and IFN-γ in
different samples according to previously published methods [48, 205].
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Table 10. Quantitative real-time polymerase chain reaction primers for interleukin 1- beta
(IL-1β), interleukin 6 (IL-6), interleukin 8 (IL-8), interleukin 17 (IL-17), tumor necrosis
factor alpha (TNF-α) and interferon gamma (IFN-γ).

201

Results
Preparation and Characterization of Micelles
Micelle Size and Size Distribution
The solvent evaporation method was employed for the preparation of B-12HSACV loaded micelles. Micellar systems were characterized 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 (Figure 49). PDI values suggest that the micelles exhibit
narrow particle size distribution. Both unloaded and prodrug loaded micelles carry
negative zeta potential (-2.26 mV for unloaded and -1.59 mV for prodrug loaded
micelles) (Table 11).
Drug Encapsulation Efficiency (EE)
Drug encapsulation efficiency is an important factor for drug delivery carriers.
The prodrug encapsulation efficiency of mixed micelles was calculated to be
approximately 90%. These results demonstrate that mixed micelles achieve high prodrug
encapsulation efficiency (Table 11).
TEM Analysis
TEM analysis showed that the micelles were spherical and homogenous, and
devoid of aggregates (Figure 50). Unloaded and loaded micelles did not differ in terms
of morphology. The particle sizes visualized by TEM were very similar to the size
obtained by DLS. Figure 50 compares 0.1% prodrug micelle formulation on the left with
DDI water on the right side. As depicted, the micellar formulations are perfectly
transparent comparable to DDI water.
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Figure 49. Size distribution of micelles: A) Micelles with no drug inside, and B) Prodrug
loaded micelles.
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Table 11. Characteristics of the mixed micelle systems: particle size, size distribution,
zeta potential and entrapment efficiency.
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Figure 50. A) TEM picture of prodrug loaded micelles, and B) 0.1% prodrug micelle
formulation on the left compared with distilled deionized water on the right side.
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In Vitro Prodrug Release
In vitro release kinetics of biotinylated lipid prodrug B-12HS-ACV from mixed
micelles was investigated at a physiological pH of 7.4 at 37°C. An equal quantity of
prodrug dissolved in 1 mL of ethanol served as a control. B-12HS-ACV release from
ethanolic solution was much faster in comparison to prodrug in micelles. Almost 100%
prodrug release occurs in approximately six hours. Figure 51 represents the release
kinetic profile of encapsulated prodrug from the micelles. Release half-lives of B-12HSACV from micelles were slow and not associated with any significant burst effect. The
results suggest a sustained release of the prodrug from the micelles over a period of 4
days.
Cytotoxicity Assay
Cytotoxicity assay was performed on HCEC cells for a period of 1h to evaluate
the cytotoxic effects of unloaded and prodrug loaded micelles. Since eye drops are
rapidly cleared from the surface of the eye [389, 390], it was assumed 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 approximately 6
% of the whole cell number. Neither blank formulation nor prodrug loaded micellar
formulation demonstrated any cytotoxic effects as evident by the cell viability. Results
from this assay clearly suggest that our mixed nanomicellar formulation was safe for
topical ocular application (Figure 52).
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Figure 51. Release profile of prodrug B-12HS-ACV from the mixed micelle systems
under sink conditions at 37°C. Values represent mean ± standard deviation (n = 4).
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Figure 52. Cytotoxicity assay in the presence of blank and prodrug loaded formulation on
HCEC cells for 1 h. Data represents mean percentage of viable cells ± standard deviation
(n = 4). A P-value of < 0.05 was considered to be statistically significant and denoted by
*.
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Quantitative Gene Expression Analysis
Expression levels of IL-1β, IL-6, IL-8, IL-17, TNF-α and IFN-γ on HCEC cells
were determined at the molecular level with quantitative real-time PCR (qPCR).
Lipopolysaccharide (LPS) (100ng/mL) was selected as a positive control in all the
experiments.
Relative Fold Expression of IL-6 and IL-1β
Figure 53 shows the mRNA expression of IL-6 and IL-1β in HCEC cells exposed
to blank and prodrug loaded micelles for 1 h. There was no statistically significant
difference in the IL-6 and IL-1β gene expressions between the control, blank and prodrug
loaded micelle groups. LPS induced the expression of IL-6 and IL-1β by about 8.5 and
3.5 times, respectively.
Relative Fold Expression of IL-8 and IL-17
mRNA expression levels of IL-8 (3-fold) and IL-17 (5-fold) were significantly
elevated in HCEC cells following LPS exposure relative to control. However, incubation
of HCEC cells with blank and prodrug loaded micelles groups did not significantly alter
the expression levels of IL-8 and IL-17 (Figure 54).
Relative Fold Expression of TNF-α and IFN-γ
A significant up-regulation of TNF-α (9-fold) and IFN-γ (4-fold) expression was
observed in LPS treated cells compared to control. Similar to earlier results, there was no
statistically significant difference in the TNF-α and IFN-γ gene expressions between the
control, blank and prodrug loaded micelles groups (Figure 55).
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Figure 53. Relative fold induction of IL-6 and IL-1β in HCEC cells treated with blank,
prodrug loaded formulation and lipopolysaccharide (100 ng/mL) for 1 hr. Values
represent mean ± standard deviation (n = 4). A P-value of < 0.05 was considered to be
statistically significant and denoted by *.
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Figure 54. Relative fold induction of IL-8 and IL-17 in HCEC cells treated with blank,
prodrug loaded formulation and lipopolysaccharide (100 ng/mL) for 1 hr. Values
represent mean ± standard deviation (n = 4). A P-value of < 0.05 was considered to be
statistically significant and denoted by *.
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Figure 55. Relative fold induction of TNF-α and IFN-γ in HCEC cells treated with blank,
prodrug loaded formulation and lipopolysaccharide (100 ng/mL) for 1 hr. Values
represent mean ± standard deviation (n = 4). A P-value of < 0.05 was considered to be
statistically significant and denoted by *.
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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
elimination by precorneal factors i.e., blinking and nasolacrimal drainage [5, 76].
Therefore, many ophthalmic disorders require systemic administration, which requires
high systemic doses to achieve therapeutic levels, with the potential of systemic side
effects. Alternatively, a topical aqueous ophthalmic formulation which 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 release 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 permeate the corneal epithelial layers through both transcellular and
paracellular pathways. In the last decade, many colloidal carrier systems including
nanoparticles, nanomicelles, microparticles, and liposomes have been developed for
topical ophthalmic application [391, 392]. Among these systems, micelles appear to be
promising carriers for ophthalmic applications because of their simple preparation
method, nanosize, optical transparency, stability, high encapsulation efficiency and
localized drug release [358, 363]. Moreover, the ability of nanomicelles to
prevent/minimize drug degradation, reduce adverse effects and enhance drug permeation
through ocular epithelia with minimal/no irritation. Act of these properties ultimately
leads to enhanced ocular bioavailability.
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In this study, mixed nanomicelles prepared from vitamin E TPGS and octoxynol40 were used as colloidal carriers for ocular delivery of biotinylated lipid prodrug B12HS-ACV after topical instillation for the treatment of herpetic keratitis (HK). Mixed
micelles were characterized for their size, polydispersity index, and entrapment
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 loaded micelles was 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 [393]. Drug encapsulation efficiency is an important factor for any
nanotechnology based drug delivery carriers. As evident by the encapsulation efficiency
of approximately 90%, it can be seen that our mixed micelles can achieve a high degree
of drug/prodrug encapsulation. This is mainly because of the presence of hydrophobic
core of mixed micelles which allows lipophilic drugs to strongly interact with this
hydrophobic core which facilitates larger amounts of drug to entrapment. TEM analysis
further confirmed that the micelles were spherical and homogenous, and devoid of
aggregation.
B-12HS-ACV release from ethanolic solution was much faster in comparison to
prodrug in micelles. Almost 100 % prodrug release occurs in approximately six hours.
However, in vitro prodrug release profile from micelles demonstrates slower release of
B-12HS-ACV without a significant burst effect. The results clearly suggest a sustained
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release of the prodrug from micelles 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. Furthermore, mixed micelles are more stable than pure polymeric micelles due to
the presence of TPGS and Oc-40 composite, which might possibly enhance hydrophobic
interactions between the polymeric chains in the micellar core, thus enhancing colloidal
stability of the system.
Nanoscale materials can be efficiently taken up and internalized by cells. Such
accumulated components could possibly interact with cells and tissues and consequently,
cause adverse effects [394]. Any alteration in corneal epithelial integrity or tissue
disruption due to possible toxicity of the formulations or drug delivery systems would
provide inaccurate results regarding drug entry into cornea. Therefore, mixed
nanomicelles were evaluated for their ocular biocompatibility. 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,
HCEC cells 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. HCEC cells are one of the most
frequently investigated corneal cell culture model [37, 299, 395]. Moreover, functional
aspects and molecular expression of SMVT were studied with HCEC. These cells have
been employed for studying the cellular accumulation of biotin-conjugated antiviral drugs
[48].
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Cytotoxic effects of unloaded and prodrug loaded micelles were evaluated by
MTT assay. Since eye drops are rapidly cleared from the surface of the eye [389, 390,
396], it was assumed that a 1h incubation time would be sufficient to examine any toxic
effects. All the micelle formulations did not affect cell viability after 1 h of incubation.
Results from this assay clearly suggest that mixed nanomicellar formulation is safe and
suitable for topical ocular application. A variety of inflammatory cytokines and
chemokines are involved in ocular surface inflammation. Following exposure to a
medication, proinflammatory cytokines and chemokines may be produced by corneal
epithelial cells, which could promote a pathological inflammatory response, including
induction of cellular infiltration and cytotoxicity in the cornea epithelium [397-401]. So
we studied mRNA expression levels of IL-1β, IL-6, IL-8, IL-17, TNF-α and IFN-γ at the
molecular level with quantitative real-time PCR (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 membranes of gram
negative bacteria, and induces inflammation by stimulating host innate immune system
responses. Induction of multiple pro-inflammatory cytokines by LPS is due to its ability
to bind to intramembranal complex of CD-14 and Toll-like receptors [397, 402-405]. LPS
caused significant upregulation of IL-1β, IL-6, IL-8, IL-17, TNF-α and IFN-γ expression
in HCEC cells. However, incubation of HCEC cells with blank and prodrug loaded
micelles groups did not significantly alter the expression levels of IL-1β, IL-6, IL-8, IL17, TNF-α and IFN-γ. All the in vitro ocular biocompatibility tests revealed that
nanomicelle formulations are biocompatible and suitable for topical ocular application.
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Conclusion
In summary, a topical aqueous optically clear nanomicellar 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 herpetic keratitis. B12HS-ACV loaded nanomicelles are relatively small in size, spherical and homogenous,
and devoid of aggregates. The micelle formulations were perfectly transparent
comparable to water. Ocular biocompatibility studies indicated that mixed nanomicelles
were non-toxic and non-inflammatory 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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SUMMARY AND RECOMMENDATIONS
Summary
Acyclovir (ACV) is a synthetic purine nucleoside analog with potent in vitro and
in vivo antiviral activity against herpes viruses. Although highly potent, this compound
possesses low oral and ocular bioavailability due to its hydrophilic nature and poor
permeability across tissues. Moreover, it suffers from rapid precorneal drainage, upon
topical administration. Therefore, the broad overall objective of this dissertation is
directed to overcome low bioavailability of the parent drug. The aim of the first part of
the project (Chapter 4) is to increase bioavailability of ACV by designing a novel prodrug
delivery system which is more lipophilic, and at the same time site specific. In this study,
a lipid raft has been conjugated to the parent drug molecule to impart lipophilicity.
Simultaneously a

targeting

moiety that

can

be

recognized

by

a

specific

transporter/receptor in the cell membrane has also been tethered to the other terminal of
lipid raft. Targeted lipid prodrugs i.e., biotin-ricinoleicacid-acyclovir (B-R-ACV) and
biotin-12hydroxystearicacid-acyclovir

(B-12HS-ACV)

were

synthesized

with

ricinoleicacid and 12-hydroxystearicacid as the lipophilic rafts and biotin as the targeting
moiety. Biotin-ACV (B-ACV), ricinoleicacid-ACV (R-ACV) and 12hydroxystearicacidACV (12HS-ACV) were also synthesized to delineate the individual effects of the
targeting and the lipid moieties. Cellular accumulation studies were performed in
confluent MDCK-MDR1 and Caco-2 cells. The targeted lipid prodrugs B-R-ACV and B12HSACV exhibited much higher cellular accumulation than B-ACV, R-ACV and
12HS-ACV in both cell lines. This result indicates that both the targeting and the lipid
moiety act synergistically toward cellular uptake. The biotin conjugated prodrugs caused
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a decrease in the uptake of [3H] biotin suggesting the role of sodium dependent
multivitamin transporter (SMVT) in uptake. The affinity of these targeted lipid prodrugs
toward SMVT was studied in MDCK-MDR1 cells. Both the targeted lipid prodrugs B-RACV (20.25 ± 1.74 µM) and B-12HS-ACV (23.99 ± 3.20 µM) demonstrated higher
affinity towards SMVT than B-ACV (30.90 ± 4.19 µM). Further, dose dependent studies
revealed a concentration dependent inhibitory effect on [3H] biotin uptake in the presence
of biotinylated prodrugs. Transepithelial transport studies showed lowering of [3H] biotin
permeability in the presence of biotin and biotinylated prodrugs, further indicating a
carrier mediated translocation by SMVT. Overall, results from these studies clearly
suggest that these biotinylated lipid prodrugs of ACV possess enhanced affinity towards
SMVT. These prodrugs appear to be potential candidates for the treatment of oral and
ocular herpes virus infections, because of higher expression of SMVT on intestinal and
corneal epithelial cells. Hence we hypothesize that our novel prodrug design strategy may
help in higher absorption of hydrophilic parent drug. Moreover, this novel prodrug design
can result in higher cell permeability of hydrophilic therapeutics such as genes, siRNA,
antisense RNA, DNA, oligonucleotides, peptides and proteins.
SMVT is a vital transmembrane protein responsible for translocating biotin and
other essential cofactors such as pantothenate and lipoate. Unlike primary cultures of
corneal and retinal pigment epithelial (RPE) cells, immortalized cells can be subcultured
many times, yet maintain their physiological properties. Hence, the next aim of the
project (Chapter 5) was to delineate the functional and molecular aspects of biotin uptake
via SMVT on immortalized human corneal epithelial (HCEC) and RPE (D407) cells.
Functional aspects of [3H] biotin uptake were studied in the presence of different
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concentrations of unlabeled biotin, pH, temperature, metabolic inhibitors, ions,
substrates, structural analogs and biotinylated prodrug (B-ACV). Molecular identity of
SMVT was examined with reverse transcription–polymerase chain reaction (RT-PCR).
Biotin uptake was found to be saturable in HCEC and D407 cells with Km of 296.2 ±
25.9 and 863.8 ± 66.9 μM and Vmax of 77.2 ± 2.2 and 308.3 ± 10.7 pmol/mg
protein/min, respectively. Uptake was found to be pH, temperature, energy and sodium
dependent. Inhibition of biotin uptake was observed in the presence of structural analogs
and specific substrates. Further, uptake was lowered in the presence of B-ACV indicating
the translocation of biotinylated prodrug by SMVT. A distinct band at 774 bp confirmed
the molecular existence of SMVT in both the cells. This study shows for the first time the
functional and molecular presence of SMVT in HCEC and D407 cells. Therefore, these
cell lines may be utilized as in vitro models to study the cellular translocation of biotinconjugated prodrugs.
Biotinylated lipid prodrugs of ACV were designed to target SMVT on the cornea
to facilitate enhanced cellular absorption of ACV (Chapter 6). All the prodrugs were
screened for in vitro cellular uptake, interaction with SMVT, docking analysis,
cytotoxicity, enzymatic stability and antiviral activity. Uptake of biotinylated lipid
prodrugs of ACV (B-R-ACV and B-12HS-ACV) was significantly higher than
biotinylated prodrug (B-ACV), lipid prodrugs (R-ACV and 12HS-ACV) and ACV in
corneal cells. Transepithelial transport across rabbit cornea indicated the recognition of
the prodrugs by SMVT. Average vina scores obtained from docking studies further
confirmed that biotinylated lipid prodrugs possess enhanced affinity towards SMVT. All
the prodrugs did not cause any cytotoxicity and were found to be safe and non-toxic. B-
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R-ACV and B-12HS-ACV were found to be relatively more stable in ocular tissue
homogenates and exhibited excellent antiviral activity. Biotinylated lipid prodrugs
demonstrated synergistic improvement in cellular uptake due to recognition of the
prodrugs by SMVT on the cornea and lipid mediated transcellular diffusion. These
biotinylated lipid prodrugs appear to be promising drug candidates for the treatment of
herpetic keratitis (HK) and may lower ACV resistance in patients with poor clinical
response.
The next objective of this project (Chapter 9) 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 HK.
Micellar formulation of B-12HS-ACV was prepared by solvent evaporation/film
hydration method with two non-ionic surfactants - vitamin E TPGS and octoxynol-40.
The optimized formulation was characterized for various parameters including micelle
size, polydispersity index (PDI), zeta potential and in vitro prodrug release. HCEC cells
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). Average nanomicellar size was 10.46 ± 0.05 nm with a PDI of 0.086 for blank
micelles, and 10.78 ± 0.09 nm with a PDI of 0.075 for prodrug loaded micelles. Both
unloaded and prodrug loaded micelles had negative zeta potential. Prodrug encapsulation
efficiency of mixed micelles was calculated to be ≈ 90%. TEM 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
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blank formulation nor prodrug loaded micellar formulation demonstrated any cytotoxic
effects. Further, incubation of HCEC cells with blank and prodrug loaded micelle groups
did not significantly alter the expression levels of IL-1β, IL-6, IL-8, IL-17, TNF-α and
IFN-γ. In summary, a topical aqueous nanomicellar formulation comprised of vitamin E
TPGS and octoxynol-40 loaded with 0.1% B-12HS-ACV was successfully developed for
the treatment of HK. B-12HS-ACV loaded nanomicelles are relatively 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 non-toxic and non-inflammatory to corneal epithelial cells.
Therefore, nanomicellar technology represents a promising strategy for the delivery of
biotinylated lipid prodrugs of ACV to treat HK.
Recommendations
The above studies were aimed at improving the cellular absorption of antiviral
acycloguanosine antiviral compound, ACV, by designing a novel prodrug delivery
system which is more lipophilic, and at the same time site specific. A few
recommendations can be made to move further with this work based on the results
obtained from the above studies.
First, in addition to SMVT, other transport systems such as amino acid
transporters, peptide transporters, folate transporter and monocarboxylate transporters can
be explored for delivery of targeted lipid prodrugs. Furthermore, design of targeted lipid
prodrugs which are recognized by specific transporters/receptors should be undertaken in
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order to come up with the best possible drug candidate for the treatment of herpes virus
infections.
Second, in order to further develop targeted lipid prodrugs for oral, ocular and
genital herpes infections, their in vivo antiviral efficacy needs to be assessed by
employing suitable virus-infected animal models.
Third, the concept of targeted lipid prodrugs can be extended to delivery of other
drugs such as ganciclovir and cidofovir to treat CMV retinitis and other back of the eye
diseases. Since this novel prodrug design strategy demonstrated improvement in higher
absorption of hydrophilic parent drug like ACV, this approach can also result in higher
cell permeability of hydrophilic therapeutics such as genes, siRNA, antisense RNA,
DNA, oligonucleotides, peptides and proteins.
Finally, in this dissertation project, nanomicellar formulation was successfully
prepared and characterized. Results from this project appeared to be very promising for
delivery of biotinylated lipid prodrugs of ACV to treat herpes virus infections. The
targeting can be achieved by attaching specific targeting ligand molecules to the micelle
surface. Mechanism of biotin uptake has recently been well studied in intestine, cornea
and retina of various mammalian cells (human and rabbit). Therefore, nanomicelles
functionalized with biotin may result in enhanced cellular uptake of such ideal drug
candidates into the target site by enabling site specific and targeted drug delivery. These
pharmaceutical carriers (targeted nanomicelles) could be used for enhanced delivery of
poorly soluble drug candidates to various pathological sites via a variety of mechanisms.
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