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Abstract: The aim of this study was to characterize the affinity and permeability patterns of the amino acid ester prodrugs of acyclovir 
(ACV), L-alanine-ACV (AACV), L-serine-ACV (SACV), L-serine-succinate-ACV (SSACV) and L-cysteine-ACV (CACV) on rab-
bit primary corneal epithelial cell culture (rPCEC) and on rabbit cornea. Amino acid prodrugs of acyclovir, AACV, SACV, SSACV 
and CACV were synthesized in our laboratory. Chemical hydrolysis in aqueous buffer, enzymatic hydrolysis in corneal homogenates 
and transport across freshly excised rabbit cornea of these prodrugs were studied. SSACV inhibited the uptake of [3H] L-alanine on 
rPCEC and across the intact rabbit cornea. Lineweaver-Burk plot transformation revealed competitive inhibition between L-alanine 
and SSACV. In corneal tissue homogenate, the half lives of SSACV, SACV and CACV (t1/2) were observed to be 3.5 ± 0.4, 9.2 ± 0.6 
and 1.8 ± 0.1 hr respectively, whereas AACV was readily converted to the active parent drug acyclovir exhibiting complete degrada-
tion before 5 min. Interestingly translocation of SACV across cornea was inhibited in the presence of 5 mM arginine (∼51%), a spe-
cific substrate for cationic transport system and in presence of BCH (∼38%), a substrate specific for large neutral amino acid transport 
 system (LAT) or cationic and neutral amino acid transport system (B0,+). SACV exhibited higher permeability across cornea along with 
 excellent antiviral activity against herpes simplex virus (HSV-1) and varicella-zoster virus (VZV) in comparison to ACV. Recogni-
tion by multiple transporters, stability in corneal homogenate and changes in physico-chemical properties contributed to the increased 
 permeability of SACV across cornea.
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Introduction
Ocular availability of the drugs is restricted due to 
physiological, pharmacokinetic, and  pharmaceutical 
barriers. Prodrug strategy was employed to target 
the nutrient transporters by attaching the drug to the 
nutrient promoiety. Among the nutrient  transporters, 
amino acid transporters are preferred for drug  delivery 
due to their ubiquitous nature and overlapping sub-
strate specificity.

Amino acid transporters have been classified 
on the basis of their functional differences such 
as sodium dependence and substrate specific-
ity. In terms of specificity they can be divided into 
three types namely anionic, cationic and neutral.1 
Small neutral amino acids, are transported predom-
inantly by Na+-dependent transport system ASC 
(for Alanine-, Serine-, and Cysteine-preferring), sys-
tem A (for Alanine-preferring) and B0,+ (neutral and 
cationic amino acids preferring) and also by Na+-in-
dependent transport system asc, and b0,+. Usually Na+ 
dependent transporters utilize the electrochemical 
gradients of Na+ to actively transport amino acids.1 
One of the notable exception is system ASC, which 
is Na+-dependent but, does not utilize the Na+ gradi-
ent as a driving force, instead Na+ is bi-directionally 
co-transported along with the exchange of amino 
acids.2,3

Amino acid transport systems, b0,+, y+L (neutral 
and cationic amino acids preferring), and B0,+, trans-
locate a wider range of substrates, including cationic 
and neutral amino acids, differing, however, in their 
interactions with inorganic monovalent ions such 
as Na+. System y+L exhibits a more complex pat-
tern in its cation interaction. Transport of cationic 
amino acid (lysine, arginine) through system y+L is 
unaffected by Na+ replacement, but the affinity of 
system y+L toward neutral amino acids (alanine) is 
dramatically reduced in Na+ free buffer.4

Depending upon the affinity or the capacity of 
the transporter, these amino acid transporters have 
been known to transport not only naturally occur-
ring amino acids but also amino acid–related drug 
compounds such as L-dopa, a therapeutic agent for 
Parkinsonism; melphalan,5 an anticancer Phe mus-
tard; triiodothyronine6 and thyroxine,7 two thyroid 
hormones; and gabapentin,8 an anticonvulsant and 
valacyclovir,9 an anti-viral drug. A recent report sug-
gests that the ability of B0,+ to transport valacyclovir 

is comparable to that of the peptide transporter 
PEPT1.9 These findings suggest that amino acid 
transporters can have significant potential as delivery 
targets for amino acid-based drugs and prodrugs.

Trifluorothymidine (TFT), used for the treatment of 
ocular herpes simplex virus (HSV) infections, is associ-
ated with severe cytotoxicity in long-term treatments. 
In comparison, acyclovir (ACV) exhibits excellent 
antiviral activity against HSV-1 and 2 and considerably 
less cytotoxic due to its selective mechanism of action. 
However, ACV cannot be formulated into 1%–3% eye 
drops due to its limited solubility.10 Main constraints 
to topical ocular delivery of ACV in the treatment of 
HSV-1 keratitis include rapid precorneal elimination, 
conjunctival absorption, nasolacrimal drainage, and 
poor corneal permeability due to its relative hydrophilic 
property.10 We have recently examined the possibility of 
delivering ACV by designing its water-soluble dipeptide 
ester prodrugs. These prodrugs showed excellent anti-
viral activity against HSV-1 with higher aqueous solu-
bility, and enhanced corneal permeability than ACV.11,12 
Although, the peptide transporters have remained a 
popular choice for drug targeting due to their robust and 
versatile nature, the utility of the amino acid transport-
ers cannot be ruled out.

Recently, a significant amount of work has been 
published on the substrate specificities of membrane 
transporters expressed on the ocular barriers. A host 
of transporters have been discovered in the anterior 
segment, which could be targeted for drug delivery.13 
Transport systems for peptide,14 amino acid,15–17 and 
nucleoside/nucleobase18,19 are such carriers that have 
been discovered on the corneal epithelium and uti-
lized for targeted drug delivery in our laboratory.

In an earlier study from our laboratory, a Na+-
dependent neutral amino acid transporter, ASCT1 
(for Alanine-, Serine-, and Cysteine-preferring) 
was identified on the corneal epithelium. There-
fore, water-soluble amino acid prodrugs of ACV, 
L-alanine-ACV (AACV), L-serine-ACV (SACV), 
 L-serine-succinate-ACV (SSACV) and L-cysteine-
ACV (CACV) were synthesized in order to target 
ASCT1 on the cornea. These prodrugs were also 
investigated for their  affinity towards other amino 
acid transporters. Finally, the feasibility of utilizing 
the amino acid prodrugs of ACV for enhanced deliv-
ery and their antiviral  activity against HSV viruses 
was also investigated.
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Materials and Methods
Materials
Amino acid prodrugs of ACV, L-alanine-ACV (AACV), 
L-serine-ACV (SACV), L-serine-succinate-ACV 
(SSACV) and L-cysteine-ACV (CACV) were synthe-
sized in our laboratory. [3H] alanine (66 Ci/mmol), [3H] 
phenylalanine (50 Ci/mmol), and [3H] arginine (42 
Ci/mmol)) were obtained from NEN Biochemicals 
(Boston, MA, USA). The solvents used were of ana-
lytical grade and obtained from Fisher Scientific. The 
growth medium, minimum essential medium (MEM), 
non-essential amino acids (NEAA) and fetal bovine 
serum (FBS) were purchased from Gibco Life Tech-
nologies (Grand Island, NY). Penicillin, streptomy-
cin, sodium bicarbonate, HEPES, amphotericin-B, 
polymixin-B and unlabeled amino acids were pur-
chased from Sigma Chemical Company (St. Louis, 
MO). Culture flasks (75 cm2 growth area), 12 wells 
(3.8 cm2 growth area per well) were procured from 
Costar (Bedford, MA). All other chemicals were 
obtained from Sigma Chemical Company (St. Louis, 
MO) and were used without further purification.

synthesis of prodrugs
Preparation of AACV, SACV and CACV prodrugs of 
ACV involved (i) formation of protected amino acid 
anhydrides, (ii) coupling of the protected amino acid 
anhydride with ACV, and finally (iii) deprotecting 
the amino group of the amino acid ester of ACV. For 
SSACV prodrug where the β-hydroxyl was used to 
link to ACV, the mono-ACV succinate was synthe-
sized first then conjugated with serine. The synthetic 
schemes for these prodrugs are shown in Figure 1.

L-Alanine, L-serine and L-cysteine-AcV 
prodrugs
A mixture of protected amino acid (Boc-Alanine, 
Boc-Serine(Bn)-OH and Boc-Cysteine(Fm)-OH) 
and dicyclohexyl carbodiimide (DCC) in 
 dimethylformamide (DMF) with ratio of 1:2 were 
stirred for 1 hour at room temperature under nitro-
gen atmosphere. A solution of ACV and 4-N,N 
(dimethylamino) pyridine (DMAP) was added to 
the above reaction mixture at 0 °C followed by stir-
ring for 24 h at RT. The precipitate formed in the 
reaction was filtrated and then solvent was removed 
in vacuo. The residue was purified with a silica gel 

column. After the removal of the protection groups 
(by TFA, H2/Pd and piperidine, respectively), the 
prodrugs were obtained by adding the resultant 
solution drop wise to cold diethyl ether. The yields 
of AACV, SACV and CACV were 90, 80 and 59% 
respectively.

ssAcV prodrug
Succinic acid was used as the linker between 
L-serine and ACV. Mono t-butyl succinic acid 
and DCC were dissolved in DMF with a molar 
ratio of 2:1 and stirred for 1 hour in nitrogen 
atmosphere. Then a solution of ACV and DMAP 
(molar ratio: 2:1) in DMF was added drop-wise 
at 0 °C. After raising the mixture to room tem-
perature, it was continually stirred for 24 hours. 
DMF was evaporated in vacuo after the removal 
of precipitate. The mixture was purified with a 
silica gel column. After the removal of t-butyl 
group with TFA, succinyl ACV was obtained. 
Succinyl ACV was treated with TEA (triethylam-
ine) for 5 mins, and then followed the similar 
procedure as mentioned in the above section. 
L-SSACV prodrug was obtained with the overall 
yield of 70%.

nMr and Lc/Ms spectroscopy
1H spectra was recorded on a Bruker AC 
 250-modified Tecmag DSPect Fourier trans-
form NMR spectrometer at 250 MHz with 
DMSO-d6 solutions at 23 °C. Chemical shifts 
are expressed in ppm relative to tetramethyl-
silane (TMS), the internal standard. Thermo-
Finnigan AQA LC/MS system coupled with 
ESI source was applied to obtain MS spectra. 
A Phenomenex 250 × 4.6 mm C18 column is 
 utilized with a gradient elution of ACN/H2O at a 
flow rate of 0.6 ml/min.

1H NMR AACV: δ 1.4 (d, 3H, CH3), 3.7–4.1 (m, 
5H, CH2CH2, CH ), 5.4 (s, 2H, NCH2O), 6.7 (s, 2H, 
NH2), 8.0 (s, 1H, NCHN), 8.4 (s, 2H, (CH)NH2 ), 10.9 
(s, 1H, NH)

Calculated: C11H16N6O4, MS: 296.1; Measured: 
MS (MH+) 297.1.

1H NMR SACV: δ 3.8 (m, 4H, CH2CH2), 5.4 (s, 
2H, NCH2O), 6.6 (s, 2H, NH2), 7.9 (s, 1H, NCHN), 
8.4 (s, 2H, (CH)NH2), 10.8 (s, 1H, NH).
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Calculated: C11H16N6O5, MS: 312.1; Measured: 
MS (MH+) 313.3.

1H NMR CACV: δ 2.9 (m, 1H, CH(NH2), 
3.3–3.5 (m, 4H, CH2CH2), 5.4 (s, 2H, CH2O), 6.5 
(b, 2H, NH2), 7.8 (s, 1H, NCHN).

Calculated: C11H16N6O4S, MS: 328.1; Measured 
MS (MH+) 329.0.

1H NMR SSACV: δ 2.5 (m, 4H, CH2CH2), 3.7 
(m, 4H, OCH2CH2O), 4.3 (s, 1H, CH), 4.5 (m, 2H, 
CH2), 5.4 (s, 2H, NCH2O), 6.5 (s, 2H, NH2), 7.8 (s, 
1H, NCHN), 8.3 (m, 2H, (CH)NH2), 10.8 (b, 1H, 
NH).

Calculated: C15H20N6O8, MS: 412.1; Measured: 
MS (MH+) 413.5.
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Figure 1. synthetic schemes of AAcV, ssAcV, sAcV, and cAcV.
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Animals
Adult male New Zealand white (NZW) rabbits 
 weighing between 2–2.5 kg were obtained from 
Myrtle’s rabbitry (Thompson Station, TN, USA). 
This research was conducted strictly according to 
the “Principles of Laboratory Animal Care” (NIH 
 publication #85–23, revised 1985).

Prodrug stability in transport medium
The transport buffer, Dulbecco’s phosphate 
buffer saline (DPBS) was prepared at different 
pH values (5–7.4). Stock solution of the prod-
rug (1 mM) was prepared in DPBS buffer and 
used immediately.  Aliquots (9.8 ml) of the buffer 
were placed in screw-capped vials and allowed 
to equilibrate at 34 °C. Prodrug stock solution 
(0.2 ml) was subsequently added to the buffer. 
The vials were placed in a constant shaker bath 
set at 34 °C and 60 rpm. Samples (0.1 ml) were 
collected at appropriate time intervals for up to 
96 h. The samples were immediately stored at 
−80 °C until further analysis. All experiments 
were conducted at least in triplicate.

corneal tissue hydrolysis
The corneal tissue hydrolysis was carried out as 
described previously.20 The method is described 
briefly as follows.

Preparation of corneal tissue
New Zealand albino male rabbits were used for this 
study. Animals were euthanized by a lethal injec-
tion of sodium pentobarbital through the marginal 
ear vein. Each eye was immediately enucleated 
and the ocular surface was rinsed with ice cold pH 
7.4 Dulbecco’s phosphate buffer saline (DPBS) to 
remove any trace of blood. Cornea was removed 
after cutting along the scleral-limbus junction. The 
corneal tissue was homogenized in 5 ml chilled 
(4 °C) DPBS for about 4 min with a tissue homog-
enizer (Tissue Tearor Model 985–370) in an ice 
bath. The homogenate was centrifuged at 12,752 g 
for 25 min at 4 °C to remove cellular debris, and 
the supernatant was taken for the hydrolysis stud-
ies. Protein content of each supernatant was deter-
mined with a BioRad assay using bovine serum 
albumin as the standard.

hydrolysis procedure
The supernatant was equilibrated at 34 °C for about 
30 min prior to an experiment. Hydrolysis was initi-
ated by the addition of 0.2 ml of a 1 mM prodrug 
solution to 1.3 ml of the supernatant. The control con-
sisted of 1.3 ml of DPBS instead of the supernatant. 
Aliquots (50 µl) were withdrawn at appropriate time 
intervals for up to 24 h. The samples were immedi-
ately diluted with 50 µl chilled methanol to quench 
the reaction and stored at −80 °C until  further  analysis. 
Subsequently, these were thawed and  centrifuged at 
8,161 g for 10 min prior to analysis by HPLC for the 
intact ester prodrug and the regenerated parent acy-
clovir. Apparent first order rate constants were cal-
culated and corrected for any chemical hydrolysis 
observed with the control.

In vitro antiviral testing
The in vitro potencies of the parent drug, ACV, and 
the prodrugs, AACV, SSACV, SACV, and CACV 
were determined against various herpes viruses. The 
compounds were screened against HSV-1, HSV-2, 
varicella-zoster virus (VZV), and Epstein-Barr virus 
(EBV). The in vitro antiviral testing was carried out 
as described previously.21 The method is described 
briefly as follows. Low-passage human fibroblast 
foreskin cells (HFF) or Daudi cells were used at a 
concentration of 2.5 × 106 cells per ml in 0.1 ml of 
minimum essential medium (MEM) supplemented 
with 10% fetal bovine serum. For HSV-1 and HSV-2, 
1000 plaque forming units (PFU) per well were used. 
VZV was used at a concentration of 2500 PFU per 
well. All the studies were conducted by Dr. Earl Kern 
at the University of Alabama, Birmingham, Alabama 
under a contract from NIAID.

Uptake studies
The procedure for preparing primary corneal epi-
thelial cell culture was reported previously from 
our laboratory.22 All uptake studies were conducted 
on cultured primary rabbit corneal cells after 10 to 
12 days seeding. The medium was removed, and 
the cells were washed twice with DPBS (pH 7.4). 
In typical uptake experiments, cells were incubated 
with substrates ([3H] alanine (7.6 nM); [3H] pheny-
lalanine (10 nM); [3H] arginine (11.9 nM)) prepared 
in DPBS for 10 minutes. Following incubation, cells 
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were washed three times with ice-cold HEPES (4-(2-
hydroxyethyl)-1-piperazine-ethanesulfonic acid) buf-
fer to terminate the uptake experiment. Then cells 
were lysed overnight with 1 ml 0.05% (w/v) Triton 
X-100 in 1 N NaOH at room temperature. Aliquots 
(500 µl) from each well were transferred to scintil-
lation vials containing 5 ml scintillation cocktail 
(Fisher Scientific, Fairlawn, NJ). Samples were then 
analyzed by the liquid scintillation spectrophotom-
etry using scintillation counter (Beckman Instru-
ments Inc., Model LS-6500) and the rate of uptake 
was normalized to the protein content of each well. 
The amount of protein in the cell lysate was measured 
by BioRad protein estimation kit using bovine serum 
albumin as the standard (BioRad Protein estimation 
Kit, Hercules, CA).

corneal transport studies
Transport of ACV, AACV, SSACV, SACV and 
CACV (1 mM) across the freshly excised rabbit 
 cornea was performed according to the method 
of Tak et al.23 Briefly, New Zealand albino rabbits 
 weighing 2.0 to 2.5 kg were euthanized by an over-
dose of pentobarbital through a marginal ear vein. 
Eyes were then carefully enucleated and washed 
with ice-cold DPBS (pH 7.4). Subsequently, a 
small incision was made in the sclera and the cor-
nea was carefully excised, leaving some portion 
of the sclera attached for mounting on the diffu-
sion apparatus. The cornea was then mounted on 
a diffusion apparatus (side-by-side) maintained at 
34 °C (in vivo corneal temperature). Prodrug/drug 
solutions (3 mL) were added on the epithelial side 
of the cornea (donor chamber). In the other half-
chamber (receiver chamber), 3.2 mL of DPBS (pH 

7.4) was added and solutions in both the chambers 
were stirred continuously using magnetic stirrers. 
Receiver chamber volume was maintained slightly 
higher to generate hydrostatic pressure to maintain 
the curvature of the cornea throughout the experi-
ment. Transport experiments were conducted for 
a period of 3 h. 100 µl aliquots were removed 
from the receiver chamber at appropriate inter-
vals and replaced with an equal  volume of DPBS. 
Samples were stored at −80 °C until further HPLC 
analysis.

na+-dependent transcorneal flux  
of ssAcV
When the effect of Na+ on SSACV transport was stud-
ied, NaCl and Na2HPO4 in the buffer were  substituted 
with equimolar quantities of choline chloride and 
K2HPO4, respectively.

competitive inhibition studies
Transcorneal flux of prodrugs (1 mM) was  studied 
across cornea in presence of various inhibitors, i.e. 
L-alanine, glycylsarcosine (gly-sar), L-arginine, 
L-glutamic acid, and BCH (2-aminobicyclo-[2,2,1]-
heptane-2-carboxylic-acid) (5 mM).

Analytical procedures
All samples were assayed using HPLC. The HPLC 
 system was comprised of a Rainin Dynamax Pump 
SD-200 and a Rainin Dynamax UV Detector UV-C 
at 254 nm. The column used was a C18 Luna column 
4.6 × 250 mm (Phenomenex, Torrance, CA). Mobile 
phase consisted of a mixture of buffer and an organic 
modifier. The percentage of organic phase was var-
ied in order to elute the compounds of interest. This 
method gave rapid and reproducible results. HPLC 

Table 1. hPLc assay conditions and retention times for the various ester prodrugs.

prodrug composition of 
aqueous phase 
(pH 2.5)

composition 
of organic 
phase

Mobile 
phase 
Aq:Org

Retention timesa

parent 
drug

Interm- 
ediate

prodrugb 

min
AcV 25 mM Kh2PO4 Acetonitrile 99:1 13.7 – –
AAcV 25 mM Kh2PO4 Acetonitrile 99:1 13.7 – 11.6
ssAcV 25 mM Kh2PO4 Acetonitrile 94:6 4.8 25.8 8.1
sAcV 25 mM Kh2PO4 Acetonitrile 99:1 13.7 – 7.3
cAcV 25 mM Kh2PO4 Acetonitrile 97:3 7.6 – 19.7

notes: aUV detection at λmax = 254 nm; bretention times noted when separately injected as a pure compound onto the column.
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conditions for the various compounds have been sum-
marized in Table 1.

Data analysis
Permeability measurements
Steady state fluxes (SSF) were determined from the 
slope of the cumulative amount of drug transported vs. 
time plot and expressed per unit of corneal surface 
area as described by Eq. 1. The cumulative amount 
of drug transported is considered as the sum of the 
receptor cell prodrug and regenerated drug:

 Flux (J ) = (dM/dt)/A (1)

M is the cumulative amount of drug transported and A 
is the corneal surface area exposed to permeant. Cor-
neal membrane permeabilities (CMP) are determined 
by normalizing the SSF to the donor concentration, 
Cd according to Eq. 2.

 Permeability (Papp) = Flux/Cd (2)

Determination of Km and Vmax
Uptake data of [3H] alanine in presence of SSACV was 
fitted to the classical Michaelis–Menten equation:

 
V V S

K S
=

+
max. 

m  
(3)

S is the concentration of the permeant, Vmax is the 
maximum rate of drug transport, and Km is the per-
meant concentration where half the maximal rate is 
reached. Km and Vmax for SSACV permeation across 
cornea were determined using a nonlinear least 
squares regression analysis program (KaleidaGraph 
V3.09). Quality of the fit was determined by evalu-
ating the coefficient of determination (r2), standard 
error of parameter estimates, and by visual inspection 
of the residuals.

Affinity measurement
SSACV inhibited the uptake of [3H] alanine in a com-
petitive manner, and the kinetics can be expressed 
according to Eq. (4)

 

V V S

K
K

Sm
i

=
+



 +

max 

I1
 

(4)

In Eq. (4), I is the concentration of the SSACV and Ki 
is the affinity constant. Affinity (Ki) for the prodrug 
was calculated by fitting the data to Eq. (4). Ki for 
the prodrug can also be calculated by transforming 
the Michaelis–Menten Eq. (4) to a Lineweaver–Burk 
equation, which yields the linear Eq. (5) for competi-
tive inhibition,

 

1
1

1 1
V

K
K

V V
=

+





+ 





m
i

I

Smax max  
(5)

From a plot of 1/V versus 1/S, Vmax, Km, and hence Ki 
can be estimated by linear regression analysis.

statistical analysis
All experiments were conducted at least in tripli-
cate, and results are expressed as mean ± SD except 
in the case of Michaelis–Menten parameter Km, and 
Ki where the values are presented as mean ± SE. 
Student’s t test was used to detect statistical signifi-
cance, and P , 0.05 was considered to be statistically 
significant.

Results
stability studies
stability in transport buffer
Aqueous stabilities of L-alanine, L-serine-succinate, 
L-serine and L-cysteine ester prodrugs of acyclovir 
were determined in the transport buffer, DPBS (pH 
5–7.4) for a period of 96 h (Table 2). The pH of maxi-
mal stability within the range studied was 5.0. The 
half-lives for AACV and CACV in DPBS 7.4 were 
2.88 ± 0.07 and 3.1 ± 0.3 hr respectively, indicat-
ing that chemical hydrolysis may cause regeneration 
of the parent drug during the course of a transport 
experiment (Table 2). The half-lives for SSACV and 
SACV in DPBS 7.4 were 38 ± 11.6 and 29.3 ± 2.7 hr 
respectively, indicating that SSACV and SACV were 
less prone to chemical hydrolysis compared to AACV 
and CACV.
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corneal tissue hydrolysis
Enzymatic hydrolysis of the prodrugs was assessed 
in the corneal tissue homogenates. L-alayl prodrug of 
acyclovir, AACV was readily converted to the active 
parent drug acyclovir exhibiting complete degrada-
tion before 5 min period (Table 2). The half lives of 
SSACV, SACV and CACV (t1/2) were observed to be 
3.5 ± 0.4, 9.2 ± 0.6 and 1.8 ± 0.1 hr respectively indi-
cating that the major contribution to the regeneration 
of the parent drug (acyclovir) in the receiver chamber 
during the course of a transport study (3 h) was due to 
enzymatic hydrolysis. Therefore, the total amount of 
drug permeating through the corneal membrane was 
taken as the sum of the prodrug and the regenerated 
parent drug.

in vitro antiviral screening
Several amino acid ester prodrugs of ACV exhibited 
excellent in vitro antiviral activity against HSV-1, 
and VZV. These prodrugs have to undergo hydroly-
sis to yield the active parent drug, acyclovir. SACV, 
CACV and AACV showed excellent antiviral activity 
against HSV-1 with an EC50 of 6.3, 5.4, and 6.6 µM 
respectively relative to 7.1 µM for ACV and 9.1 µM 
for VACV.11 The selectivity indices (SI) of SACV 
(48) and AACV (45) were better than VACV (30.3). 
In addition, SACV was also effective against VZV 
than the parent drug, ACV (Table 3).

Uptake studies
Uptake of [3h] alanine, [3h] arginine, and [3h] 
phenylalanine in the presence of prodrugs
[3H] alanine, [3H] arginine, and [3H] phenylalanine 
uptake was carried out in the presence of 5 mM con-
trol, AACV, SSACV, SACV, and CACV. [3H] alanine 

uptake was significantly inhibited in the presence of 
5 mM alanine, and SSACV. [3H] arginine uptake was 
significantly inhibited in the presence of 5 mM arginine, 
and partially inhibited in the presence of 5 mM SSACV. 
[3H] phenylalanine uptake was significantly inhibited 
in the presence of 5 mM phenylalanine, and partially 
inhibited in the presence of 5 mM SSACV (Table 4).

concentration Dependent Uptake of [3h] 
alanine in the Presence of ssAcV
Uptake of [3H] alanine in rPCEC appeared to be 
 concentration dependent and saturable at higher 
 concentrations (Fig. 2A). Km and Vmax values were calcu-
lated to be 0.71 mM and 0.84 µmoles⋅min−1⋅mg protein−1, 
respectively. Concentration dependent uptake of [3H] 

Table 2. First order hydrolysis rate constants of AAcV, ssAcV, sAcV and cAcV in buffers at ph 7.4, 6.0 and 5.0 and in 
cornea (protein content 0.25 mg/ml). 

Buffer AAcV ssAcV sAcV cAcV
Rate 
(k* 104  
min-1)

Half life 
(hr)

Rate 
(k* 104 
min-1)

Half life 
(hr)

Rate 
(k* 104 
min-1)

Half life 
(hr)

Rate 
(k* 104 
min-1)

Half life 
(hr)

DPBs 5.0 0.5 ± 0.2 273 ± 148 a – 0.4 ± 0.2 353 ± 199 7.5 ± 0.9 15.5 ± 1.7
DPBs 6.0 2.5 ± 0.2 47 ± 5 0.11 ± 0.03 1157 ± 369 0.5 ± 0.1 226 ± 52 17.4 ± 1.6 6.7 ± 0.6
DPBs 7.4 39 ± 1 2.9 ± 0.1 3.2 ± 1 38 ± 12 3.9 ± 0.3 29 ± 3 37.1 ± 3.4 3.1 ± 0.3
cornea b – 83 ± 8 3.5 ± 0.4 12.5 ± 0.8 9.2 ± 0.6 64.4 ± 5.5 1.8 ± 0.1
notes: cornea—corneal hydrolysis in DPBs 7.4. Values are mean ± s.D. (n = 3). aNo measurable degradation during the period of a 96 hr experiment; bcomplete 
degradation before 5 min period. 

Table 3. in vitro antiviral activity of aminoacid prodrugs  
of AcV.

entity HsV-1 (μM) 
cpe inhibition

HsV-2 (μM) 
cpe inhibition

VZV (μM) 
cpe 
inhibition

AcV Ec50 = 7.1 Ec50 = 6.6 Ec50 = 2
AAcV Ec50 = 6.6 Ec50 = 17.7 Ec50 . 300

cc50 . 300 cc50 . 300 cc50 . 300
si . 45 si . 17 si = 0

sAcV Ec50 = 6.3 Ec50 = 38.4 Ec50 = 1.7
cc50 . 300 cc50 . 300 cc50 . 300
si . 48 si . 7.8 si . 176

ssAcV Ec50 = 43.5 Ec50 = 245 Ec50 = 7.8
cc50 . 300 cc50 . 300 cc50 . 300
si . 6.9 si . 1.2 si . 39

cAcV Ec50 = 5.4 Ec50 = 14.7 Ec50 . 300
cc30 . 300 cc50 . 300 cc50 . 300
si . 55.5 si . 20 si . 0

notes: Ec50—concentration required to inhibit viral cytopathogenicity by 50%; 
cc50—concentration required to inhibit cell proliferation by 50%. si (selectivity 
Index) =  cc50/Ec50; cPE—cytopathic Effect.
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alanine was also studied in presence of 5 mM SSACV 
(Fig. 2A). Km value increased in presence of 5 mM 
SSACV as Vmax remained  similar, indicating competitive 
inhibition. Lineweaver–Burk transformation (Fig. 2B) 
also revealed a competitive inhibition of [3H] alanine 
uptake in presence of SSACV further confirming that the 
prodrug and the substrate share a common binding site on 
the transporter. Affinity constant (Ki) of SSACV towards 
this transporter was also calculated according to Eq. 5. 
and the Ki value for SSACV is 7.97 ± 0.61 mM.

Transcorneal flux experiments
Corneal permeation of ACV, AACV, SACV, SSACV 
and CACV (1 mM) were studied with the isolated 
rabbit cornea. Estimated apparent permeability (Papp) 
values were ranked as SACV . AACV . ACV . S
SACV . CACV (Fig. 3).

Transcorneal flux of AACV in the presence  
of 5 mM alanine, Bch, and gly-sar
Translocation of AACV across isolated cornea was 
unaffected by the presence of gly-sar, a model pep-
tide transporter substrate, alanine, a model ASCT 
transporter substrate and BCH, a model LAT or B0,+ 
transporter substrate. Instability of AACV was further 
confirmed by the presence of only parent drug, ACV 
in the receiver chamber (Fig. 4).

cumulative amount of [3h] alanine transported 
in the presence of ssAcV
Transport of [3H] alanine was studied in the pres-
ence of 10 mM SSACV across rabbit cornea and it 

was significantly inhibited in the presence of 10 mM 
SSACV, which is consistent with our uptake results 
(Fig. 5).

ph and na+ dependent ssAcV transport
pH effect on the transport of SSACV across isolated 
cornea was also examined. The buffer used was DPBS 
and the pH range studied was within 5–7.4. Transport 
of SSACV across cornea diminished with a lowering 
in pH values from pH-7.4 to 5.0. Surprisingly trans-
port of SSACV was significantly elevated when Na+ 
in the DPBS buffer was replaced with K+ (Fig. 6).

competitive inhibition of ssAcV transport
Inhibition of SSACV transport was studied in the 
presence of several inhibitors to further characterize 
the transcorneal flux mechanism (Fig. 7). SSACV 
permeation was significantly (P , 0.05) inhibited 
to a varying degree in the presence of various amino 
acids with the maximum inhibition observed in pres-
ence of BCH, a substrate specific for LAT or B0,+.4,24 
Transcorneal permeability of SSACV was also atten-
uated in the presence of alanine and glutamic acid 
(Fig. 7).

Transcorneal flux of SACV in the presence  
of inhibitors
Translocation of SACV across cornea was inhibited 
in the presence of 5 mM arginine (∼51%), a specific 
substrate for cationic transport system and in pres-
ence of BCH (∼38%), a substrate specific for LAT or 
B0,+. On otherwise alanine, gly-sar, and glutamic acid 
caused no measurable inhibition in the transport of 
SACV across cornea (Fig. 8).

Transcorneal flux of CACV in the presence  
of 5 mM gly-sar and alanine
Translocation of CACV across cornea was not affected 
by the presence of alanine and gly-sar in comparison 
to control. Alanine, a model ASCT transporter sub-
strate and gly-sar, a model peptide transporter sub-
strate produced no significant inhibition (Fig. 9).

Log P values of AcV, AAcV, ssAcV,  
sAcV and cAcV
Log P values were calculated using VCC-Lab 
 Program—which provides interactive on-line predic-
tion of logP and aqueous solubility of compounds. 

Table 4. Uptake of [3h] alanine (7.6 nM), [3h] arginine 
(11.9 nM) and [3h] Phenylalanine (10 nM) by rPcEc in 
presence of 5 mM control, AAcV, ssAcV, sAcV, and 
cAcV. 

Fraction 
uptake/mg 
protein 
(% donor)

[3H]  
Arg inine

[3H] phenyl- 
alanine

[3H]  
Alanine

control 12.3 ± 1.1 8.6 ± 1.3 19.2 ± 0.8
5 mM control 0.8 ± 0.04** 0.84 ± 0.09** 2.6 ± 0.1**
5 mM AAcV 11.7 ± 0.7 10.2 ± 0.7 18.8 ± 1.4
5 mM ssAcV 9.4 ± 0.1* 6.4 ± 0.3* 7.9 ± 0.5*
5 mM sAcV 12.0 ± 0.5 10.7 ± 0.4 19.5 ± 1.8
5 mM cAcV 11.6 ± 0.8 9.7± 0.6 19.5 ± 1.8

notes: Values are mean ± s.D. (n = 4 to 8). *indicates P , 0.05; **represents 
P , 0.01 from control.
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This program also compares logP calculated with sev-
eral different procedures. The Clog P values obtained 
were −2.42, −2.15, −3.89, −3.32, and −2.28 for ACV, 
AACV, SSACV, SACV and CACV respectively.

Discussion
Targeted prodrug design represents a new strategy 
for site directed and efficient drug delivery. Molecu-
lar targeting of drugs to transporters and receptors is 

emerging as a novel and clinically significant approach. 
In an earlier study, we have identified Na+ depen-
dent neutral amino acid transporter, ASCT1 both on 
rPCEC cells and intact cornea.17 In this study, amino 
acid prodrugs of acyclovir were designed to target this 
neutral amino acid transporter and [3H] alanine was 
used as a model substrate. Carboxyl ester amino acid 
prodrugs of acyclovir, AACV, SACV and CACV did 
not inhibit the uptake of [3H] alanine, suggesting that 
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the prodrugs did not interact with the alanine carry-
ing system on the rPCEC cells (Table 4). On the other 
hand, carboxyl free amino acid prodrug of acyclovir, 
SSACV inhibited the uptake of [3H] alanine, indicat-
ing that free carboxyl group of amino acid is essential 
for substrate recognition by alanine carrying system. 
Even though SSACV inhibited the uptake of [3H] ala-
nine in a competitive manner, SSACV exhibited low 
affinity towards the L-alanine carrying system rela-
tive to L-alanine as indicated by the Km values (Fig. 
2A).

In hydrolysis studies with ocular tissues, it was 
evident that all the prodrugs hydrolyzed to the parent 
drug, ACV (Table 2). Therefore, the amino acid prod-
rugs of ACV are recognized by the ocular esterases and 
readily cleaved to the parent drug. The corneal half-
lives of SSACV, SACV and CACV were 3.52 ± 0.36, 
9.22 ± 0.58, and 1.8 ± 0.1 hrs respectively.

Although, the transcorneal flux of SACV was 
not inhibited in presence of 5 mM alanine, SACV 
exhibited highest permeability compared to all other 
prodrugs (Fig. 3). Transcorneal fluxes of CACV and 
AACV were also not affected in presence of 5 mM 
alanine, indicating that these prodrugs did not interact 
with the alanine carrying system present on the cor-

neal epithelium (Table 4). Transcorneal flux of AACV 
was comparable to that of ACV however SSACV and 
CACV demonstrated a significantly lower perme-
ability in comparison to ACV (Fig. 3). Further stud-
ies were conducted only with SSACV and SACV to 
delineate their interactions with other transporters.

To delineate the interaction of SSACV with neu-
tral amino acid transporter (ASCT) on the cornea, 
transcorneal flux of SSACV was carried out by per-
forming pH, and Na+ dependent transport experiments 
across isolated rabbit cornea. Transport of SSACV 
was found to be pH dependent (Fig. 7). Surprisingly, 
in the absence of Na+, transport of SSACV was found 
to be significantly (P , 0.05) enhanced (298% of 
control) (Fig. 6). These results suggest that SSACV 
interaction with the neutral amino acid transporter 
(ASCT1) was minimal as ASCT1 mediated transport 
process is relatively pH independent. Alteration of 
SSACV transport in Na+ free buffer may be due to 
the involvement of other inorganic monovalent cat-
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ions like K+ and requires further studies to clarify this 
hypothesis.

Further functional characterization of SSACV and 
SACV was carried out by studying their transcorneal 
flux in the presence of BCH (an inhibitor of the trans-
port system specific for LAT or B0,+),4,24 cationic 
(arginine), neutral (alanine), and anionic (glutamic 
acid) amino acids. Transcorneal flux of SSACV was 
significantly (P , 0.05) lower in the presence of 
BCH (81.2%), indicating the involvement of either 
LAT or B0,+ (Fig. 7). Transport of SSACV was also 
inhibited significantly (P , 0.05) in presence of neu-
tral amino acid, alanine (44.8%); anionic amino acid, 
glutamic acid (76%); but not in presence of cationic 
amino acid, arginine (30%). SSACV inhibition with 
alanine further confirms its recognition by L-alanine 
carrying system but such inhibition effect is relatively 

minimal compared to inhibition with glutamic acid. 
The transport of ACV- succinate and succinate was 
also performed in the presence of 5 mM glutamic 
acid to delineate involvement of these intermediates. 
Glutamic acid did not cause any significant change in 
the transport of these intermediates (data not shown) 
so the marked inhibition of transcorneal transport of 
SSACV in the presence of glutamate was not due to 
succinate.

Inhibition patterns of the SACV were completely 
distinct from SSACV. Transcorneal flux of SACV 
was significantly (P , 0.05) inhibited in the pres-
ence of arginine (∼51%), indicating the involvement 
of cationic amino acid transport system (Fig. 8). 
 Interestingly, transcorneal flux of SACV was also 
inhibited in presence of BCH, a substrate specific for 
LAT or B0,+. Movement of SACV across cornea was 
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not altered in the presence of alanine, gly-sar and an 
anionic amino acid, glutamic acid (Fig. 8). Control 
experiments measuring the transport of ACV were 
also performed in the presence of alanine, arginine 
and BCH (Table 5). This result confirms that inhibi-
tion pattern of these prodrugs was not due to parent 
drug, ACV.

Antiviral efficacy of these prodrugs was tested 
against HSV-1 and 2, and VZV (Table 3). The com-
pounds were found to be highly effective against 
HSV-1 and VZV, as would be expected from a prodrug 
of the parent drug ACV, which also shows excellent 
activity against HSV and VZV. It should be noted that 
the activity of the prodrug is due to its  regeneration 
to the parent drug, ACV, as the prodrugs are  inactive 
themselves. The prodrug SACV appears to be a 
promising prodrug candidate due to its appreciable 
antiviral activity, long half-life and high  permeability 
across the corneal membrane.

In conclusion, results of the current study indi-
cate interaction of SSACV with the alanine carrying 
system on the rPCEC and rabbit cornea. Functional 
and molecular evidence of the presence of LAT1, 
B0,+, ASCT1 on the rabbit corneal epithelium were 
recently reported from our laboratory.15–17 Expres-
sion of amino acid transport systems on the rPCEC 
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Table 5. Permeability values of 1 mM AcV in the presence 
of 5 mM alanine, arginine, and Bch across isolated rabbit 
cornea. 

permeability of AcV 
(1 mM) (10−6 × cm/sec)

control 2.33 ± 0.73
5 mM alanine 2.06 ± 0.69
5 mM arginine 2.7 ± 0.17
5 mM Bch 2.03 ± 0.42
note: Values are mean ± s.D. (n = 3 to 6). *represents P , 0.05 from control.

seems highly variable compared to corneal tissue 
and utilization of rPCEC as a cell culture model for 
amino acid transporters needs careful analysis. Dif-
ferential transport capability of various transporters 
especially B0,+ compared to ASCT may also be play-
ing an important role in the increased permeability 
of SACV. Even though various factors play a role 
in determining the permeability of the prodrugs, it 
appears that SACV offers significant improvement 
in the transport over ACV. Moreover all these prod-
rugs might still be useful due to their high aqueous 
solubility (.40 mg/ml) as compared to 2.5 mg/ml 
for ACV thus enabling formulation of 1% aqueous 
eye drops.10
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