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Purpose. To delineate the characteristics and mechanisms of up-
take of biodegradable poly(D,L-lactide-co-glycolide) (PLGA) nano-
particles in primary cultured rabbit conjunctival epithelial cells
(RCECs).

Methods. Poly(D,L-lactide-co-glycolide) nanoparticles (PLGA 50:50,
100 nm in diameter) containing 6-coumarin (as a fluorescent marker)
were used. The effect of size was studied using various particle sizes
(100 nm, 800 nm, and 10 pm). The effect of cytochalasin D, noco-
dazole, and metabolic inhibitors on nanoparticle uptake was investi-
gated. The capability of nanoparticles to enhance the uptake of an
encapsulated protein, BSA bound to Texas red (TR-BSA), was
evaluated.

Results. Maximal uptake of nanoparticles at 37°C occurred at 2 h,
and 100-nm particles had the highest uptake in RCECs in comparison
with 800-nm and 10-pwm particles. Nanoparticle uptake was saturable
over the 0.1-4 mg/ml concentration range. Nanoparticle uptake was
confirmed by confocal microscopy and was inhibited significantly by
coumarin-free nanoparticles (of similar size), by lower incubation
temperature, and by the presence of metabolic inhibitors and cyto-
chalasin D. The uptake of encapsulated TR-BSA in RCECs at 4 h
was 28% higher than free BSA application.

Conclusion. Our findings suggest that PLGA nanoparticle uptake in
primary cultured rabbit conjunctival epithelial cells occurs most likely
by adsorptive-type endocytosis.

KEY WORDS: absorption; endocytosis; ocular drug delivery; oph-
thalmic; polymeric microparticles.

INTRODUCTION

Topical ophthalmic drugs have generally poor absorption
in the eye due to the cornea’s low permeability to drugs and
noncorneal factors such as rapid tear turnover, nasolacrimal
drainage, and systemic absorption. Most noninvasive ap-
proaches for enhancing ocular drug absorption involve the
use of prodrugs, the use of viscosity agents designed to pro-
long the drug residence time, and colloidal systems (1). Poly-
meric nanoparticles are an attractive colloid because they
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demonstrate increased stability and have a longer elimination
half-life in tear fluid, 20 min, than do conventional drugs
applied topically to the eye, which have half-lives of just 1-3
min (2).

Nanoparticles have been evaluated as ocular drug deliv-
ery systems to enhance the absorption of therapeutic drugs,
improve bioavailability, reduce systemic side effects, and sus-
tain intraocular drug levels (3-6). In addition, polymeric
nanoparticles have been shown to have potential in the treat-
ment of inflammatory external eye diseases (7). PLGA is a
copolymer of poly (D,L-lactide-co-glycolide) and is an ideal
candidate of biodegradable polymers for formulation into
nanoparticles due to its wide medical use, biocompatibility,
and safety (8).

The conjunctival epithelium is a thin, vascular membrane
lining the inside of the eyelids and has been shown to express
several membrane transporters. Physiologically, it may func-
tion as a protective barrier against the permeation of patho-
gens and exogenous drugs, in the exchange of nutrients and
solutes with the cornea, and in the excretion of solutes and
endogenous enzymes contributing to tear content and func-
tion (9). The larger surface area and paracellular pore size of
the conjunctival epithelium allow for higher drug permeabil-
ity than is seen in the corneal epithelium (10). Drug and
solute transport across the conjunctival epithelium has exten-
sively been studied. However, the transport and absorption of
nanoparticles in the conjunctival epithelium has not been con-
siderably studied. Primary cultured rabbit conjunctival epi-
thelial cells (RCECs) have similar permeability values to low-
molecular-weight drugs as isolated rabbit conjunctiva, which
suggests that RCEC culture may be useful as an in vitro
model for evaluating drug transport (11).

In the current study, we used a primary cultured RCEC
model to investigate the uptake characteristics of biodegrad-
able PLGA nanoparticles (100 nm in diameter) and to eluci-
date the mechanism of their uptake. We also sought to dem-
onstrate the capability of nanoparticles to enhance ocular ab-
sorption by studying the uptake of a model, encapsulated
agent, bovine serum albumin, in RCECs.

MATERIALS AND METHODS

Materials

Nanoparticles of polylactic polyglycolic acid co-polymer
(PLGA 50:50, with an inherent viscosity of 1.31 measured in
hexafluoroisopropanol) with mean diameters of 100 nm, 800
nm, and 10 pm (actual diameters were 0.11 + 0.05 pm, 0.8 +
0.02 wm, and 9.4 + 0.2 wm, respectively) were obtained from
the coauthor Dr. Labhasetwar and formulated and character-
ized with the methods reported by Davda and Labhasetwar
(12). The nanoparticles contained bovine serum albumin (4%
w/w) as a model protein and 6-coumarin (0.05% w/w) as a
fluorescent marker. In addition, his laboratory provided 100-
nm unloaded PLGA nanoparticles and 100 nm PLGA nano-
particles containing 25% (w/w) bovine serum albumin
(14.5%, unconjugated and 10.4% conjugated to Texas red
marker). 6-coumarin was purchased from Polysciences Inc.
(Warrington, PA, USA). Culture media and supplies were
purchased from Invitrogen Corp. (Carlsbad, CA, USA). PC-1
serum-free culture medium was purchased from Biowhittaker
(Walkersville, MD, USA). Clearwell filters (12-mm diameter,
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0.4-um pore size) were obtained from Costar (Cambridge,
MA, USA). Nystatin, nocodazole, cytochalasin D, and Texas-
red conjugated bovine serum albumin were obtained from
Sigma Chemical Co. (St. Louis, MO, USA). Lucifer yellow
was purchased from Molecular Probes (Eugene, OR, USA).

Animals and Tissue Preparation

Conjunctival tissue was isolated and prepared as previ-
ously described by Kompella et al. (13). Briefly, male Dutch-
belted pigmented rabbits, weighing 2.0-2.5 kg, were obtained
from Irish Farms (Norco, CA, USA) and handled in accor-
dance with Guiding Principles in the Care and Use of Ani-
mals (DHEW Publication, NIH 80-23). The animals were eu-
thanized with an overdose of sodium pentobarbital solution
(325 mg/kg) injected via the ear marginal vein. Eyeballs were
carefully excised and then the conjunctival tissues were care-
fully dissected.

In vitro Release of 6-Coumarin from Nanoparticles

Ten-milliliter nanoparticle suspension (1 mg/ml) pre-
pared in bicarbonate Ringer’s solution (BRS) was placed on
a shaker for 24 h at 37°C. Periodic samples (1 ml) were then
taken and replaced with fresh BRS buffer of equivalent vol-
ume. Each sample was then subjected to centrifugation at
10,000 x g for 5 min. The supernatant was collected, lyophi-
lized overnight, extracted, and analyzed for the released
6-coumarin content, as described in “Analytical Method,” be-
low. To determine the amount of 6-coumain released from
PLGA nanoparticles, we constructed a standard curve of
nanoparticles (concentrations ranging from 0.1 to 500 wg/ml)
in BRS with subsequent lyophilization, extraction, and analy-
sis as done for the in vitro released samples.

Primary Air-Interfaced Culture of Rabbit Conjunctival
Epithelial Cells

Rabbit conjunctival epithelial cells were harvested using
a protocol developed by Saha et al. (14) and modified by Yang
et al. (15). Briefly, following excision, the conjunctiva was
washed in ice-cold Ca?*/Mg>*-free Hank’s balanced salt so-
lution and treated with 0.2% protease type XIV (Sigma
Chemical Co.) for 60 min at 37°C in 95% air/5% CO, to
dissociate the cells. The isolated cells were treated with Mini-
mum Essential Medium (S-MEM) containing 10% fetal bo-
vine serum (FBS) and 1 mg/ml deoxyribonuclease (DNAase
I) to stop protease reaction. The cell pellet was washed, cen-
trifuged at 100 x g for 10 min at room temperature, and then
filtered through a 40-pm cell strainer. The final cell pellet was
resuspended in Dulbecco’s Modified Eagle Medium/Nutrient
Mixture F-12 (DMEM/F12) medium supplemented with 100
U/ml penicillin-streptomycin, 0.5% gentamicin, 0.4% fungi-
zone, 2 mM L-glutamine, 1% ITS™ (6.5 pg/ml insulin, 6.5 g/
ml transferrin, 6.5 ng/ml selenious acid, 1.25 mg/ml BSA, and
5.35 mg/ml linoleic acid), 30 wg/ml bovine pituitary extract
(BPE), 1 pM hydrocortisone, and 1 ng/ml epidermal growth
factor (EGF). These cells were seeded on Clearwells pre-
coated with rat-tail collagen at a density of 1.2 x 10° cells/cm?
and then were cultured at 37°C in 5% CO, and 95% air. From
day 2 onward, the growth medium was changed to PC-1
growth medium supplemented with 2 mM L-glutamine, 100
U/ml penicillin-streptomycin, 0.5% gentamicin, and 0.4%
fungizone. Cells were switched to an air-interface (i.e., nomi-
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nally fluid-free on the apical surface of the cell layers) on day
4 onward. On days 6 or 7, cells became confluent and were
used for experiments.

Nanoparticle Uptake Study in RCECs

Following confluency of cultured conjunctival cells, the
culture medium from both sides of the cells was replaced with
a physiological BRS, and the cells were incubated at 37°C for
30 min. BRS consisted of 116 mM NacCl, 5.6 mM KClI, 1.8 mM
CaCl,-2H,0, 5.5 mM b-glucose, 0.8 mM NaH,PO,, 0.8 mM
MgCl,, 25 mM NaHCO; and 15 mM N-2-hydroxyethylpi-
perazine-N-2-ethanesulfonic acid (HEPES). Before it was
used, the BRS was bubbled with air containing 5% CO, and
adjusted to pH 7.4 before usage. The osmolarity of the solu-
tion was in the range 290-310 mOsm. All nanoparticle sus-
pensions were prepared in BRS solution. After 30 min incu-
bation with BRS, the apical side of conjunctival epithelial
cells was replaced with the nanoparticle suspension and incu-
bated for 04 h at 37°C. After incubation, the apical solution
was aspirated, and the cell filters were washed three times
with ice-cold BRS buffer solution to remove excess nanopar-
ticles. The cell filters were then cut off from the Clearwells
with a blade and transferred separately into covered dispos-
able tubes with 1 ml BRS solution. For the determination of
the amount of membrane-bound fraction of nanoparticles,
washed cells were trypsinized with 10x Trypsin-EDTA for 30
min to a total volume of 1 ml and centrifuged twice at 1000 x
g for 10 min each. The resulting pellet was solubilized with 0.5
ml of 0.5% Triton-X 100 in BRS for 30 min at 37°C and
diluted to 1 ml with BRS. The filter samples and/or both the
supernatant and dissolved pellet (1 ml each) of each sample
were then frozen at —20°C and lyophilized overnight.

The effect of the nanoparticles on the bioelectric param-
eters of the conjunctival epithelial cell culture was examined
by evaluating the change in both the transepithelial electrical
resistance (TEER) and potential difference (PD) after 2 h of
incubation with nanoparticles. The TEER and PD were mea-
sured using a Voltohmmeter electrode (World Precision In-
struments, Sarasota, FL, USA). The cell layer resistance was
obtained by subtracting the total resistance from blank filter
resistance, corrected for the specific Transwell surface area,
and expressed as (-cm?. Similarly, the PD was calculated and
expressed as mV.

Analytical Method

The lyophilized samples were extracted with 1 ml ethyl
acetate and centrifuged three times at 1000 x g for 3 min each.
The combined extract (total of 3 ml) was evaporated under
nitrogen stream. The sample residues were then reconstituted
with 400 pl acetonitrile. Samples from 6-coumarin- and
Texas-red bovine serum albumin (TR-BSA)-loaded nanopar-
ticles were analyzed with a spectrofluorometer F-2000 (Hita-
chi, Tokyo, Japan) set at an excitation wavelength of 450 nm
and an emission wavelength of 490 nm or an excitation wave-
length of 590 nm and an emission wavelength of 645 nm,
respectively. Standard curves for 6-coumarin and Texas red
were constructed for each nanoparticle uptake experiment by
spiking different known concentrations of nanoparticles
(12.5-200 pg/ml) in BRS and treating them the same way as
nanoparticle samples (lyophilized and extracted as before).
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The amount of nanoparticles taken up by rabbit conjunctival
epithelial cells was then determined from the standard curve.

Characteristics of Nanoparticle Uptake

Effect of Incubation Time and Particle Size

To characterize the uptake mechanism of nanoparticles
in RCECs, 6-coumarin-loaded nanoparticles were used for all
these experiments. Various sizes of particles (100 nm, 800 nm,
and 10 pm) at 0.65 mg/ml were incubated in RCECs for 2 h
and the uptake was then analyzed. Time-dependent uptake
study was carried out using 100-nm-size nanoparticles at 0.3
mg/ml from O to 4 h. The optimal time for uptake was chosen
for all other experiments.

Effect of Nanoparticle Concentration, Competition,
and Temperature

To investigate if nanoparticle uptake was saturable,
RCECs were incubated for 2 h with nanoparticles in the con-
centration range of 1 to 4 mg/ml. Temperature-dependent
uptake studies were carried out with three different nanopar-
ticle concentrations (0.3, 0.5, and 1 mg/ml) at both 37°C and
4°C. The activation energy (E,) for the temperature-depen-
dent uptake of the three different nanoparticle concentrations
was calculated using Arrhenius analysis [E, = (T,;T,R /T, -
T,) x In k,/k;, where T, and T, are the temperatures in
Kelvin, R is the gas constant, and k, and k, represent the
uptake rate constant at each temperature]. The average acti-
vation energy is obtained by averaging the E, at all three
different nanoparticle concentrations. For the competition
study, nanoparticles were incubated for 2 h at 100 pg/ml in the
absence and presence of an excess amount of coumarin-free
unloaded nanoparticles (5-10-fold higher concentration).

Mechanism of Nanoparticle Uptake and Drug
Delivery Enhancement

To evaluate if nanoparticle uptake occurs through an
active process, RCECs were preincubated with metabolic in-
hibitors (10 mM sodium azide and 0.2 mM 2.4-dinitrophenol)
for 30 min prior to nanoparticle uptake and throughout the
2-h uptake period. The effect of microfilament and microtu-
bule inhibitors (also known as vesicle formation or endocy-
tosis inhibitors) on nanoparticle uptake in RCECs was evalu-
ated by preincubating cells with 0.1 pg/ml cytochalasin D
(microfilament inhibitor) and 1 pg/ml nocodazole (microtu-
bule inhibitor) (both dissolved in DMSO), respectively, for 30
min prior to nanoparticle application and throughout the 2-h
uptake experiment. The effect of nanoparticles on the uptake
of Lucifer yellow (LY), a known fluid-phase marker in hepa-
tocytes and Madin-Darby canine kidney cells (MDCK), was
carried out to evaluate if nanoparticles had any stimulatory
effect on vesicle formation (endocytosis). First, the kinetics of
internalization of 0.1 mM LY in RCEC culture was followed
up to 45 min to ensure that it behaves as a fluid-phase tracer.
Then, the uptake of LY at the 4-h time period, in the presence
and absence of 1 mg/ml nanoparticles, was evaluated. To
evaluate the possibility of nanoparticles for enhancing drug
delivery to the eye, the uptake at 4-h of a model protein,
bovine serum albumin conjugated to Texas-red, TR-BSA, in
both free form (0.104 mg/ml) and encapsulated within nano-
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particles (1 mg/ml, containing 10.4 w/w of TR-BSA), was ex-
amined. Uptake data are presented as mean + SEM (n),
where n is the number of observations. Both Student’s ¢ test
and one-way ANOVA analysis (using Tukey—Kramer test)
were used to evaluate significant differences (p < 0.05) in
sample means, as appropriate.

Nanoparticle Absorption

Semiconfluent RCECs (70-80% confluent on day 5 or 6)
were incubated for 2 h at 37°C with a suspension of 6-cou-
marin nanoparticles (500 pg/ml) and then washed three times
with ice-cold BRS buffer to remove excess nanoparticles. This
concentration was chosen because it was optimal for distin-
guishing the fluorescent intensity of nanoparticles from that
of the cell autofluorescence. Cells were then fixed with 4%
paraformaldehyde solution for 30 min, and the cell filter was
mounted on a glass slide using Prolong mounting anti-fade
media (Molecular Probes) and viewed under a confocal mi-
croscope (Ziess LSM 510, Ziess, Inc., Thornwood, NY) using
FITC filter (wavelength, 450-490 nm).

RESULTS

The average transepithelial electrical resistance (TEER)
and potential difference (PD) values for RCEC culture (day
7) used in all uptake experiment were 1.20 + 0.17 kQ-cm? and
3.7 = 0.75 mV, respectively. Following 2-h incubation with
nanoparticles, the TEER and PD values were not signifi-
cantly different from control (p > 0.05) with values of 1.02 +
0.1 kQ-cm? and 3.1 + 0.32 mV (n = 12), respectively.

In vitro Release of 6-Coumarin

As shown in Fig. 1, 6-coumarin release from nanopar-
ticles followed a biphasic pattern: a rapid initial release that
occurred in the first 30 min followed by a slow release after-
wards that started to plateau after 8 h. This is a typical release
pattern for drugs encapsulated in a matrix system, with the
release rate following first-order kinetics. The maximal
amount of 6-coumarin released in 24-h was less than 1%
(0.32%) of the actual amount of 6-coumarin loaded in the
nanoparticles. The contribution of released 6-coumarin (used

04 q
0.3 1

0.2

% Release of
6-coumarin

0.1

0.0 -# T T T T 1
0 5 10 15 20 25

Time (h)

Fig. 1. Percent cumulative in vitro release of 6-coumarin from nano-
particles during a 24-h period. Nanoparticles (1 mg/ml) suspended in
bicarbonate Ringer’s solution (BRS) in a vial were placed on a shaker
at 37°C and periodic samples (0.5 ml) were taken and analyzed for
coumarin content using a spectrofluorometer. Points represent mean
+ SEM (n = 6).
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as a control) to total nanoparticle uptake did not exceed 10%
(data not shown).

Characteristics of Nanoparticle Uptake

As shown in Fig. 2, uptake of nanoparticles reached a
plateau after 2 h. Thus, 2-h incubation time was chosen for all
further studies. Figure 3 shows that both 100- and 800-nm
particles achieved higher uptake values than 10 wm particles.
One hundred-nanometer nanoparticles had the highest up-
take in primary cultured RCECs, so all further experiments
were conducted with these particles. The total uptake of 100-
nm nanoparticles increased in a concentration-dependent
manner when incubated at 37°C and followed a Michaelis—
Menten equation fit (using GraphPad Prism software 3.00,
San Diego, CA, USA) with V, . of 1.1 + 0.06 pg/mm? and
K,, of 0.41 + 0.07 mg/ml (Fig. 4). Table I indicates that the
efficiency of nanoparticle uptake is highest at lower concen-
tration. The amount of nanoparticles transported to the ba-
solateral side amounted to less than 5% of the total uptake
(data not shown). Figure 5 demonstrates that uptake of cou-
marin-loaded PLGA nanoparticles was significantly reduced
in a dose-dependent manner by co-incubating RCECs with
coumarin-free PLGA nanoparticles of the same size and poly-
mer content.

Lowering the temperature from 37°C to 4°C abolished
uptake of PLGA nanoparticles (at three different concentra-
tions) by approximately 90%, indicating that uptake is tem-
perature dependent (Fig. 6). A passive process such as diffu-
sion probably describes the remaining uptake of nanopar-
ticles. The average activation energy (E,) was 15.3 + 2.1 kcal/
mol determined using Arrhenius analysis of temperature-
dependent uptake of the three different nanoparticle concen-
trations.

Mechanism of Nanoparticle Uptake and Drug
Delivery Enhancement

Preincubating nanoparticles for 30 min with either so-
dium azide or 2,4-dinitrophenol reduced nanoparticle inter-
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Fig. 2. Effect of incubation time on nanoparticle uptake at 37°C in
RCEC culture. The concentration of nanoparticles (100 nm) used was
0.3 mg/ml. K, represents the time at which half-maximal uptake oc-
curs. The K, value was 1.74 + 1.10 h. Symbols (M) represent mean +
SEM (n = 6).
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Fig. 3. Effect of size on particle uptake in RCEC culture at 37°C.
Different particle sizes (0.1, 0.8, and 10 mm in diameter) were applied
to RCEC culture for 2 h. All three different particles were made using
PLGA co-polymer and contained both bovine serum albumin (model
protein) and 6-coumarin (fluorescent marker). Open bars represent
mean + SEM (n = 6). *Denotes significant differences (p < 0.05).

nalization into RCECs by 24 + 1.5% and 19 + 0.9%, respec-
tively, compared to that of control (Fig. 7). The internalized
fraction of nanoparticles represented 6% of the applied dose
of nanoparticles (0.5 mg/ml), whereas the membrane-bound
portion was only 1.5%. Figure 7 also demonstrates that the
2-h uptake of 0.5 mg/ml nanoparticles in RCECs decreased
significantly when cells were preincubated with 0.1 pg/ml cy-
tochalasin D, an actin filament inhibitor, but not in the pres-
ence of 1 pg/ml nocodazole, a microtubule inhibitor, despite
a noticeable decrease in uptake pattern.

Table II demonstrates that the uptake of TR-BSA at the
4-h period was 28% higher when given in encapsulated form,
as nanoparticles, than when it was applied in free form. We
speculated that this increase in protein transport could be
mediated by the stimulation of endocytosis (vesicle forma-
tion) in RCECs. We tested this by evaluating the effect of
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Fig. 4. Effect of concentration on nanoparticle uptake at 37°C in
RCEC culture. Various nanoparticle (100 nm) concentrations rang-
ing from 0 to 4 mg/ml were applied to RCEC culture for 2 h Points
were fit to a curve using Michaelis—-Menten equation. The V., and
K., values were 0.74 + 0.04 pg/mm? and 0.42 + 0.07 mg/ml, Respec-
tively. Points (H) represent mean + SEM (n = 6).
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Table I. Effect of Nanoparticle Amount on the Number of Particles
and Efficiency of Uptake in RCEC Layers

Amount
NP Conc  applied Uptake* Nanoparticlest  Efficiency:

(mg/ml) (rg) (ng/mm?)  (No. x 10°/mm?) (%)
100 50 0.12 +0.011 169.2 24.0
300 150 0.28 +0.025 394.8 18.6
500 250 0.41 +0.037 578.1 16.4
1000 500 0.57 +0.06 803.7 11.4
2000 1000 0.64 +0.03 902.4 6.4
4000 2000 0.63 +0.033 888.3 31

* Values represent mean + SEM (n = 6).

t No. of particles = [Uptake x k x 10°]/d®, where k is a factor that
takes into account the density (g/cm?®) of the polymer used and d is
the diameter of the particles in pm.

i % Efficiency = [Uptake by cells/theoretical dose added] x 100,
where theoretical dose is calculated by dividing the total amount of
the nanoparticles added by the total area of the RCEC layer ex-
posed to the nanoparticles (100 mm?).

nanoparticles on the uptake of Lucifer yellow (LY), a fluid-
phase marker. Table II shows that simultaneous coadminis-
tration of LY with nanoparticles enhanced the uptake of LY
at the 4-h period by 39% as compared to LY applied alone.
Our observation of the linear uptake of LY over a 60-min
period is consistent with it being a fluid-phase marker (data
not shown).

Nanoparticle Absorption

Confocal microscopy revealed evidence of nanoparticle
uptake, rather than their adsorption to the cell surface. Figure
8a shows that nanoparticles were abundant in the intermedi-
ate layer of RCEC: just below the apical compartment. Small
amounts of nanoparticles were also seen in the deep layer of
the cells (not shown). Nanoparticles were seen either distrib-
uted in a punctate manner (long arrows) around the cell
membrane, in the perinuclear area, below the cell surface,
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Fig. 5. Effect of inhibition by coumarin-free nanoparticles (competi-
tor) on 6-coumarin nanoparticle uptake at 37°C in RCEC culture.
6-coumarin nanoparticles (0.1 mg/ml) in the presence of different
concentrations of unloaded nanoparticles (competitor) at 0, 0.5, and
1 mg/ml were applied to RCEC culture for 2 h. Open bars represent
mean + SEM (n = 6). *Denotes significant differences (p < 0.05).
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and in distinct compartments (maybe an endosome), or seen
in a diffuse pattern (arrowheads) all over the cytoplasm.
Nanoparticles were not found in the nuclear region (stained
red with propidium iodide). Control images, in the absence of
nanoparticles, did not show fluorescence in the cells (Fig. 8b).

DISCUSSION

Our findings demonstrated that uptake of PLGA par-
ticles in rabbit conjunctival epithelial cells is dependent on the
particle size, with smaller, 100-nm particles exhibiting the
highest uptake compared to larger 800-nm and 10-wm par-
ticles. This is consistent with earlier findings by Desai et al.
(16) showing that Caco-2 cells uptake of PLGA micropar-
ticles was time-, size-, and concentration-dependent. Calvo et
al. (17) observed a similar size-dependency pattern with the in
vivo corneal uptake of indomethacin-loaded poly(epsilon-
caprolactone) colloidal particles being higher than micropar-
ticles after topical instillation into the albino rabbit eye.

Confocal microscopy showed that the smaller 100-nm
particles were internalized in RCECs rather than adsorbed on
the cell surface and were distributed in both a diffused man-
ner in the cytoplasm and in a punctate manner in subcellular,
possibly endosomal, compartments. Our studies indicated
that 6% of nanoparticle dose (30 pg/cm? per 2 h of 0.5 mg/ml)
was internalized by conjunctival epithelial cells, and only
1.5% of the dose was surface-bound. The rest of the dose
remained in the donor medium. Wood et al. (2) observed a
lower amount (1% of the dose) in the conjunctival epithelium
6 h postinstillation of poly(hexylcyanoacrylate) nanoparticles
in vivo into the cul-de-sac area. This could be attributed to the
low residence time of the nanoparticles as a result of tear
turnover and lacrimal drainage. At the moment, direct com-
parison of nanoparticle uptake among various epithelial cells
is difficult due to differences in the physiochemical properties
of nano/microparticulates, animal models, and methods of de-
tection used in different laboratories. Therefore, no conclu-
sion can be drawn regarding the absorption efficiency in these
different systems. However, we have studied nanoparticle up-
take in Caco-2 cells and have shown that it is comparable to
that of RCEC:s, indicating similar efficiency or mechanism of
uptake (data not shown).
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Fig. 6. Effect of temperature on nanoparticle uptake in RCEC cul-
ture. Two different temperatures 4°C and 37°C were used to evaluate
the uptake of three different concentrations of nanoparticles (0.3, 0.5,
and 1 mg/ml, 100-nm particle). Bars represent mean + SEM (n = 6).
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Fig. 7. Effect of energy depletion and vesicle transport inhibitors on
nanoparticle uptake in RCEC culture. For energy depletion, RCECs
were preincubated with either 10 mM sodium azide or 0.2 mM 2.4-
dinitrophenol (metabolic inhibitors) in a glucose-free BRS at 37°C
for 30 min prior to 2-h uptake experiment with 0.5 mg/ml nanopar-
ticles. To determine the effects of vesicle transport inhibitors, cells
were preincubated at 37°C for 30 min with either 0.1 wg/ml cytocha-
lasin D (actin inhibitor) or 1 pg/ml nocodazole (microtubule inhibi-
tor) before a 2-h nanoparticle uptake study. The membrane-bound
fraction was isolated by trypsinization of cells followed by centrifu-
gation (see “Methods”). Bars represent mean + SEM (n = 4). *De-
notes significant differences (p < 0.05).

No changes in the potential difference (PD) and trans-
epithelial electrical resistance (TEER) values in RCECs were
seen following the 2-h incubation with biodegradable PLGA
nanoparticles, which rules out the possible perturbation of
tight junctions and ion transport properties by nanoparticles,
and supports previous observations of the safety and biocom-
patability of PLGA polymer following subconjunctival im-
plant in rabbits (18).

We also demonstrated that uptake of 100-nm nanopar-
ticles in RCECs was saturable and inhibited by unloaded-
nanoparticles of similar PLGA content and size, implicating
the presence of competitive binding sites for the PLGA poly-
mer on the conjunctiva. Lowering the incubation temperature
and energy level through the use of metabolic inhibitors re-
duced nanoparticle uptake in RCECs, which demonstrates
that uptake is an active process. Our findings are in concert
with previous findings by Pratten and Lloyd (19) demonstrat-
ing that uptake of I'**-labeled Percoll (consisting of 30-nm
silica particles coated with polyvinylpyrrolidone) micropar-
ticles in rat visceral yolk sac (VYS) epithelial cell culture was
inhibited by low incubation temperature and 2,4-dinitrophe-
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nol at the same concentration used (0.2 mM). However, the
degree of inhibition of nanoparticle uptake by 2,4-dinitrophe-
nol treatment in our cell system model (19 + 0.9%) was not as
profound as that reported by Pratten and Lloyd (75%). This
could be attributed to the higher endocytotic activity (and
energy requirement) in visceral yolk sac epithelial cells as part
of their nutritional support function to the embryo (20).

At the apical membrane of epithelial cells, vesicle for-
mation for both membrane-bound and fluid-phase markers
requires the activity and polymerization of an actin-microfil-
ament network (21), which can be specifically disassembled
by cytochalasin D. Treatment of RCECs with cytochalasin D
reduced nanoparticle uptake, which indicates that uptake
may be occurring by endocytosis. Our cytochalasin inhibition
data are in agreement with a previous report for the uptake of
nanoparticles by rat glumerular kidney cells (22). Noco-
dazole, a microtubule inhibitor, did not cause any significant
reduction in nanoparticle uptake, which confirmed that mi-
crotubules are involved in vesicle transport and not endocy-
tosis or receptor recycling at the plasma membrane. This find-
ing is consistent with the previous report by Pratten and
Lloyd (19). The linear uptake pattern of Lucifer yellow over
time qualified it as a marker for fluid-phase endocytosis in the
conjunctiva (data not shown). This is consistent with previous
observation in hepatocytes (23). The significant increase in
Lucifer yellow uptake when coadministered with nanopar-
ticles implicates nanoparticles in the induction of endocytosis
(vesicle formation). This may explain the mechanism of drug
delivery enhancement by nanoparticles, as evidenced by the
significant uptake increase of the encapsulated protein (BSA,
conjugated to Texas red) at 4-h period. This effect could not
be attributed to the protective effect of nanoparticles for BSA
(preventing degradation), as we monitored fluorometrically
the amount of TR-BSA, rather than BSA alone. A similar
enhancement of protein transport across polarized Calu-3
cells (pulmonary epithelial cell line model) using Carbopol
gels and chitosan microparticles was previously described
(24). In fact our data also confirmed the intracellular stability
and sustained-release properties of nanoparticles, as signifi-
cant amounts of the encapsulated agent were detected 4 days
later in RCECs (data not shown).

The uptake behavior of nanoparticles into the kidney
(22), the intestine and liver (25), Caco-2 cells (16), and VYS
epithelial cells (19) has already been studied. Collectively,
these studies explained the uptake mechanisms in terms of
both paracellular and transcellular pathways. The tight bar-

Table II. Effect of Nanoparticles on Drug Delivery Enhancement of TR-BSA and on Stimulation of Fluid-Phase
Endocytosis of Lucifer Yellow

Total uptake amount

Chemical used

(ng'ml~"-mg'mg of protein)

% Relative difference

Texas-red-BSA (as control) 153.0 £ 2.6 Control

Texas-red—-BSA-loaded nanoparticles 195.5 £9.7* 28% increase in TR-BSA uptake
Lucifer yellow (as control) 119.7 +5.5 Control

Lucifer yellow + nanoparticles 166.4 + 12.9* 39% increase in Lucifer yellow uptake

RCECs were incubated with either 0.104 mg/ml TR-BSA (free form) or 1 mg/ml of TR-BSA-loaded nanoparticles
(containing 10.4% w/w of TR-BSA) and incubated at 37°C for 4 h. RCECs were also incubated with 0.1 mM of
Lucifer yellow in the absence and presence of 1 mg/ml of nanoparticles at 37°C for 4 h. Values represent mean +

SEM (n = 4).
* Denotes significant differences (p < 0.05).
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Fig. 8. Confocal microscopy of RCECs after nanoparticles uptake for 2 h. (A) and (B) are X-Y images scanned below
the apical plasma membrane (intermediate layer of conjunctival epithelial cells). (A) Represents uptake of nanoparticles
by RCEC:s incubated for 2 h. Nanoparticles are seen within the cytosol, underneath the cell membrane, and in specific
compartments (long arrows), but not within the nucleus (small arrows). (B) Control experiment without nanoparticle
incubation.

rier properties of the conjunctival epithelium along with the
previously estimated paracellular pore radius of 5 nm indicate
that nanoparticle uptake occurs mainly by the transcellular
pathway (14,26). The uptake of poly(butylcyanoacrylate)
nanoparticles into isolated conjunctival epithelial tissues was
reported to occur in the first two cell layers only through the
transcellular route (4). Our findings support the above as-
sumption. In addition, our findings from the confocal micros-
copy and the reduction in nanoparticle uptake as a result of
energy depletion suggest that endocytosis is the main inter-
nalization mechanism of PLGA nanoparticles in RCECs. Ul-
trastructural evidence for endocytosis (or phagocytosis) of
proteins and latex nanospheres (0.8 wm in diameter) in the
conjunctival epithelium has previously been reported (27,28).
In addition, vesicle formation containing fluorescent nano-
particles in the conjunctival tissue was observed by Zimmer et
al. (4). All these observations suggest the conjunctival epithe-
lium is capable of endocytosis (or phagocytosis). Because
nanoparticle uptake exhibits a saturable pattern and competi-
tive inhibition, fluid-phase endocytosis is not likely to be in-
volved. On the other hand, both adsorptive and receptor-
mediated endocytosis involve active and saturable uptake
processes, which depend on binding to specific/nonspecific
binding sites and receptors, respectively. Because macromol-
ecules transported by the adsorptive pathway have affinity
constants in the micromolar range (our K, is 420 ng/ml)
compared to nanomolar range in receptor-mediated endocy-
tosis (29,30), we postulate that nanoparticle uptake in RCECs
occur through adsorptive-mediated endocytosis.

CONCLUSIONS

The current study has demonstrated the existence of a
nanoparticle uptake process in rabbit conjunctival epithelial
cells that is commensurate with adsorptive-mediated endocy-

tosis. The size dependency and efficiency of uptake along
with the facilitated uptake of bovine serum albumin indicate
that PLGA nanoparticles can be used for the enhancement of
drug absorption to the eye and the controlled release of pro-
teins and drugs.
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