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Abstract

The oral absorption of drugs that have poor bioavailability can be enhanced by encapsulation in
polymeric nanoparticles. Transcellular transport of hanoparticle-encapsulated drug, possibly
through transcytosis, is likely the major mechanism through which nanoparticles improve drug
absorption. We hypothesized that the cellular uptake and transport of nanoparticles can be further
increased by targeting the folate receptors expressed on the intestinal epithelial cells. The
objective of this research was to study the effect of folic acid functionalization on transcellular
transport of nanoparticle-encapsulated paclitaxel, a chemotherapeutic with poor oral
bioavailability. Surface-functionalized poly(D,L-lactide-co-glycolide) (PLGA) nanoparticles
loaded with paclitaxel were prepared by the interfacial activity assisted surface functionalization
technique. Transport of paclitaxel-loaded nanoparticles was investigated using Caco-2 cell
monolayers as an in vitro model. Caco-2 cells were found to express folate receptor and the drug
efflux protein, p-glycoprotein, to high levels. Encapsulation of paclitaxel in PLGA nanoparticles
resulted in a 5-fold increase in apparent permeability (P,pp) across Caco-2 cells. Functionalization
of nanoparticles with folic acid further increased the transport (8-fold higher transport compared to
free paclitaxel). Confocal microscopic studies showed that folic acid-functionalized nanoparticles
were internalized by the cells and that nanoparticles did not have any gross effects on tight
junction integrity. In conclusion, our studies indicate that folic acid functionalized nanoparticles
have the potential to enhance the oral absorption of drugs with poor oral bioavailability.
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1. Introduction

Oral administration is the most convenient route of drug delivery. However, poor solubility,
low intrinsic permeability across cell membranes, efflux transport, and extensive gut/hepatic
metabolism limit the oral bioavailability of many drugs 1+ 2. There has been a longstanding
interest in the use of polymeric nanoparticles as drug carriers for overcoming these

obstacles 3. Several groups have showed improved oral bioavailability of encapsulated drugs
using nanoparticles formulated with poly(D,L-lactide-co-glycolide) (PLGA) polymer 411, |t
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is generally assumed that this increased oral bioavailability is because of uptake into and
possible transcytosis of nanoparticle-encapsulated drug across enterocytes and microfold
cells 1214, Further, because the drug is encapsulated in the nanoparticle matrix, it is
protected from enzymatic degradation and drug efflux 15,

Active nanoparticle uptake by enterocytes could be mediated through one or more of the
endocytic processes: macropinocytosis, clathrin-mediated endocytosis, caveolae-mediated
endocytosis and/or clathrin- and caveolae-independent endocytosis 16. However, caveolae-
mediated endocytosis appears to be the most important mechanism for transcellular transport
of nanoparticles 17. Several proteins are known to initiate caveolae-mediated endocytosis:
folic acid receptor, glycophosphatidylinositol anchor, autocrine motility factor receptor,
interleukin-2 receptor, GM1 gangliosides, ayp1-integrin, platelet-derived growth factor
receptor, epidermal growth factor receptor, and the CCK receptor 13- 15 Incorporation of
ligands onto nanoparticles that could bind to these cell surface proteins could enable
transcytosis of nanoparticles and enhance the oral absorption of encapsulated drug 13,

The purpose of the present work was to investigate the potential of folic acid receptor-
targeted nanoparticles to improve the oral bioavailability of paclitaxel, a drug with poor oral
bioavailability 1 2. Folic acid functionalized PLGA-nanoparticles, loaded with paclitaxel,
were prepared by the Interfacial Activity Assisted Surface Functionalization (IAASF)
technique previously described by our lab 18. Caco-2 cell monolayers were used as a model
intestinal barrier to determine the effect of folic acid functionalization on nanoparticle
transport across the intestinal epithelial cells.

2. Materials and methods

2.1 Materials

2.2 Methods

PLGA (lactide-to-glycolide ratio of 50:50 and average molecular weight of 38 kDa) was
purchased from Absorbable Polymers (Pelham, AL). Folic acid, biotin, polyvinyl alcohol
(PVA; average MW 30,000-70,000 Da), 6-coumarin, paclitaxel, dimethyl sulfoxide
(DMSOQ), triethylamine, dicyclohexylcarbodimide, N-hydroxy-succinimide, stannous-2-
ethyl-hexonate, dicyclohexylurea, phosphotungstic acid, and monoclonal anti-folic acid
antibody were obtained from Sigma (St. Louis, MO). a-amine-v-hydroxy PEG was obtained
from Laysan Bio, Inc. (Arab, AL). HPLC grade organic solvents were from Fisher Scientific
(Pittsburgh, PA). Cell culture reagents were obtained from Sigma and Invitrogen
Corporation (Carlsbad, CA).

2.2.1 Preparation of nanoparticles—PLA-PEG (with methoxy terminated PEG)
copolymer and PLA-PEG-folic acid were synthesized using previously reported synthetic
schemes and characterized by TH-NMR 19: 20, P_GA nanoparticles surface-functionalized
with PLA-PEG or PLA-PEG-folic acid were prepared by the IAASF technique we
previously reported 19. PLGA (30 mg) was dissolved in 1 mL of chloroform. An oil-in-water
emulsion was formed by sonication of the chloroform/polymer solution with 6 mL of 2.5%
w/v aqueous PVA solution using a probe sonicator (Sonicator" XL, Misonix, NY) for 5 min
over an ice bath. PLA-PEG copolymer or PLA-PEG-folic acid conjugate were dissolved in
chloroform (8 mg in 100 L) and added to the above emulsion with stirring. The emulsion
was then stirred for 18 h at ambient conditions, followed by for 2 h under vacuum to remove
chloroform. Nanoparticles were recovered by ultracentrifugation (148,000xg for 35 min at
4° C, Optima™" LE-80 K, Beckman, Palo Alta, CA) and washed three times with deionized
water. Nanoparticle suspension was then lyophilized (-80° C and <10 mm mercury
pressure, Labconco, FreeZone 4.5, Kansas City, MO). To prepare paclitaxel- and 6-

Mol Pharm. Author manuscript; available in PMC 2013 December 13.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Roger et al.

Page 3

coumarin-loaded nanoparticles, paclitaxel (1 mg) or 6-coumarin (400 pg) was dissolved
along with PLGA in chloroform and processed as described above.

2.2.2 Characterizations of nanoparticles—The size distribution and zeta potential of
nanoparticles was determined in deionized water (pH ~6.5) using Brookhaven 90 Plus
instrument. For scanning electron microscopy (SEM), a sample of nanoparticles was
suspended in water (0.5 mg/mL) and placed on to a copper grid. After drying, particles were
visualized by using a JEOL 6700 scanning electron microscope. Paclitaxel loading in
nanoparticles was determined by methanol extraction of nanoparticles and HPLC analysis of
the methanol extract for paclitaxel concentration as described previously 21. The presence of
PLA-PEG co-polymer or PLA-PEG-folic acid conjugate in nanoparticles was confirmed

by IH-NMR. Free folic acid, PLA-PEG-folic acid or nanoparticles were dissolved in NMR
grade DMSO-d6 and analyzed using a Varian 400 MHz NMR instrument.

2.2.3 Analysis of folate receptor expression in Caco-2 cells by flow cytometry
—The human colon adenocarcinoma cell line (Caco-2) was obtained from the American
Type Culture Collection (Manassas, USA) and used between passages 5 and 8. Cells were
cultured in Dulbecco’s modified Eagle medium (DMEM, high glucose) supplemented with
15% vl/v fetal bovine serum, 1% v/v non-essential amino acids, 1% v/v sodium pyruvate,
and 1% antibiotic solution in a humidified 5% CO,/95% air atmosphere at 37° C. Cells were
plated on 75 cm? flask at a density of 1x108 cells/flask and harvested at 80% confluence for
all the studies below. To determine folate receptor expression, Caco-2 monolayers were
washed in PBS and trypsinized (Tryp LE express, Life Technologies). About 250,000 cells
were transferred into tubes for antibody staining. Cells were incubated on ice for 30 min
with 100 pL of FACS buffer (1% BSA and 0.1% sodium azide in PBS) containing 2 pg of
either purified mouse 1gG2b k isotype (BD Pharmingen, 555740) or mouse mAb to folate
receptor (Abcam, ab3361). Cells were washed, pelleted, and resuspended in 100 pL of
FACS buffer containing 2 ug of FITC labeled goat — anti-mouse secondary antibody (BD
Pharmingen, 554001), and further incubated for 30 min on ice. Flow cytometric analysis
was carried out on a BD FACScalibur flow cytometer with 488 Laser 530/30 (FL-1) to
enable FITC discrimination. Flow data was analyzed on Cyflogic software.

2.2.4 Determination of P-glycoprotein (P-gp) expression by Western blotting—
Cells were lysed using 1X RIPA buffer (Thermo Scientific). Protein content was determined
using BCA protein assay kit (Thermo Scientific). Proteins (13 pg) were separated by SDS-
PAGE on a 4-15% gradient gel and then transferred onto a nitrocellulose membrane using
the BioRad Criterion system. The blot was incubated overnight with anti-P-gp antibody
(1:50 dilution, Alexis), and then with anti-mouse 1gG-HRP linked secondary antibody
(1:5000, Calbiochem). HRP linked anti- 3-actin antibody (1:5000 dilution, Sigma) was used
to probe for B-actin, which served as the loading control. Bands were visualized with
SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific). Band optical
densities were determined using ImageJ and Origin software.

2.2.5 In vitro transport of nanoparticles across Caco-2 cell monolayer—For
transport studies, cells were seeded on polycarbonate membrane filters (0.4 pm pore size,
1.12 cm? growth area) inside Transwell® cell culture chambers (Corning Costar, Cambridge,
MA) at a density of 1x10° cells/insert. Culture medium (0.5 mL per insert and 1.5 mL per
well) was replaced every other day for the first two weeks and everyday thereafter. After 21
— 23 days in culture, cell monolayers were used for the transport study. Before experiments,
cell monolayers were washed twice with Hank’s buffered salt solution (HBSS) for 15 min at
37° C. The transepithelial electrical resistance (TEER) of monolayers was measured before
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and after each experiment by using a Millicell®-ERS-2 system (Millipore Corporation,
Bedford, MA). Only cell monolayers with TEER values over 250 2 cm? were used.

The transport of different nanoparticle formulations and free paclitaxel were studied from
the apical to basolateral direction in Caco-2 cells. Test solutions consisted of 0.25 mg/mL of
nanoparticles (corresponding to 5 uM paclitaxel concentration) diluted in HBSS. Each
experiment was started by adding 0.5 mL of test solution to the apical side and 1.5 mL of
HBSS to the basolateral side of the Transwell inserts. The cells were then incubated at 37° C
and samples were taken at various time points from the basolateral side during the
incubation and from the apical side at the end of the study for LC-MS/MS analysis of
paclitaxel 19, Docetaxel was used as the internal standard. A capillary HPLC system
(Agilent, CA) coupled to a TSQ Quantum discovery Max triple-quadrupole mass
spectrometric detector (Thermo Scientific), equipped with an electrospray ionization source
was used. Samples were separated using an Agilent C18 XDB column (50 mm x 4.6 mm,
1.8 pm particle size) that was maintained at 35° C. Analytes were eluted at a flow rate of 0.5
mL/min, using a gradient mobile phase composed of 10 mM ammonium acetate (pH 4.0)
and acetonitrile run at initial ratio of 45:55 (buffer: organic solvent) and reaching 100%
acetonitrile at 4 min. The total run time was 9 min. Retention time of paclitaxel was at 2.8
min and docetaxel at 3.5 min. The mass spectrometer was run in electrospray positive mode
and source conditions were as follows: capillary voltage, 35 V; spray voltage, 3.5 kV;
capillary temperature, 250° C; sheath gas pressure, 22 psi; source collision energy, 43 V and
collision gas pressure, 1.0 mTorr. SRM mode detected the following transitions: m/z
854.5—286.2 for paclitaxel and m/z 830.3—549.1 for docetaxel. The chromatographic data
were acquired and analyzed using Xcaliber software (Thermo Finnigan).

The apparent permeability coefficient (Papp), expressed in centimeters per second, was
calculated according to the following equation 22 23:

_dQ (1
P=% (A—co>

where dQ/dt is the rate of drug appearance on the basolateral side (g s71), Cq is the initial
concentration on the apical side (jug mL™1) and A is the surface area of monolayer (cm?).

To determine paclitaxel accumulation in the cells, the bottom of the filter insert was dried
using an absorbent filter paper to eliminate any basolateral medium, and the cell monolayers
were washed twice with ice-cold phosphate buffered saline (PBS, 10 mM phosphate buffer,
2.7 mM KCI; 137 mM NaCl; pH 7.5). Cells were then lysed using 0.3 mL of lysis buffer
(1% Triton X-100, 5 mM EDTA in PBS). Cell lysates were lyophilized and paclitaxel in the
lyophilized samples was extracted with a 45:55 solvent mixture composed of 10 mM
ammonium acetate (pH 4.0) and acetonitrile. The extract was then subjected to LC-MS/MS
analysis as described earlier. Percent paclitaxel accumulation was calculated as the percent
of initial quantity of paclitaxel added on the apical side that accumulated inside the cells.

2.2.6 Nanoparticle uptake in Caco-2 cells—Nanoparticles labeled with 6-coumarin
were used to follow their intracellular uptake and trafficking in Caco-2 cells. Extensive
studies by several groups have shown the usefulness of 6-coumarin as a fluorescent probe
for polymeric nanoparticles for qualitative (microscopy) and quantitative studies in vitro and
invivo 2427, 6-coumarin is a highly lipophilic molecule and does not leach out of
nanoparticles in the time frame of the study. Previous studies have shown that less than
0.1% of the encapsulated molecule is released in 48 hrs 28. After incubation with 0.25 mg/
mL nanoparticles dispersed in HBSS at 37° C for 2 h and 6 h, cell monolayers were washed
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three times with HBSS. Cell monolayers were then fixed with 4% paraformaldehyde
solution, rinsed with PBS, and permeabilized using 0.025% saponin. After further rinsing
with PBS, cell monolayers were blocked with PBS containing 4% bovine serum albumin
and 10% goat serum. Cell monolayers were incubated overnight at 4° C with 100 pg/mL of
mouse monoclonal antibody against ZO-1 (Invitrogen, Camarillo, CA). After at least three
washes with PBS, monolayers were incubated for 40 min with 100 pg/mL Alexa fluor 594-
labeled goat anti-mouse secondary antibody (Invitrogen). After three rinses, the
polycarbonate membrane with cell monolayers was excised from the Transwell® insert
using a scalpel and mounted on a glass side with a cover slip. Images were captured using an
Olympus Fluoview FVV1000 confocal laser scanning microscope.

We used flow cytometry to evaluate the role of surface folic acid in enhancing cellular
uptake of nanoparticles. Caco-2 cells (200,000 cells) were suspended in PBS and incubated
at 4° C for 30 min with 1 mL of PBS containing 125 pg/mL of 6-coumarin-labeled
nanoparticle formulations, in the presence or absence of 20 1M free folic acid. Cell
suspensions were then washed thrice with PBS and then incubated further 37° C for 15 min.
Flow cytometric analysis was carried out with 488 Laser 530/30 (FL-1). Flow data was
analyzed on Cyflogic software.

3.1 Characterization of nanoparticles

The particle size of the different nanoparticle formulations ranged from 200 to 300 nm
(Table 1). SEM of non-functionalized and folic acid-functionalized nanoparticles revealed
their regular and spherical shape (Figure 1). The zeta potential of nanoparticles was negative
and ranged from about —10 mV to —13 mV (Table 1). The paclitaxel loading was similar for
the three formulations. These results suggested that there were no gross differences in the
physical characteristics of the surface functionalized and non-functionalized formulations.

Incorporation of PLA-PEG block co-polymer or the PLA-PEG-folic acid in nanoparticles
was confirmed by observing the proton peaks from PEG (CH> at 3.5 ppm) in the
nanoparticle sample (Figure 2). Free folic acid and PLA-PEG-folic acid showed proton
peaks at 11.39 ppm (aromatic hydroxyl group), 8.58 ppm (2-pyrazine CH) and 7.61ppm (1-
benzene CH). Because of the extremely low concentration of folic acid in nanoparticles
(relative to polymer concentrations), we were unable to detect peaks corresponding to folic
acid in nanoparticle samples; however, the presence of PEG peaks in these samples indicate
that the PEG-folate conjugate is present in nanoparticles.

3.2 Cellular transport across Caco-2 cell monolayers

In order to investigate the effect of encapsulation in nanoparticles on the transepithelial
transport of paclitaxel, permeation of nanoparticle-encapsulated and free paclitaxel across
Caco-2 cell monolayers were determined. In order to confirm the suitability of using Caco-2
cells as an in vitro model for the proposed studies, we determined P-gp expression in these
cells. As can be seen from the Western blotting data (Figure 3A), this cell line was
characterized by robust expression of P-gp. Similarly, flow cytometry studies showed that
these cells were characterized by high expression of the folic acid receptor (Figure 3B).

Figure 4 shows the Pgpp, of paclitaxel after 2 h and 6 h of incubation. After 2 h, the Pgpp, of
paclitaxel was similar for all the treatments. After incubation for 6 h, however, paclitaxel
transport was significantly higher for all the nanoparticle formulations compared to that for
the free drug. Encapsulation in nanoparticles, with or without PEG, increased paclitaxel
transport five-fold, while encapsulation in folic acid-functionalized nanoparticles increased
the transport by eight-fold.

Mol Pharm. Author manuscript; available in PMC 2013 December 13.
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The transepithelial electrical resistance (TEER) was monitored to ensure that cell confluency
and integrity were maintained throughout the experiment. As shown in figure 5, the TEER
values were not affected significantly (less than 10% of reduction) by any of the
nanoparticle formulations. This suggests that increased paclitaxel transport was not because
of loss in monolayer integrity or opening of tight junctions.

3.3 Cellular uptake in Caco-2 cell monolayers

To further determine the possibility of transcellular transport of nanoparticles across the
monolayer, we studied the intracellular uptake of paclitaxel in the monolayer. After 2 h of
incubation, intracellular accumulation of paclitaxel was 1.5-fold higher for folic acid -
functionalized nanoparticles (Figure 6; p<0.05) than for the free drug. The drug
accumulation was much higher with nanoparticle formulations (3.5-4.0-fold) than with free
drug treatment after 6 h of incubation.

Confocal microscopy was used to further confirm the cellular internalization of
nanoparticles. Nanoparticles loaded with a green fluorescence label, 6-coumarin, were used
in the study. Figure 7 shows confocal microscopy images of Caco-2 cell monolayers after
incubation with nanoparticles and free 6-coumarin (equivalent concentration). Treatment
with free 6-coumarin resulted in negligible green fluorescence, which is in agreement with
that observed by others 22 30, In the case of nanoparticle treatments, green fluorescence was
observed around the nucleus but within the cellular space bounded by tight junctions,
suggesting the cellular internalization of nanoparticles. Nanoparticle-associated green
fluorescence was observed through the entire cross-section of the monolayers. As expected,
tight junction-associated red fluorescence was seen to a greater extent on the apical side
(figure 6A) than in the interior cross sections (figure 6B) of the monolayer. Similar
intensities of tight junction-associated fluorescence were observed after 2 h incubation with
free 6-coumarin and for nanoparticle formulations. This further confirms that nanoparticles
did not disrupt the Caco-2 cell monolayer and that paracellular transport was not likely.

In order to ascertain that the difference between folic acid-functionalized nanoparticles and
non-functionalized nanoparticles is attributable to folic acid functionalization, we
determined the uptake of different nanoparticle formulations in the presence and absence of
excess folic acid. Flow cytometry data indicated that folic acid functionalized nanoparticles
were taken up by Caco-2 cells to a greater extent than other nanoparticle formulations, and
that this enhancement in uptake was eliminated in the presence of excess folic acid (Figure
8). These studies provide additional evidence for the role of folic acid functionalization in
increasing the uptake of nanoparticles in Caco-2 cells.

4. Discussion

Paclitaxel has poor oral bioavailability because of its active efflux by P-gp, a membrane-
bound efflux transporter present on the apical side of the intestinal epithelial cells. Studies in
mdr 1a (—/-) knockout mice lacking intestinal P-gp showed that the bioavailability of
paclitaxel increased from 11% in wild-type mice to 35% in mdr1a (/) knockout mice 31,
Similarly, other studies have shown improved bioavailability following co-administration of
paclitaxel with specific P-gp inhibitors such as cyclosporine A or with excipients that inhibit
P-gp efflux 32-36, Another factor that may account for the low oral bioavailability of
paclitaxel is first-pass elimination by cytochrome P450 isoenzymes CYP2C8 and CYP3A4,
which metabolize paclitaxel to 6a-hydroxypaclitaxel and 3p-hydroxypaclitaxel,

respectively 35-38,

Encapsulation of paclitaxel in polymeric nanoparticles could potentially overcome both P-gp
mediated drug efflux and first pass metabolism. Previous studies have shown that
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nanoparticles can cross the intestinal barrier through two possible mechanisms: paracellular
and/or transcellular transport 13. A number of studies have shown that in the case of PLGA
nanoparticles, the transcellular route, which is primarily mediated through transcytosis,
predominates 3943, The aim of the current work was to explore the effects of folic acid
functionalization on the transport of nanoparticle-encapsulated paclitaxel across Caco-2
monolayer, a well-accepted model of the intestinal epithelial barrier 22 23,

PLGA was used in the formulation because of its biocompatibility and biodegradability.
PLGA nanoparticles can be used to encapsulate both hydrophobic small molecules and
hydrophilic macromolecules 3. Moreover, PLGA nanoparticles have the potential to
increase the oral bioavailability of several drugs 411, Folic acid was chosen as the surface
ligand because it is stable and has the ability to be transcytosed 44. Importantly, intestinal
epithelial cells express folic acid receptors 4°, allowing enhanced delivery of folate
functionalized delivery systems to and across these cells 4647,

Nanoparticles were functionalized with folic acid by a simple interfacial technique we
reported before 19. Presence of PEG and folic acid in the polymer conjugate and in
nanoparticles were confirmed by NMR. Further, we have performed extensive
characterization studies (transmission electron microscopy, surface plasmon resonance, cell
uptake) previously to show the presence of PEG and folic acid on the surface of
nanoparticles fabricated using this technique 18 19, Addition of PEG and folic acid on the
surface of nanoparticles did not significantly affect important physical properties of particles
such as particle size, polydispersity, surface charge or drug loading. These results indicate
that enhancement in transport observed for folic acid functionalized nanoparticles could be
attributed to the presence of folic acid on the surface and not any other physical
characteristics. Stability studies indicated that folic acid was stable in simulated gastric and
intestinal fluids for at least 6 h (see Supplementary Information).

Encapsulation of paclitaxel in PLGA nanoparticles significantly improved the transport of
paclitaxel across Caco-2 cell monolayers. This increase could be the consequence of
transcellular transport of nanoparticles across the monolayer. It is also possible that
nanoparticles release the encapsulated drug intracellularly, which then diffuses into the
basolateral side. Previous studies have shown that PLGA nanoparticles are taken up by
intestinal epithelial cells through endocytosis 48-50. We also observed significantly higher
levels of intracellular (total) paclitaxel following treatment with nanoparticle formulations.
However, the short time frame (6 h) of the transport study argues against significant drug
release within the cell as we have previously shown that PLGA nanoparticles release <10%
of the encapsulated drug in the first 6 hrs 21, Further, we have shown that paclitaxel released
from PLGA nanoparticles intracellularly is susceptible to P-gp mediated drug efflux 22,
Thus, if the drug was released inside the cells, it is likely that it will be effluxed into the
apical chamber rather than diffuse into the basolateral side.

Paclitaxel transport across the cells was further enhanced with folic acid functionalized
nanoparticles. Flow cytometry studies showing the expression of folate receptors and the
reduction in uptake of folic acid functionalized nanoparticles in the presence of excess folic
acid suggest that enhanced uptake of these nanoparticles is attributable to the presence of
folic acid on nanoparticle surface. Folic acid can enter the cells by two distinct routes. The
reduced folate carrier is a facilitated transport protein that transports reduced folate
molecules into the cell °1. This carrier is found in most cells but does not transport folate
conjugates. Some cells, including intestinal epithelial cells and many malignant cells, also
express the folate receptor that exhibits high affinity for folic acid °2 53, Folate receptors
associate with folate and folate conjugates at the cell surface and internalize them into the
cell by caveolae-mediated endocytosis 39. While several studies have shown increased
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cellular uptake of folate-conjugated delivery systems, there is only limited direct evidence
for folate conjugation resulting in enhanced transcytosis °*. However, folate receptors are
associated with caveolae, which have been shown to be directly involved in transcytosis.

Transepithelial electrical resistance (TEER) across the monolayer was measured before and
during experiments to determine the quality of cellular tight junctions. Cell monolayers were
typically used when TEER values were greater at 250 ©2.cm™1, a value considered to reflect
the formation of tight junctions between cells 2°. Typically, a 20% decrease in TEER value
indicates the opening of tight junctions and/or a compromise in monolayer integrity. In our
experiments, we did not see significant changes in TEER values. This argues that
nanoparticle formulations did not open tight junctions and paracellular transport is not a
possible mechanism of transport. This result is in accordance with previous studies that
demonstrated that PLGA nanoparticles have no effect on tight junctions 41,

5. Conclusion

Folic acid-conjugated PLGA nanoparticles significantly increased the permeability of
paclitaxel (a BCS class IV drug) across Caco-2 cell monolayers. Folic acid functionalization
may enhance the transcellular transport of nanoparticles, and this in turn could have caused
the increased drug transport across the monolayers. Future studies will examine the effect of
folic acid functionalization on the oral bioavailability of nanoparticle- encapsulated
paclitaxel in vivo.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Representative scanning electron micrograph of non—functionalized nanoparticles (A) and
folic acid-functionalized nanoparticles (B).
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Figure2.

Proton NMR of (a) free folic acid; (b) and (c) PLA-PEG-folic acid; and (d) PLA-PEG-folic
acid functionalized NP. The NMR spectrum in (c) is expanded in (b) to show the peaks
corresponding to folic acid. # indicate folic acid peaks; * indicate PEG peaks.
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Figure 3.

Characterization of Caco-2 cells for (A) P-gp expression and (B) folate receptor expression.
(A) Western blotting was used to characterize P-gp expression in Caco-2 and MCF-7
(negative control) cells. B-actin served as the loading control. (B) Flow cytometry was used
to characterize the folate receptor expression in Caco-2 cells. Cells were stained with either
mouse anti-folate receptor antibody or mouse 1gG2b k isotype control, followed by FITC-
labeled goat—anti-mouse secondary antibody. Flow cytometric analysis was carried out with
488 Laser 530/30(FL-1) to enable FITC discrimination.
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Figure4.

Apparent permeability coefficients (Papp) of different paclitaxel (Ptx) formulations: Ptx
solution, Ptx-loaded non-functionalized nanoparticles (NP), Ptx-loaded, PEG functionalized
nanoparticles (PEG-NP), Ptx-loaded, folic acid-PEG-functionalized nanoparticles (FA-NP).
Transport study was conducted using Caco-2 monolayers as described in the Methods
section (n=4; data shown is mean = SD, * p<0.05 in comparison with Ptx solution, **p<0.05
in comparison with NP and PEG-NP).
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Figure5.

Effect of different treatments on the TEER across the Caco-2 monolayers. Legend:
paclitaxel solution - Ptx solution; Ptx-loaded non-functionalized nanoparticles - NP, Ptx-
loaded, PEG-functionalized nanoparticles - PEG-NP, Ptx-loaded, folic acid-PEG-

functionalized nanoparticles - FA-NP.
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Figure®6.

Effect of encapsulation in nanoparticles on paclitaxel uptake by Caco-2 cells (n=4; data
showed is mean = SD, * p<0.05 in comparison with Ptx solution). Legend: paclitaxel
solution - Ptx solution; Ptx-loaded non-functionalized nanoparticles - NP, Ptx-loaded, PEG
functionalized nanoparticles - PEG-NP, Ptx-loaded, folic acid-PEG-functionalized
nanoparticles - FA-NP.
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Figure7.
Nanoparticle uptake in Caco-2 cells after 6 h of incubation. (A) Apical side and (B)

intracellular images. Blue channel represents nuclei stained with DAPI (column 1), green
channel indicates 6-coumarin fluorescence (column 2), red channel denotes the cell
perimeter highlighted by tight junctions labeled with antibody against ZO-1 coupled with
Alexa fluor 594 (column 3). Overlay of the three channels are shown in column 4. Scale bar
represents 150 pm.
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Figure8.

Flow cytometric analysis showing that (A) folic acid functionalization increases the cellular
internalization of nanoparticles and (B) presence of excess folic acid (20 1M) eliminates the
enhancement in uptake provided by folic acid functionalization. (C) Effect of excess folic
acid on the geometric mean of the fluorescence intensities in cells treated with different

nanoparticle formulations. Caco-2 cells (250,000) were incubated with nanoparticle

formulations (125 pg/mL) at 4° C for 30 min, followed by at 37° C for 15 min, and then

analyzed on a flow cytometer.
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Table 1

Characterization of nanoparticles

Formulation @ | Size(nm) | pDI P | Zetapotential € (mv) | Paclitaxel loading (ug/mg)

NP 268 0.233 -13.46 132+29
PEG-NP 296 0.269 -10.41 120+13
FA-NP 213 0.276 -13.31 13.0+2.0

aNP - Non-functionalized nanoparticles; PEG-NP - PEG functionalized nanoparticles; FA-NP - folic acid-PEG-functionalized nanoparticles;
bPDI — polydispersity index;

c L
measured in deionized water
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