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Abstract

Bioavailability of some orally administered drugs may be limited by an intestinal secretion process
that is mediated by P-glycoprotein. Such an effect could be seen on Famotidine as it has a relatively
low bioavailability. Encapsulation of Famotidine with pegylated nanoparticles (NPs) might enhance
its bioavailability by inhibiting its secretion from the basolateral to apical side due to the effect of P-
gp. Grafted PLA-PEGs were prepared with two different grafting ratios of 1 and 5 % of different
molecular weights of poly (ethyleneglycol) methyl ether, 750 and 2000Da. Nanoparticles loaded with
Famotidine and pure Famotidine were tested in vitro on the CaCo-2 monolayer. Apical-to-Basolateral
and Basolateral-to-Apical for permeability assessment. Results showed that Famotidine formulated
with NPs at 5 % ratio of PEG at different molecular weights and 1 % with 2000 Da decreased the
secretion of Famotidine from Basolateral to Apical across CaCo-2 monolayer cells compared to 1%
ratio of PEG at 760Da, free Famotidine, and physical mixtures.
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Introduction

The gastrointestinal tract acts as a barrier for orally administered drugs. The tight junctions of the
epithelium act as a physical barrier, while the metabolic enzymes act as a biochemical barrier. In order to
be absorbed, drug molecules have to be dissolved into gastrointestinal fluids, be chemically stable, resistant
to enzymatic degradation, and not be bound to food [1]. Moreover, drug molecules need to diffuse across the
gastrointestinal membrane by entering epithelial cells from the apical (luminal) side and exiting from the
basolateral or passing through the intercellular space (paracellular) to reach systemic circulation [2].
Amongst those transport proteins, P-gp is a plasma membrane glycoprotein of about 170 kDa, also called
an apical efflux transporter. P-gp is expressed in various normal tissues, including the liver, the kidney, the
adrenal glands, the brain, the testis, and the intestinal brush border membranes|[3]. P-gp is also expressed
in tumor cells and is responsible for the efflux of chemotherapeutic agents from multidrug-resistant (MDR)
cancer cells. P-gp acts as a drug efflux pump and lowers intracellular drug concentration in acting as an
absorption barrier by secreting drugs from the intestinal cells' cytosol to the intestinal lumen, reducing
permeability and bioavailability, and having a profound impact on several drug pharmacokinetics [3].
Therefore, oral bioavailability of drugs that are P-gp substrates could be improved by inhibiting P-gp efflux
function within the intestinal membrane [3].

Some pharmaceutical excipients could inhibit the secretion function of P-gp in the intestinal membrane and
therefore improve the oral bioavailability of drugs that are P-gp substrates[4]. Polyethylene glycol (PEG) is
uncharged, hydrophilic, and soluble in many organic solvents. PEG is commonly used as an excipient in
pharmaceutical formulations, and it is available in standard molecular weights (Mw) ranging from 200 to
8000 Da[5]. Moreover, PEG has been shown to enhance the bioavailability of some drugs by inhibiting P-
glycoprotein efflux[6]. Indeed, PEG with a range of 300 to 4000 Da molecular weights has been used to
improve oral drug permeability of P-gp substrates [7].

Nanosizing formulation has been proven to be an efficient technique to enhance drug absorption and
bioavailability of several drugs[8]. NPs drug carriers have a size varying from 10 to 1000 nm and can be
either matrices or nanospheres in which the drug is physically or molecularly and uniformly dispersed,
while nanocapsules are a vesicular system in which the drug is confined to a cavity surrounded by a unique
polymer membrane[9]. Recently, biodegradable NPs have been increasingly tested in pharmaceutical
research as a promising drug delivery system [10]. Nanoencapsulation may provide several benefits to the
drug adsorption and It could prevent premature degradation of the drug in a hostile GIT environment,
contribute to the target drug to a specific part of the GIT, and allow the delivery of poorly soluble drugs[11].
Indeed, improvement of biological barriers crossed by nanocarriers in oral delivery has been reported for
several encapsulated drugs[7].

Pegylated drug carriers have been developed initially to prevent rapid elimination by the mononuclear
phagocytosis system (MPS) and increase circulation time in systemic circulation to optimize drug release[12].
However, pegylated drug carriers could also benefit in oral delivery, by improving their penetration of the
mucus barrier covering the epithelium and favoring interaction with the epithelium cell membrane,
decreasing interaction with food, and eventually, as discussed earlier, by decreasing P-gp activity[13].
Famotidine, an H2-receptor antagonist is inhibiting gastric acid secretion and heals gastric & duodenal
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ulcers. Famotidine has been chosen as a drug model because of its relatively low and variable oral
bioavailability, apparently due to its relatively low aqueous solubility and efflux of transporter P-glycoprotein
inhibition [14]. Therefore, encapsulation of this drug in a pegylated nanocarrier might be a promising
approach. In spite of some limitations, a CaCo-2 cell monolayer has been used as a tool to evaluate and test
drug absorption permeability for orally administered drugs across the gastrointestinal tract[3, 15]. PEG
could be used to enhance drug bioavailability as it has been proven to inhibit P-glycoprotein efflux[16-19].
In this study, Famotidine, an H2 antagonist, has been chosen as a drug model because P-glycoprotein is a
transporter efflux of Famotidine. To overcome P-gp efflux of Famotidine, dispersion within pegylated
(PEG5%-g-PLA) nanoparticles (NPs) can be used to protect, stabilize, and block P-gp pump activity. CaCo-2
as in vitro model was used to evaluate NPs' ability to inhibit P-gp efflux. The aim of the study was to develop
PEG-grafted PLA (PEG-g-PLA) nanoparticles to encapsulate Famotidine and evaluate their effect on P-gp-
mediated efflux and permeability using CaCo-2 cell monolayers.

Methods

PLA was synthesized by ring ring-opening method of D, Lactide and allyl glycidyl ether. Copolymers were
prepared with two ratios of pendant groups, with 1 and 5% mol/mol. Grafting of methoxy PEG was done by
esterification after the oxidation of allyl into a carboxylic group. The copolymer was grafted with two different
molecular weights of poly (ethylene glycol) methyl ether (762 and 2000 Da) that are intended to act as a
bioavailability enhancer [20].

The copolymers were characterized by GPC, DSC, and NMR. Nanoparticles (NPs) loaded with Famotidine
were prepared by the single emulsion evaporation method. Four types of NPs were prepared: PEG 2000 pa 5% -
g—PLA, PEG 2000 Da 1% —g—PLA, PEG 762 Da 1%,g—PLA, and PEG 762 Da 5%,g—PLA, as well as controls. NPs were
characterized by encapsulation efficiency, morphology (AFM), XRPD, DSC, surface charge (Zeta potential),
particle size, and size distribution. NPs were also evaluated for their cytotoxicity toward CaCo-2 cells using
the MTT test [21].

Permeability study across monolayer CaCo-2 cells line using polycarbonate membrane (Transwells™12 mm
i.d., 3u mm pore size, Costar, Corning, NY, USA) has been carried out in different directions. Apical-to-
Basolateral and Basolateral-to-Apical. Free Famotidine, loaded nanoparticles, and physical mixtures of
control NPs and Famotidine were evaluated. Cell monolayers were preincubated for 30 min. at 37°C in
transport Hank's Buffer Supplement solution (HBSS). Basolateral-to-Apical and Apical-to-Basolateral
transport experiments were performed by adding 1.5 and 0.4mL of solutions containing concentrations of
40, 80, and 160 ug/mL for pure Famotidine or corresponding quantities of drug/ control NPs physical
mixtures and drug-loaded NPs in the Basolateral (BL) and Apical (AP) compartments, respectively.

High performance liquid chromatography (SHIMADZU with SPD-20A UV /vis detector) and a Hyperclone 5
microns packing 130 A° pore size BDS C18 column were used to quantify Famotidine in Basolateral and
Apical compartments as a function of time. The mobile phase flow rate was set at 1 mL/min, and Famotidine
was detected at 267 nm with 7.6 min. retention time.

Results

Grafted copolymers with molecular weights ranging from 6000 to 16000 Da were obtained. Spherical
nanoparticles with smooth surfaces were produced. The average drug loading was determined to be 1.5 %.
Nanoparticles had a mean diameter of approximately 150 nm. Control and loaded with Famotidine NPs were
found to be non-toxic within the evaluated concentrations over 24 hours. DSC results have shown that free
Famotidine and NPs formulated from 5% 165C°, while NPs formulated from 1% grafted PEG have shown a
change in the Famotidine peak position that may be due to interaction between the drug and ungrafted part
of the copolymer. Famotidine crystalline characteristic peaks were detected in NPs formulated from 1%
grafted PEG, while 5% grafted PEG NPs led to amorphous material (Figure 1)
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Figure 1. Famotidine crystalline Peaks from different formulations.

Results from permeability study have shown that secretion of Famotidine from basal to apical significantly
decreased from NPs formulations 5 % grafted copolymer at both 750 and 2000 Da compared to 1%
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formulations as well as free Famotidine and physical mixtures as it can been seen in Figures 2, 3 and 4 at
40, 80 and 160 ug/mL, respectively[6, 22-25].
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Figure 2. BL-to-AP secretion of Famotidine at 40 ug/ml from different formulations
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Figure 3. BL-to-AP secretion of Famotidine at 80 ug/ml from different formulations
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Figure 4. BL-to-AP secretion of Famotidine at 160 ug/ml from different formulations

Discussion

The NPs characterization results demonstrate that NPs formulations were prepared with a mean particle
size ranging from 156 to 211nm, AFM images confirm the shape and the size obtained by DLS. X-ray
diffraction analysis confirmed the crystalline nature of pure Famotidine through sharp, well-defined peaks.
The XRPD scans of loaded NPs showed that those two types of scans varied more with grafting ratios rather
than with PEG molecular weight. For NPs prepared from PEG1%, the Famotidine peak was detected (Figure
1), while for PEG5%) a change in Famotidine from crystal to an amorphous state, or that it exists in
nanocrystals, but XRPD could not detect all Famotidine peaks. Such absence of Famotidine peaks in loaded
NPs with 5% grafting ratio and detecting peaks with low intensity indicates whether PEG exists in high
density at NPs surface or Famotidine converted from crystalline to amorphous that Famotidine cannot be
detected by XRPD.

The transport experiments were conducted to evaluate the permeability of Famotidine and to examine the
potential effect of PEG on P-gp efflux of encapsulated Famotidine across the CaCo-2 cell in vitro model.
Different loaded NPs formulations of PEG-g-PLA polymer, PM of blank NPs formulations (corresponding to
loaded formulations) with Famotidine, and PM of PEG2000Da and PEG750Da were used. Pure Famotidine
and loaded PLA NPs (no PEG) formulation were used as a control to evaluate the effect of PEG on P-gp efflux
of Famotidine from different formulations. Transport experiments were carried out in triplicate for all
formulations, and average results were reported. The permeability study showed a significant decrease in
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the BL to AP secretion of Famotidine when formulated with 5% PEG-g-PLA at both 750 and 2000 Da
compared to 1% formulations, free Famotidine, and physical mixtures. This effect was consistently observed
across different concentrations of Famotidine (40, 80, and 160 ug/ml), as shown in Figures 2, 3, and 4.
Famotidine has low permeability, and its oral absorption is primarily limited by its intestinal permeability.
The observed reduction in BL-to-AP transport suggests that the 5 % PEG-g-PLA NPs are effectively inhibiting
the efflux of Famotidine, likely mediated by P-gp.

Polyethylene glycol (PEG), a part of the PEG-g-PLA polymer, is known as P-gp inhibitor. Therefore,
encapsulation of Famotidine within PEG-g-PLA NPs appears to enhance Famotidine permeability. Our
results show a concentration-dependent effect of PEG-g-PLA polymer (5% vs 1%), further, the potential of
these NPs formulations to overcome the permeability limitation of Famotidine. To summarize transport
results, it was observed that P-gp efflux inhibition of Famotidine is attributed to PEG content. It can be
noticed from the results that the best results were obtained from formulations and combinations containing
PEG 5%, irrespective to molecular weights, which is consistent with other findings[6, 26, 27]. These results
confirmed our hypothesis, i.e. that pure PEG in blank or loaded NPs can inhibit P-gp Famotidine efflux.
Loaded NPs prepared from polymer grafted at 5 % PEG, irrespective to molecular weights, showed a decrease
of P-gp efflux of Famotidine and they have a good absorptive transport profile. It has been reported by some
authors that NPs transported via transcellular transport, in which NPs enter the cell by an endocytic process,
takes place at cell apical membrane, intracellular trafficking toward exocytic release at the basolateral
compartment[7]. In this study the presence of hydrophilic polymers (PEG) on the surface of NPs grafted at
S % PEG, irrespective to molecular weights, provides an effective way to control the interface between NPs
and the biological systems (P-gp in this case) as they are designed to interact with.

Conclusion

Permeability results have shown that Famotidine secretion from BL-to-AP across CaCo-2 cell monolayer was
decreased in NPs formulated from polymer grafted with 5 % PEG of both molecular weights and at 1 % PEG
with 2000 Da compared to NPs with 1% PEG grafted 750Da, physical mixtures, and free Famotidine. Those
results might be explained by the impact of the PEG grafted ratio and molecular weight on P-glycoprotein
inhibition.
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