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Abstract

Fenretinide is an anticancer drug with low water solubility and poor bioavailability. The goal of 

this study was to develop biodegradable polymeric nanoparticles of fenretinide with the intent of 

increasing its apparent aqueous solubility and intestinal permeability. Three biodegradable 

polymers were investigated for this purpose: two different poly lactide-co-glycolide (PLGA) 

polymers, one acid terminated and one ester terminated, and one poly lactide-co-glycolide/

polyethylene glycol (PLGA/PEG) diblock copolymer. Nanoparticles were obtained by using an 

emulsification solvent evaporation technique. The formulations were characterized by differential 

scanning calorimetry (DSC), scanning electron microscopy (SEM), and particle size analysis. 

Dissolution studies and Caco-2 cell permeation studies were also carried out for all formulations. 

Ultra high performance liquid chromatography coupled with mass spectrometry (UPLC/MS) and 

ultraviolet detection was used for the quantitative determination of fenretinide. Drug loading and 

the type of polymer affected the nanoparticles’ physical properties, drug release rate, and cell 

permeability. While the acid terminated PLGA nanoparticles performed the best in drug release, 

the ester terminated PLGA nanoparticles performed the best in the Caco-2 cell permeability 

assays. The PLGA/PEG copolymer nanoparticles performed better than the formulations with 

ester terminated PLGA in terms of drug release but had the poorest performance in terms of cell 

permeation. All three categories of formulations performed better than the drug alone in both drug 

release and cell permeation studies.

Graphical Abstract

© 2015 Published by Elsevier B.V.
*Corresponding Author: Levon A. Bostanian, Ph.D., College of Pharmacy, Xavier University of Louisiana, 1 Drexel Dr., New 
Orleans, LA 70125-1098, Phone: (504) 520-7423, Fax: (504) 520-7954, lbostani@xula.edu. 

The contents are solely the responsibility of the authors and do not necessarily represent the official views of the NIH or the Louisiana 
Cancer Research Consortium.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Eur J Pharm Sci. Author manuscript; available in PMC 2016 August 30.

Published in final edited form as:
Eur J Pharm Sci. 2015 August 30; 76: 1–9. doi:10.1016/j.ejps.2015.04.024.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

fenretinide; formulation; biodegradable; nanoparticles

Introduction

Cancer is a major health concern worldwide. In the United States alone, the National Cancer 

Institute estimates 1,665,540 new cases of cancer and an accompanying 585,720 deaths in 

2014 [1]. Correspondingly, a large number of compounds, both natural and synthetic, are 

screened for their ability to treat cancer. The National Institute of Health has estimated that 

it has screened over 80,000 compounds since 1990 [2]. The screenings have focused on 

compounds intended to treat specific cancers, such as lung [3], breast [4], and prostate 

cancer [5], and they have focused on general anti-tumor effects. While these tests reveal 

anti-tumor effects, in most cases they do not reveal whether the compound may be useful for 

treating cancer from a practical standpoint. Many of these potential therapeutic agents have 

low intrinsic aqueous solubility (over 40% of all new substances are considered insoluble in 

water) [6], have low bioavailability, or a combination of both. Therefore, the solubility of 

these compounds must be altered through chemical modification or through formulation. 

While chemical modification has been used for many years as a viable method for 

increasing a compound’s solubility [7], this method presents a serious regulatory problem 

because these compounds may not be considered equivalent to the parent compound. For 

compounds which have been shown to have some effectiveness in treating cancer, chemical 

modification will certainly require reexamination of the new compound. Drug formulation 

does not inherently change the chemical state of the drug and may be considered, if 

successful, a superior method of modifying a drug’s bioavailability. While many specific 

formulation approaches exist, the main modification methods used to date include 

modifying the local environment of the drug, reducing the drug’s particle size, and 

encapsulating the drug in a soluble form [6]. The encapsulation method can include 

emulsions, self-emulsifying systems, or encapsulation in a rigid system. The approach in this 

study focuses on drug encapsulation in a rigid nanoparticle system.

Nanoparticle formulations can enhance the bioavailability of poorly water soluble drugs by 

addressing drug dissolution and/or permeability. Tuning the physicochemical properties of 

nanoparticle carriers can alter the drug absorption, distribution, and elimination during gut 

transit [8]. Nanoparticles and microparticles can enhance the transcellular and paracellular 

transport of drugs in the GI tract [9,10]. Particularly, carrier chemical composition, size, and 

morphology have been shown to be important determining factors of nanoparticle transport 
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across the intestine following oral administration [11]. Particle size, specifically in the 

nanometer range, can also improve drug dissolution for poorly water soluble drugs [12].

Poly lactide-co-glycolide (PLGA) polymers are biodegradable polymers which have been 

used for several years as a means of encapsulating drugs for controlled release and targeted 

delivery. They have low intrinsic toxicity, readily form encapsulating matrices, and degrade 

at a reasonable rate into harmless byproducts. PLGA and modified PLGA polymers have 

been used to form nanoparticles as a means of increasing the dissolution and bioavailability 

of poorly water soluble compounds [13,14]. In these formulations, the PLGA not only 

serves as a means of reducing the particle size of the drug but also controls the release rate 

of the drug itself and reduces its intrinsic toxicity [15,16]. In addition, these polymers can be 

modified to alter a formulation’s pharmacokinetic and biodistribution properties; 

polyethylene glycol (PEG)/PLGA copolymers can enhance the bioavailability of 

nanoparticles by increasing drug residence time [13]. Overall, the combination of increased 

dissolution of the compound, increased residence time, and reduced toxicity make a 

nanoparticle formulation of PLGA with the cancer drug fenretinide an attractive 

pharmaceutical formulation.

Fenretinide (N-4-hydroxyphenyl retinamide, 4-HPR) is a synthetic retinoid investigated for 

the treatment of breast cancer as early as 1979 due to is ability to accumulate in breast tissue 

[17]. Its investigative use has expanded beyond its initial application in breast cancer to 

include cancer chemoprevention [18], the treatment of macular degeneration [19], and the 

treatment of obesity-related type 2 diabetes [20]. However, oral administration of fenretinide 

has shown poor therapeutic efficacy in clinical trials. This poor performance is most often 

attributed to its low bioavailability [21–23]. The reformulation of fenretinide into a more 

readily soluble, and hence more bioavailable dosage form, is necessary to further its clinical 

utility. In this study, biodegradable fenretinide polymeric nanoparticles have been prepared 

and characterized. The release of fenretinide from the formulations and the in vitro intestinal 

cellular transport of fenretinide have been evaluated.

Materials and Methods

Materials

The two PLGA polymers, Resomer RG502 (ester terminated) and Resomer RG502H (acid 

terminated), and the PLGA/PEG copolymer (RGP d50105) were obtained from Boehringer 

Ingelheim (Ingelheim am Rhein, Germany). Dichloromethane, ethanol, methanol, 30,000–

70,000 MW polyvinyl alcohol (PVA), bovine serum albumin (BSA), HEPES, glucose, 

sodium chloride, potassium chloride, calcium chloride, magnesium chloride, sodium 

phosphate monobasic, potassium phosphate dibasic, sodium hydroxide, hydrochloric acid, 

formic acid, Hanks’ Balanced Salt Solution (HBSS), and Lucifer yellow were obtained from 

Sigma Aldrich (St. Louis, MO). Fenretinide was purchased from R&D Systems, Inc. 

(Minneapolis, MN). All cell culture media were purchased from Thermo Fisher Scientific 

(Waltham, MA).
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Preparation of Nanoparticles

Two 7,000–17,000 MW PLGA polymers, one ester terminated (Resomer RG502, R1) and 

one acid terminated (Resomer RG502H, R2), and one PLGA/PEG di-block copolymer (R3) 

were used as the polymers in the formulation of nanoparticles by an emulsification solvent 

evaporation technique. Nanoparticles of each of the three biodegradable polymers were 

prepared containing 0, 5%, 10%, and 20% fenretinide (w/w) in the formulation (Table 1).

For each of the 12 formulations, 150 mg of polymer was dissolved in 1.5 mL of 

dichloromethane. After complete dissolution of the polymers, 95.6 μL of ethanol was added 

to the batch prior to the addition of the drug. This sequence of addition was used because the 

solubility of the drug in the dichloromethane/ethanol combination was much greater than in 

either of the solvents individually [24]. No drug was added to the blank formulations. Once 

the polymer and drug were dissolved, 1 mL of a 1% aqueous solution of PVA (30,000–

70,000 MW) was added to the organic solution, and the mixture was sonicated for 20 

seconds at 40 W with a Vibra-Cell™ ultrasonic probe (Sonic &Materials Inc., Newton, CT). 

This pre-emulsion was placed in an Emulsiflex C3 homogenizer (Avestin, Inc., Ottawa, 

Ontario, Canada) along with 20 mL of the 1% aqueous solution of PVA. The mixture was 

homogenized for 15 minutes at 15,000 psi. During the homogenization process, the mixture 

was circulated through a heat exchange coil immersed in an ice bath to prevent heating of 

the sample. The homogenized mixture was then transferred to a beaker containing 59 mL of 

the 1% PVA solution, the homogenizer was rinsed with 20 mL of the PVA solution which 

was transferred to the beaker, and the resulting mixture (100 mL) was magnetically stirred 

overnight to facilitate complete evaporation of the organic solvents. The product was 

centrifuged in an ultracentrifuge (Beckman Coulter Indianapolis, IN) at 35,000 RPM. The 

supernatant was removed, and the pellet was rinsed with deionized water and was 

centrifuged again. This process was repeated four times for complete removal of the PVA. 

The pellet was dispersed in 5 mL of deionized water and freeze-dried at −30°C for 48 hours. 

This process was repeated for each of the three polymers with the three drug loadings and 

corresponding blank batches (batch without drug) for comparison.

Nanoparticle Characterization

The nanoparticle formulations were studied for particle morphology, particle size 

distribution, and thermal behavior.

Particle morphology—Samples of the powder products were characterized using a 

S4800 field emission scanning electron microscope (SEM) (Hitachi High Technologies 

America Inc., Gaithersburg, MD). The samples were dispersed in a minimum amount of 

water, and a drop was placed on carbon tape on an aluminum stub and allowed to dry in a 

desiccator. All samples were sputter-coated (K550X Sputter Coater, Quorum Technologies 

Ltd, West Sussex, UK) with gold prior to analysis. The samples were imaged at 5 kV with a 

working distance of 6 mm.

Particle size distribution—Particle size distribution of the formulations was determined 

by a Mastersizer 2000 fitted with a Hydro SM small volume unit (Malvern Instruments Ltd., 

Worcestershire, UK). For each sample, a background run of deionized water was performed. 
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After subtraction of the background, the particle size distribution calculation was performed 

with deionized water as the dispersing medium. Samples were pre-dispersed in a small 

volume of deionized water by means of gentle mixing and pipetted into the Hydro SM unit 

to achieve an obscuration between 10% and 20%. Each measurement was performed in 

triplicate.

Thermal analysis—The thermal behavior of the formulations was studied using 

differential scanning calorimetry (Q200 DSC; TA Instruments, New Castle, DE). Analysis 

was carried out in conventional MDSC mode, heating only. The samples were equilibrated 

at 0.0°C with a modulation of +/− 1.0°C every 60 seconds and isothermal heating for 5 

minutes. A heating ramp of 3.0°C/min to 225.0°C was used. Analyses of the scans, 

including determination of glass transition (Tg) and melt temperature (Tm), were performed 

using TA Instruments Universal Analysis software (TA Instruments, New Castle, DE).

Encapsulation Efficiency

Drug encapsulation efficiency (ratio of actual drug content to theoretical loading) was 

determined by mixing 2 mg of each sample with 5 mL of methanol. The samples were set 

aside for 5 minutes to allow for dissolution and then filtered through a 0.2 μm polypropylene 

filter. Triplicates of each formulation were prepared. Analysis was performed by ultrahigh 

performance liquid chromatography/mass spectrometry (UPLC/MS) using an Acquity® 

UPLC (Waters Corporation, Milford, MA) fitted with a photodiode array detector and a 

single quad mass spectrometry detector. The method was adapted from Lee et al. [25]. Two-

component gradient chromatography was performed using an aqueous 0.1% formic acid 

solution as the aqueous component and methanol as the organic component. The flow rate 

was 0.4 mL/min with an initial condition of 40% aqueous component and 60% organic 

component. The system was run isocratically under these conditions for 0.5 minutes, ramped 

by a linear gradient to 10% aqueous component over 1.5 minutes, and was maintained at 

10% aqueous for an additional 2 minutes. Finally, the system was reconditioned at 40% 

aqueous for 0.5 minutes prior to the next injection cycle. The column used in the analyses 

was a Kinetex® C18 1.7 μm 50 × 2.1 mm (Phenomenex Inc., Torrance, CA) which was 

maintained at 30°C. Under these conditions the retention time for fenretinide was 2.5 

minutes. Detection by UV spectrometry was obtained at 364 nm. For the mass spectrometry, 

atmospheric pressure chemical ionization (APCI) was employed using a corona voltage of 

3.5 kV, a cone voltage of 30 V, an extractor voltage of 2 V, an RF lens voltage of 0.5 V, a 

source temperature of 150°C, and an APCI probe temperature of 650°C. Nitrogen was 

utilized for desolvation at 500 L/h and for the cone gas at 30 L/h. Single ion monitoring at 

392.3 m/z was used for the detection of fenretinide. Prior to analysis of the samples, a series 

of standards was prepared ranging in concentration from 0.2 ng/mL to 20 ng/mL. For 

samples where only UV detection was utilized, the standards ranged from 10 ng/mL to 200 

ng/mL. Samples which were found to be more concentrated than 200 ng/mL were diluted 

with methanol and reanalyzed.

Drug Release Studies

Drug release studies were performed using a seven station flow through dissolution 

apparatus, Sotax CE7 (SOTAX Corp., Westborough, MA). The CE7 was in closed loop 
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mode using 5 mL flow cells and 500 mL sample bottles. For each test, 500 mL of simulated 

intestinal fluid (SIF), which consisted of 100 mM potassium phosphate monobasic adjusted 

to pH 6.8 with sodium hydroxide, was used. The SIF was heated to 37°C. Five milligrams of 

each formulation and of pure drug as a control were pre-measured in the flow cells prior to 

the start of each test. Samples were collected at 0.25, 0.5, 1, 3, 6, and 24 h. The samples 

were immediately filtered with a 0.2 μm polypropylene filter and diluted four times by 

volume with methanol to stabilize the samples. The diluted samples were analyzed using the 

same UPLC-MS procedure employed for encapsulation efficiency analysis. All release 

studies were done in triplicate.

Caco-2 Cell Culture

Caco-2 cells were grown at 37°C, 5% CO2, and 90% relative humidity and were seeded onto 

12-well, 3.0 μm pore size Transwell® inserts (Corning Incorporated, Corning, NY) at a 

density of 6.7×104 cells/cm2 after passage 58–61. The culture medium was Dulbecco’s 

Modified Eagle Medium (DMEM), high glucose, with 10% fetal bovine serum, 1% L-

glutamine, 1% sodium pyruvate, 1% non-essential amino acids, and 1% antibiotics. The 

cells were allowed to differentiate for 22–23 days before conducting the permeation studies. 

Transepithelial electrical resistance (TEER) of the monolayer was measured using an 

epithelial volt-ohmmeter (EVOM, WPI Inc., USA), and Lucifer yellow rejection assays 

were used to confirm cell monolayer integrity. Only those monolayers with an apparent 

permeability for Lucifer yellow of ≤ 12 nm/s after 1 hour were utilized for permeation 

studies.

Caco-2 Cell Permeability Assay

Following a 30 minute incubation with a transport buffer containing 25 mM HEPES, 5 mM 

glucose, 145 mM NaCl, 3 mM KCl, 1 mM CaCl2, 0.5 mM MgCl2·6H2O, and 1 mM 

NaH2PO4 (pH 7.4) [26], the donor chamber was loaded with 0.5 mL transport buffer 

containing approximately 50 μM fenretinide, while transport buffer with 4% bovine serum 

albumin (BSA) was loaded into the receiving chamber. The drug concentration for the cell 

permeation study was selected based on information obtained from the literature about 

fenretinide experimental concentrations in Caco-2 cell models [27]. BSA in the receiver 

compartment was used to improve sink conditions and reduce non-specific binding [28]. 

Samples were taken from the receiver compartment at 1, 2, 3, and 4 h, replacing the media 

in the receiver compartment with fresh transport buffer containing 4% BSA. Throughout the 

experiment, the Transwell plates were incubated at 37°C and shaken at 100 RPM. The 

TEER reading of the monolayer was monitored at each sample collection time point during 

the experiment. All experiments were done in triplicate.

Fenretinide Extraction

At the conclusion of the permeability assay, the contents of the donor compartment and 

receiver compartment were completely removed. Aliquots from the donor compartment and 

receiver compartment were incubated with four times their volume of ethanol overnight to 

precipitate the BSA and to solubilize all fenretinide in the sample. The receiver 

compartment was incubated with 2.0 mL of ethanol overnight. The cells were rinsed with 

0.5 mL ice-cold Hank’s Buffered Saline Solution (HBSS), and the cells were scraped from 
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the filter. A final rinse with 0.5 mL ice-cold HBSS was done to ensure that all cells were 

collected. The cells were subjected to two freeze-thaw cycles and centrifuged at 13,000 

RPM for 10 minutes. The supernatant was removed (representing the drug content in the cell 

cytosol), stabilized with ethanol (20% sample, 80% ethanol), and allowed to incubate 

overnight. The pellet remaining in the centrifuge tube (representing the drug content in the 

cell membrane) was also incubated with 1.5 mL of ethanol overnight [27]. Additionally, the 

Transwell® filter, now devoid of cells, was incubated overnight with 2.0 mL of ethanol. On 

the following day, all samples were centrifuged at 13,000 RPM for 10 minutes, and the 

supernatants were analyzed for fenretinide. Fenretinide quantification was done by the same 

UPLC/MS procedure employed for the dissolution and encapsulation efficiency studies 

except with isocratic flow at 20% aqueous component and 80% organic component rather 

than gradient flow, which provided sufficient separation of components while reducing run 

time. Mass balance was calculated for all experiments to ensure complete accounting of 

fenretinide within the system. The apparent permeability coefficient (Papp) for each 

formulation was calculated as follows:

where ΔQ/Δt is the rate of the appearance of the drug in the receiver compartment (μg/sec), 

A is the membrane growth area (cm2), and Co is the initial concentration in the donor 

compartment (μg/mL) [29].

Results and Discussion

Figures 1–3 show the SEM photographs of the nanoparticle formulations. Both PLGA 

polymers, R1 and R2, produced spherical, uniform blank particles (Figures 1 and 2). 

However, the blank nanoparticles produced using the copolymer R3 contained some 

irregular and broken particles (Figure 3). This result was consistent with the previous 

observation during the homogenization process of this batch (R3-B), when some particle 

precipitation was observed visually.

Upon the addition of the drug, a decrease in the homogeneity of the particles was observed 

for all three polymers. Agglomeration of the particles and some larger plate-like structures 

were observed. For all formulations, more irregularities in particle size and morphology 

appeared as the drug content increased. Magnification of the agglomerates for the R2-20 

formulation showed that these plate-like structures were an agglomeration of very small 

particles. The R3 batches (prepared with the PLGA/PEG copolymer) with 5%, 10%, and 

20% drug displayed the presence of large, irregular particles in addition to the large plate-

like structures. However, the positive correlation between occurrence of large particles and 

drug content was not supported by the particle size measurements, which are presented in 

Table 2. Because the samples were dispersed in water prior to their placement on the SEM 

stubs, the observed agglomerates are either a transient result from drying on the stub or 

permanent structures present in the lyophilized formulations. Agglomerate formation during 

lyophilization could be reduced by the addition of cryoprotectants [30]. However, the 

addition of cryoprotectants results in a decrease in drug loading, causes physical alterations 
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in the formulations [31], and may affect the transport process [32]. Since the goal of this 

study was to evaluate the use of PLGA polymers in formulating fenretinide, cryoprotectants 

were not used, so as not to introduce artifacts resulting from their inclusion in the 

formulation.

The median particle size measurements for all batches, regardless of polymer choice, ranged 

approximately from 165 to 600 nm, and no relationship between drug content and particle 

size was observed. Thus, the effect of drug content on morphology and particle size of the 

nanoparticles in the solid form does not affect the particle size of the dispersed form. 

However, the morphology and particle size of the formulations in the solid form can still 

impact release rates, dispersibility, and wettability of the formulations. Together, the 

qualitative SEM micrographs of the solid particles and the quantitative size measurements of 

the dispersed particles give a more complete understanding of the physical characteristics of 

the nanoparticles. These results also suggest that lower drug content and polymers R1 and 

R2 are preferable if particle size is the principal metric of optimization.

Generally, the encapsulation efficiency of the nanoparticles was very good (exceeding 70%) 

for all samples (Figure 4). The R1 formulations (ester terminated PLGA polymer) displayed 

the lowest efficiency for all three drug loadings, ranging from a high of 78.3% for the 5% 

drug formulation to 71.0% for the 20% drug formulation, and the R2 formulations (acid 

terminated PLGA polymer) exhibited the highest drug encapsulation overall. Formulation 

R2-5 resulted in an encapsulation efficiency greater than 100%, 114% ± 6%. Encapsulation 

efficiency is determined by the ratio of measured amount of entrapped drug in the sample to 

the theoretical weight of drug in the formulation. However, this calculation assumes an 

equal loss of drug and polymer during the washing process, and this might not be the case in 

some instances. For example, formulations with high polydispersity may result in loss of 

ultrafine particles during the rinsing process, and these particles may have a higher or lower 

drug to polymer ratio than larger particles due to differences in surface area and volume, 

resulting in disproportionate loss of one component compared to the other. In this study, the 

encapsulation efficiency of formulation R2-5 that exceeds 100% could be attributed to a 

differential loss of polymer during the sample washing process. The R3 formulations 

(PLGA/PEG copolymer) resulted in intermediate encapsulation efficiencies, ranging from 

82.3% to 92.6%, which, while less than those of the R2 formulations, were still excellent. 

For each of the three polymer groups, the encapsulation efficiencies were lower for those 

formulations with the highest drug loading.

As seen in Figure 5, thermal analysis of fenretinide alone showed a doublet peak with onset 

temperatures of 173.3°C and 180.0°C. The peak with an onset temperature of 173.3°C 

represents the melting endotherm reported by Shealy et al., and the peak with an onset 

temperature of 180°C is similar to the melting endotherm of the polymorph reported by 

Moon et al. [19,33]. The two peaks represent the melting of two polymorphic modifications 

of fenretinide. This was further confirmed by performing a non-modulated DSC scan on the 

drug alone by heating until the first peak (174.0°C), isocratic heating at this temperature for 

5 minutes, cooling to room temperature, and subsequently heating the sample to 200.0°C. 

This scan showed a more prominent peak with onset at 180.0°C, indicating a larger 

abundance of this polymorph which resulted from the recrystallization of the other 
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polymorph upon cooling (Figure 6). The glass transition temperatures and the melting 

temperatures for the formulations are presented in table 3.

The formulations with 5% drug loading showed that fenretinide was not in its crystalline 

form in the formulations, as evidenced by the absence of the characteristic endotherm for the 

melting of crystalline fenretinide. At 5% loading, fenretinide appears to form a solid solution 

with the polymer or is present in the amorphous form. The plasticizing effect of the drug on 

the polymer is evidenced by a slight decrease in the glass transition temperature at 5% 

loading. At higher drug loadings (10% and 20%), the drug is increasingly present in the 

crystalline form as evidenced by the increase in the size of the melting endotherm with 

increasing drug loading.

Table 4 lists the results from the release studies. The determination of fenretinide release 

from the formulations was based on the measurement of dissolved drug (i.e. in the molecular 

state) as well as drug-containing particles smaller than 200 nm, which is the cut-off size of 

the filters used in the dissolution study. The latter could include suspended nano-sized 

particles of drug and drug/polymer nanoparticles. These release studies do not measure true 

dissolution, where the solute is in the molecular state, but rather drug particles, whether 

molecular or colloidal. The R2 (acid-terminated PLGA polymer) formulations resulted in 

the highest amounts of drug in solution for all three drug loadings and the highest drug 

concentrations at 24 hours for all three drug loadings. The R3 formulations slightly 

outperformed the R1 formulations, having a higher maximum amount of released drug even 

though the R3 formulations had more irregular morphologies in the SEM micrographs. All 

of the R2 formulations dispersed readily in the test solution, indicating that redispersibility 

played a role in enhancing drug release. When drug release studies were conducted using 

pure drug, the amounts of drug released were below detectable limits at all time points.

Ultimately the success of a formulation is determined by its ability to enhance the absorption 

of fenretinide within the intestines following oral administration, and Caco-2 permeability 

assays were conducted to assess the in vitro cellular transport of fenretinide. PLGA 

polymers have a well-documented record of biodegradability and biocompatibility in vivo 

[34], and PLGA polymers have been previously evaluated in Caco-2 cell models [35–37]. 

The results of the Caco-2 permeability assays are shown in Figure 7. The donor 

compartment measurement includes the total drug found in that compartment at the 

conclusion of the assay (i.e. receiving chamber wash and cumulative drug removed at each 

time point). Because of the low aqueous solubility of fenretinide, BSA was used in the 

receiving compartment to improve sink conditions and reduce non-specific binding [28]. For 

all formulations, the mass balance of fenretinide was greater than 65%, which is considered 

the criterion for reliable results [38], except for formulation R2-20 and the control, which 

show suboptimal recovery levels of 58% ± 2% and 43% ± 6%, respectively, yet are still 

above the threshold for poor recovery (defined as < 40%) [39]. Of the three polymers, R1 

was superior to R2 and R3 in drug transport across the Caco-2 monolayer because the R1 

formulations had the most drug recovered in the receiver compartment, cell membrane, and 

cell cytosol after 4 hours (Figure 7). An appreciable amount of fenretinide was found in the 

cell membrane for both the formulations and the fenretinide control. Considering the 

hydrophobicity of fenretinide, accumulation is expected in the lipid membrane of the cells, 
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which has been observed for other lipophilic compounds [40,41]. Additionally, drug was 

found accumulated on the Transwell® filter rather than within the receiver compartment. 

Thus, while 4% BSA in the receiver compartment was sufficient to solubilize some of the 

permeated drug, poor partitioning among the cell membrane, filter, and receiving 

compartment appears to be a factor in the permeability of fenretinide.

Only the R1 formulations had appreciable amounts of drug in the receiver compartment and 

exhibited steady-state transport over time (from 1 hour to 3 hours) to warrant calculation of 

Papp. The correlation coefficients for steady state transport of the drug in the R1 

formulations were above 0.95 for all of the Papp calculations (from 1 hour to 3 hours). 

Figure 8 depicts the cumulative transport of drug through the Caco-2 monolayers for the R1 

formulations. Papp for R1-5, R1-10, and R1-20 were 18.58 ± 16.10, 22.03 ± 8.44, and 7.64 ± 

0.30 (×10−6 cm/s), respectively, which are in the range of the 10−5 to 10−6 cm/sec value 

required as a criterion for “high permeability” [42]. A Papp value greater than 10 × 10−6 

cm/s is correlated with 80–100% human intestinal absorption in vivo [38]. These Papp 

calculations do not account for the drug found attached to the Transwell filter or the drug 

within the cell monolayer, and, therefore, could be an underestimation of the permeability of 

the formulated drug. Further study is needed to determine the contribution of the polymers 

to the improved permeability of fenretinide but could be attributed to factors such as the 

particle size of the formulations, the enhanced release characteristics, the amorphous drug 

content, and/or the relatively more lipophilic nature of the R1 polymer compared to the more 

hydrophilic R2 and R3 polymers.

Conclusions

All three polymers produced nano-sized particles with improved release characteristics 

when compared to fenretinide alone. While all three polymers resulted in observable 

differences in the release characteristics of the nanoparticles, the permeation of the drug 

across the Caco-2 monolayer is the ultimate determinant of the best polymer formulation for 

improving the oral bioavailability of fenretinide [43]. Taking this into account, the 

nanoparticle formulations utilizing the ester terminated PLGA (R1) appear to be the best 

choice for formulating fenretinide nanoparticles to increase its cellular permeability in the 

gut. The results of this study also indicate that several factors including polymer 

composition, drug loading, particle size, and formulation dispersibility play a role in the 

ultimate performance of the nanoparticle formulations. Several modifications could further 

improve the performance of the formulations. Further studies would include optimization of 

the formulations using other solvent systems to improve the physical characteristics of the 

particles [44], the addition of a cryoprotectant or dispersing aid to assist in the redispersion 

of the particles and eliminate agglomeration [45], and in vivo bioavailability studies to 

determine the effectiveness of the formulations after oral administration.
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Figure 1. 
SEM micrographs of R1 formulations (ester terminated PLGA). Sample magnification is 

20,000. The four micrographs show an increasing percentage of plate-like agglomerates with 

increasing drug content.
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Figure 2. 
SEM micrographs of R2 formulations (acid terminated PLGA). Sample magnification is 

20,000. As with the R1 formulations, the appearance of agglomerations in the sample 

increases with increasing drug content. Magnification of the R2-20 sample shows these 

plate-like structures to be agglomerates of smaller particles.
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Figure 3. 
SEM micrographs of R3 formulations (PLGA/PEG copolymer). Sample magnification is 

20,000. Unlike the PLGA formulations, the copolymer formulations contain numerous large, 

broken, and hollow particles.
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Figure 4. 
Encapsulation efficiency of the fenretinide nanoparticle formulations. Error bars represent 

standard deviations for n = 3.

Graves et al. Page 17

Eur J Pharm Sci. Author manuscript; available in PMC 2016 August 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Reversing MDSC plots of fenretinide alone and the fenretinide nanoparticle formulations.
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Figure 6. 
DSC plots of fenretinide polymorphs after heating to 200°C (dash line) and fenretinide after 

heating to 174°C, isocratic heating for 5 minutes, cooling to room temperature, and 

reheating to 200°C (solid line).
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Figure 7. 
Percentage of drug recovered in each compartment (relative to the total drug recovered) after 

Caco-2 cell incubation for 4 hours. Error bars represent standard deviations.

Graves et al. Page 20

Eur J Pharm Sci. Author manuscript; available in PMC 2016 August 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Cumulative drug recovered in the receiver compartment over the 4 hour assay period for 

polymer R1. The control sample was below the detection limit of analysis. Error bars 

represent standard errors.
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Table 2

Particle size distribution of the nanoparticle formulations

Formulation
Particle Size Distribution (nm)

D (10%) (mean ± SD) D (50%) (mean ± SD) D (90%) (mean ± SD)

 R1-B 175 ± 3 349 ± 8 1230 ± 16

 R1-5 110 ± 6 273 ± 11 893 ± 75

 R1-10 132 ± 4 328 ± 3 1134 ± 11

 R1-20 92 ± 1 243 ± 2 996 ± 17

 R2-B 116 ± 1 287 ± 1 1030 ± 1

 R2-5 81 ± 1 211 ± 4 930 ± 47

 R2-10 181 ± 1 362 ± 1 994 ± 1

 R2-20 73 ± 1 167 ± 2 375 ± 2

 R3-B 95 ± 2 605 ± 54 9127 ± 503

 R3-5 160 ± 13 455 ± 53 7626 ± 127

 R3-10 207 ± 2 382 ± 1 2431 ± 7

 R3-20 220 ± 2 405 ± 1 2313 ± 79
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Table 3

Glass transition temperatures and drug melting temperatures observed in the formulations

Formulation Tg (°C) Tm (°C)

 R1-B 38.3 N/A

 R1-5 38.2 BDLa

 R1-10 40.2 129.5

 R1-20 41.9 149.4

 R2-B 39.1 N/A

 R2-5 38.4 164.7

 R2-10 39.8 145.8

 R2-20 38.4 155.9

 R3-B 37.4 N/A

 R3-5 35.5 146.8

 R3-10 42.1 160.3

 R3-20 43.8 170.0

a
BDL = below detectable limit
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Table 4

Drug release characteristics of the nanoparticle formulations

Formulation
Drug Release Characteristics

Amax a Tmax b A24 c

Control (Pure Drug) BDL d N/A BDL

R1-5 BDL N/A BDL

R1-10 3.24% 15 BDL

R1-20 2.87% 15 2.16%

R2-5 9.97% 30 1.70%

R2-10 6.34% 60 2.58%

R2-20 6.14% 180 3.56%

R3-5 BDL N/A BDL

R3-10 5.21% 180 BDL

R3-20 5.04% 15 1.93%

a
Amax = maximum amount (μg) released as a percentage of the initial amount of drug (μg)

b
Tmax = time period (minutes) at which maximum amount measured

c
A24 = amount (μg) released at the 24 hour time period as a percentage of the initial amount (μg) of drug

d
BDL = below detectable limit
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