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Abstract: Fenretinide (4-HPR), a synthetic retinoid with low toxicological profile, is endowed with
high antitumor activity. However, 4-HPR shows poor oral absorption due to its low solubility, and
variable blood concentrations for a massive hepatic first pass effect. Here, we prepared nanoparti-
cles (NPs) made of 4-ammoniunbutylstyrene random copolymer (P5) by the anti-solvent co-precip-
itation technique. The encapsulation led to an increase in drug apparent solubility of 1134 folds with
a drug loading of 37%. The NPs showed an extended dissolution rate, a mean diameter of 249 nm,
positive Zeta potential, and confirmed an anti-proliferative activity on neuroblastoma cells.
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1. Introduction

Fenretinide (N-(4-hydroxyphenyl)retinamide (4-HPR), belongs to the third genera-
tion of retinoids but its mechanisms of action are quite different from those of retinoic acid
[1]. Indeed, 4-HPR is endowed with a more favorable toxicological profile and a better
tissue distribution [2]. Unfortunately, the very poor water solubility of 4-HPR constraints
the drug plasmatic levels under those effective, consequently, clinical trials showed high
variability in results [3]. As a result, new formulations are required to enhance the bioa-
vailability of 4-HPR. In recent years, many attempts have been made to enhance the drug
aqueous solubility, including micellar solubilization with amphiphilic dextrins or
branched polyethylene glycol [4,5], conjugation with polyvinyl alcohol [6], encapsulation
into PLGA microparticles [7], liposomes [8] and lately drug ionization [9]. Here, we em-
ployed the anti-solvent co-precipitation process for the preparation of 4-HPR loaded-na-
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Mater. Proc. 2023, 14, x. noparticles (4-HPR-P5 NPs) by employing a water-soluble cationic copolymer (P5) ob-
htps://doi.org/10.3390/ 000 tained by copolymerizing the laboratory-made monomer 4-ammoniumbuthylstyrene hy-
Published: 5 May 2023 drochloride with di-methyl-acrylamide (DMAA) as uncharged diluent [10]. This ap-

proach could simultaneously achieve the goal of drug amorphization and nanosizing. In
this study, we prepared and characterized 4-HPR-P5 NPs and the formulation was tested
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The 4-HPR-P5 NPs were prepared by the nanoprecipitation technique. The yellow
methanol solution of P5 and 4-HPR was added to the non-solvent phase (diethyl ether)
drop-wise, at room temperature and under stirring. A fine dispersion was obtained,
which was centrifuged for solvents separation.

Mater. Proc. 2023, 14, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/materproc



Mater. Proc. 2023, 14, x FOR PEER REVIEW 2 of 6

FTIR spectra of 4-HPR, recovered 4-HPR (R-4-HPR), P5 and 4-HPR-P5 NPs were rec-
orded in triplicate on samples as KBr pellets in transmission mode using a Spectrum Two
FT-IR Spectrometer (PerkinElmer, Inc., Waltham, MA, USA).

To assess the drug loading content% (DL%) of solid 4-HPR-P5 NPs, the powder ob-
tained was dissolved in MeOH to assay the drug concentration by UV-Vis spectrophoto-
metric analysis at Amax = 364 nm (HP 8453, Hewlett Packard, Palo Alto, CA, USA). The
DL% was calculated according to the formula in Equation (1).

wheight of drug in the loaded NPs

DL% = x 100 1
% wheight of the solid NPs M

The water solubility of solid 4-HPR-P5 NPs was performed by adding increasing
amounts of powder to 10 mL of water in a sealed vial until a precipitate was obtained.
Replicated samples were maintained at 25 °C under stirring in an incubator and after 24
h filtered using a 0.22 pm filter and assayed for drug content by UV-Vis analysis. The
stability of the supersaturated solutions (1,2,4 mg/mL) were investigated by storing the
colloidal dispersions at 25 °C and visually observed after 24, 48 and 72 h for signs of pre-
cipitation.

To confirm the amorphization of 4-HPR inside the nanoparticles, DSC analysis was
performed (TA Instrument, New Castle, DE, USA).

Particle size (Z-average), polydispersity index (PDI) and Zeta potential (3) of colloidal
suspensions were measured using a Malvern Nano Z590 light scattering apparatus (Mal-
vern Instruments Ltd., Worcestershire, UK). The 3 potential values of micelles were rec-
orded in distilled water.

The in vitro studies were carried in phosphate buffer solution (PBS) pH 7.4 at 37 °C.
An amount of 4-HPR-P5 NPs powder was reconstituted with 5 mL of PBS and filled in a
dialysis tube and then dialyzed against 50 mL of isotonic PBS and 10 mL of chloroform. A
corresponding 4-HPR raw powder was suspended in the same volume to have an equal
drug concentration and tested along with the loaded NPs. At fixed time intervals chloro-
form was removed, evaporated and the residue was dissolved in 300 pL of acetonitrile
and analysed by RP-HPLC DAD to determine the amount of drug released over time
(Hewlett-Packard HP1100, Palo Alto, CA, USA).with a mobile phase of
CH3CN:H20:CHsCOOH (80:18:2, v/v/v), flow rate 1 mL/min, absorbance detector set at
360 nm.

To assay cell proliferation under 4-HPR exposure, human neuroblastoma cell lines,
IMR-32 and SH-SY5Y were seeded in triplicate in a 96w plate, from 3000 to 10,000 cells for
well in 200 uL of complete medium. After 24 h the medium was changed and the cells
were exposed for 24, 48, or 72 h to free 4-HPR at 0.1, 0.5, 1, 2, 5, 7.5, 10, 15 pM), 4-HPR-P5
NPs in concentrations able of providing the same concentrations of free 4-HPR, and P5 at
the concentrations provided by the amounts of 4-HPR-P5 NPs tested. The effect on cell
growth was evaluated by a fluorescence-based proliferation and cytotoxicity assay
(CyQUANTP® Direct Cell Proliferation Assay, Thermo Fisher Scientific, Life Technologies,
MB, Italy)

2.2. Statistical Analysis

All the experiments were performed at least three times. Differential findings among
the experimental groups were determined by two-way ANOVA analysis of variance, with
Bonferroni posttests, using GraphPad Prism 5 (GraphPad Software v5.0, San Diego, CA,
USA). Asterisks indicate the following p-value ranges: * = p < 0.05, ** =p < 0.01, ** =p <
0.001.
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3. Results and Discussion
3.1. Preparation and Characterization of 4-HPR-P5 NPs

An aqueous phase is mostly used as anti-solvent to precipitate the drug/polymer
complex, but, since P5 was soluble in water, the aqueous phase was replaced by Et20, in
which P5 was insoluble and 4-HPR poorly soluble. MeOH was chosen to solubilize both
P5 and 4-HPR. The addition of the methanol solution containing P5 and 4-HPR to the non-
solvent under moderate stirring led to nucleation and to the formation of a precipitate.
Figure 1 shows the FTIR spectrum of 4-HPR-P5 NPs, where bands belonging to both P5
(2926, 1617, 1259, 1132 and 1060 cm™) and the entrapped 4-HPR (2633, 2529, 1512, and 827
cm?) can be detected.
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Figure 1. FTIR spectra of 4-HPR-P5 NPs (green line), P5 (red line) and pristine 4-HPR (blue line) for
easier comparison.

The DL% was found to be 37 + 3.46%. The high value suggests the formation of strong
interactions between the drug and the copolymer and their repulsion for the anti-solvent.
The total drug solubility estimated from a 4-HPR-P5 saturated solution corresponded to
1.94 + 0.68 mg/mL which represents a 1134-fold increase with respect to the pure drug
(1.17 pg/mL). This value is significantly higher in comparison to conjugates with polyvi-
nyl alcohol (343 pug/mL), amphiphilic PVA based micelles (111 pug/mL) and is comparable
with those obtained with polymeric micelles made of amphiphilic dextrins (2.8 mg/mL)
or branched polyethylene glycol (1.72 mg/mL). To assess the stability of the colloidal sus-
pensions, different 4-HPR-P5 NPs concentrations, ranging from 1 to 4 mg/mL, were kept
in water in an incubator at 25 °C, and after three days, the samples were microscopically
inspected to detect the formations of precipitates and assayed for drug content in solution.
No statistically significant differences were found in the period considered.

DSC thermograms of the 4-HPR-P5 NP powder, in comparison to the corresponding
physical mixture, as well as to raw 4-HPR and P5, are depicted in Figure 2. The 4-HPR
thermogram showed the characteristic endothermic peak at 174.23 °C due to 4-HPR’s
melting point. P5 showed a broad endotherm corresponding to copolymer dehydration
due to the numerous protonated amine groups which made the material highly hydro-
scopic. The physical mixture profile confirmed the presence of the copolymer dehydration
and a quite evident melting peak of the drug. 4-HPR-P5 NPs profile appeared remarkably
different, evidencing the disappearing of 4-HPR melting peak, indicative of the absence
of the drug in the crystalline state. Moreover, also the broad initial peak disappeared sug-

gesting that high lipophilic drug molecules dispersed within the polymeric chains reduce
P5 tendency to adsorb humidity.
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Figure 2. DSC thermograms of raw 4-HPR, P5, 4-HPR:P5 physical mixture, and 4-HPR-P5 NPs.

In Figure 3 representative size distributions and Zeta potential are reported.
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Figure 3. (a) Representative size distribution of 4-HPR-P5 NPs, and (b) representative Zeta potential
obtained by dissolving 2 mg/mL of nanoparticles, measured in water at 25 °C.

Size analysis confirmed the suitability of 4-HPR-P5 NPs to freely extravasate through
the capillary discontinuity of the tumour tissue, thus improving the therapeutic efficacy
of 4-HPR by the EPR effect.

The release profile highlighted the strong interactions between the copolymer and
the drug, since NPs have not delivered all their cargo in the time period considered. As
depicted in Figure 4, a sustained drug release has been observed, with a fractional release
at 48 h of 38.7% + 1.5%.
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Figure 4. CR% of 4-HPR from NPs and from its suspension at pH 7.4, monitored for 72 h.
The amorphous drug dissolves much more rapidly than the crystalline form in aque-

ous solution due to the combined effects of a lack of crystalline lattice and the elevated
water solubility of the copolymer, leading to a supersaturated drug concentration.

3.2. Cytotoxic Activity of 4-HPR and 4-HPR-P5 NPs on Neuroblastoma Cell Lines

Dose- and time-dependent cytotoxicity experiments were performed to evaluate the
effects of HPR-P5 NPs on IMR-32 and SH-SY5Y neuroblastoma cells. The concentrations
of each sample administered to cells have been detailed in Table 1.

Table 1. Concentrations of each sample administered to NB cells.

Samples Concentrations (uM)
HPR 0.1 0.5 1 2 5 7.5 10 15
HPR-P5 0.0132  0.0655 0.1310 0.2620 0.6551 0.9827 1.3100 1.9654
P5 0.0130  0.0650 0.1300 0.2600 0.6500 0.9803 1.3000 1.9606

The IC50 for all samples were reported in Table 2.

Table 2. IC50 of 4-HPR, P5 and 4-HPR-P5 NPs towards IMR-32 and SH-SY5Y NB cells at 24, 48 and
72 h.

Cells Times (h) 4-HPR (uM) P5 (uM) 4-HPR-P5 NPs (uM)
24 1.08 N.D. 1.07
IMR-32 48 1.93 N.D. 1.76
72 0.68 N.D. 1.25
24 7.84 N.D. N.D.
SH-SY5Y 48 4.32 N.D. N.D.
72 4.99 N.D. 1.93

N.D. = not detected.

4. Conclusions

We succeeded in preparing a powder formulation of Fenretinide molecularly dis-
persed and entrapped within the hydrophilic scaffold of P5, by employing the anti-solvent
co-precipitation technique. We used as solvent (MeOH) and as anti-solvent (Et20), having
both boiling points, which allowed an easy isolation of the product without its exposure
to high temperatures. The amorphization was confirmed by thermal studies and the high
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payload reached determined an increase of the drug apparent solubility of 1134 folds. The
in vitro antiproliferative activity observed for 4-HPR-P5 was in agreement with the slow
release of drug from t the formulation, while the calculated IC50 values were comparable
or even lower than those of free 4-HPR.
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