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Abstract

While limited drug loading continues to be problematic for chemotherapeutics formulated in 

nanoparticles, we found that we could take advantage of colloidal drug aggregation to achieve high 

loading when combined with polymeric excipients. We demonstrate this approach with two drugs, 

fulvestrant and pentyl-PABC doxazolidine (PPD; a prodrug of doxazolidine, which is a DNA 

cross-linking anthracycline), and two polymers, polysorbate 80 (UP80) and poly(D,L-lactide-co-2-

methyl-2-carboxytrimethylene carbonate)-graft-poly(ethylene glycol) (PLAC–PEG; a custom-

synthesized, self-assembling amphiphilic polymer). In both systems, drug-loaded nanoparticles 

had diameters < 200 nm and were stable for up to two days in buffered saline solution and for up 

to 24 h in serum-containing media at 37 °C. While colloidal drug aggregates alone are typically 

unstable in saline and serum-containing media, we attribute the colloid stability observed herein to 

the polymeric excipients and consequent decreased protein adsorption. We expect this strategy of 

polymer-stabilized colloidal drug aggregates to be broadly applicable in delivery formulations.
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Graphical abstract
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INTRODUCTION

The inefficient formulation of hydrophobic small molecule drugs continues to be a barrier 

between drug development and clinical use. Although excipients can solubilize drugs for in 

vivo delivery, the high excipient concentrations necessary are associated with dose-limiting 

adverse effects, such as hypersensitivity and hemolysis.1-3 While nanoparticle delivery 

systems have been developed to overcome this toxicity and to improve drug bioavailability 

and biodistribution,4-6 these strategies are themselves limited by low drug loading.7-11

To produce more drug-rich systems and to overcome the limitations of excipient toxicity, an 

alternative approach has emerged to exploit the intrinsic physicochemical properties of a 

drug directly in formulation. These formulations generally take advantage of the 

immiscibility of hydrophobic drugs in aqueous media, which results in self-aggregation to 

produce a particle core.12,13 More recently, coformulation strategies have been developed 

that use macromolecules, either during or after particle formation, to suppress Ostwald 

ripening through stabilization of the drug–particle surface.14 However, less attention has 

been given to the potential self-assembly parameters of the drugs themselves.

Over the past decade, many drugs have been shown to self-assemble into colloidal drug 

aggregates. In early drug discovery,15 this leads to artifacts including both false positives in 

biochemical assays16,17 and false negatives in cellular assays.18,19 Although it is hard to 

predict,20 the mechanism of self-assembly for these colloidal aggregators is governed by a 

critical aggregation concentration (CAC). At concentrations above their CAC, self-assembly 

of these compounds by solvent-exchange methods leads to the generation of amorphous 

liquid–liquid phase-separated particles rather than crystalline precipitate.15,21 While the 

assembling properties have been well-studied, the utility of these aggregates is hindered by 

their instability.19,22 We and others have attempted to stabilize colloidal drug aggregates to 

further study their biological implications.14,23 Previously, we demonstrated that 

coaggregation with azo-dyes can stabilize colloids, resulting in the maintenance of structural 

integrity in high ionic strength solutions and serum-containing media.23 The incorporation 

of polymeric excipients, such as pluronics and polysorbates, remains an attractive method to 

stabilize colloidal aggregates due to the chemical diversity of polymers available and their 

ubiquity in pharmaceutical formulations. Work by Taylor et al. has shown that polymeric 
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excipients can modulate the colloidal properties of drug aggregates; however, only modest 

improvements in stability have been achieved thus far.24,25

Here, we investigate how small molecule colloidal drug aggregation properties can be 

combined with polymeric excipients to substantially improve particle stability. Using 

pharmaceutical excipients and biocompatible amphiphilic polymers, we demonstrate that 

colloidal drug aggregates can be formulated for multi-day stability in both buffered saline 

and serum-containing media. With this strategy, we not only stabilize colloidal drug 

aggregates but also overcome the low drug loading typically found in traditional polymeric 

nano-particle systems. Monodisperse and stable colloidal formulations are achieved using 

polymeric excipients of two chemotherapeutics: the estrogen receptor antagonist 

fulvestrant19,26 and the novel anthracycline-derived prodrug of doxazolidine, 

pentyloxycarbonyl-(p-aminobenzyl)doxazolidinylcarbamate (PPD).27 After screening a 

series of polymers, we found that the optimal polymer–colloid combination is specific to 

each drug; however, this approach should be broadly applicable to other colloidal drug 

aggregators. As a proof of concept for use in drug delivery, we investigate the stability in 

serum-containing media, variations in protein adsorption properties, and interactions with 

cancer cells of these colloidal formulations.

MATERIALS AND METHODS

Materials

PPD was synthesized from expired clinical samples of doxorubicin (FeRx Inc., Aurora, CO) 

as previously described.27 Fulvestrant was purchased from Selleckchem. Poly(D,L-lactide-

co-2-methyl-2-carboxy-trimethylene carbonate)-graft-poly(ethylene glycol) (PLAC–PEG) 

was synthesized by ring-opening polymerization using a pyrenebutanol initiator to a 

molecular weight of 12 000 g/mol and conjugated with an average of three PEG chains/

backbone (10 000 g/mol PEG) as previously described.28 Polysorbate 80 (H2X, UP80) was 

purchased from NOF America Corporation. Vitamin E-PEG 1000 (VitEPEG), Pluronic F68, 

Pluronic F127, Brij L23, and Brij 58 were purchased from Sigma-Aldrich. McCoy’s 5A cell 

culture media, CholEsteryl BODIPY 542/563 C11, and Hoechst 33342 were purchased from 

Thermo Fisher Scientific. The SKOV-3 cell line was purchased from ATCC. Charcoal 

stripped fetal bovine serum and Hank’s balanced salt solution were purchased from Wisent 

Bioproducts.

Colloid Formation

Colloids of both fulvestrant and PPD were formulated upon dilution of organic stock 

solutions into an aqueous phase. Fulvestrant colloids were prepared by adding double-

distilled water (880 μL) to a DMSO stock solution (10 μL at 5 mM) followed by the addition 

of 10× PBS (100 μL). Final fulvestrant drug and organic concentrations were 50 μM and 1% 

(v/v), respectively. PPD colloids were prepared in a similar manner, with the drug stock 

solution at 12.5 mM in DMF leading to formulations with a final drug concentration of 500 

μM and an organic concentration of 4% (v/v). Excipients were incorporated into 

formulations prior to colloid formation. Since the concentration of organic solvents is in the 

same range as that typically found in pharmaceutical formulations (up to 10%), we do not 

Ganesh et al. Page 3

Mol Pharm. Author manuscript; available in PMC 2017 August 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



anticipate any toxicity. PLAC–PEG was added to the organic phase, whereas all other 

excipients studied were dissolved in the aqueous phase. The amounts of polymers were 

chosen based on the initial concentration of the drug being formulated. For fulvestrant 

colloids formulated at 50 μM, excipients were used at the following concentrations: 0.001% 

(w/v) UP80, 0.01% F127, 0.01% F68, 0.01% Brij L23, 0.01% Brij 58, 0.01% VitE-PEG, and 

0.004% PLAC–PEG. For PPD colloids formulated at 500 μM, excipients were used at the 

following concentrations: 0.01% UP80, 0.05% F127, 0.05% F68, 0.01% Brij L23, 0.01% 

Brij 58, 0.01% VitE-PEG, and 0.04% PLAC–PEG. Precipitate formation was inspected 

visually during screening of excipients.

Colloid Characterization

Colloid diameter, polydispersity, and normalized scattering intensity were measured by 

dynamic light scattering (DLS) using a DynaPro Plate Reader II (Wyatt Technologies) with 

a laser width optimized for colloidal aggregate detection (i.e., particles in the 100–1000 nm 

radius range) by the manufacturer. Operating conditions were a 60 mW laser at an 830 nm 

wavelength and a detector angle of 158°. Samples were measured in a 96-well format with 

100 μL and 20 acquisitions per sample.

Colloids (5 μL) were deposited from 50 and 500 μM solutions of fulvestrant and PPD, 

respectively, onto glow discharged transmission electron microscope (TEM) grids and 

allowed to adsorb for 5 min. The solution was then wicked away, and the grid was washed 

briefly with water (5 μL). Grids were then allowed to dry and negatively stained with either 

uranyl acetate (5 μL, 10 s, 2% solution, pH ~ 4) for PPD colloids or ammonium molybdate 

(5 μL, 30 s, 1% solution, pH 7) for fulvestrant colloids prior to imaging on a Hitachi H-7000 

microscope operating at 75 kV.

In Vitro Serum Stability

The stability of fulvestrant and PPD colloids under serum conditions was determined using 

fast protein liquid chromatography (FPLC) using a previously established method.9,29 

Colloids were incubated with 20% fetal bovine serum (FBS, Charcoal stripped) and 1% 

penicillin–streptomycin at 37 °C. At 0, 6, 12, 24, and 48 h, 500 μL aliquots were removed 

and injected onto a Superdex 200 gel filtration column. Samples were run with a flow rate of 

1.5 mL/min and 1× PBS as the mobile phase. For fulvestrant, colloids were co-formulated 

with the FRET pair of CholEsteryl BODIPY FL and BODIPY 542/563 (500 nM), and 

fluorescent emission at 575 nm was determined using a Tecan plate reader followed by 

integration of colloid peak area using GraphPad software version 6.0. For PPD, elution peak 

areas at 480 nm were calculated using UNICORN software version 5.31. Peak area is used 

as a measurement of intact colloid population. Protein components of FBS, drugs, and 

polymer excipients will all contribute to the absorbance at 280 nm. Neither the polymer nor 

the FBS contribute to the absorbance at 480 nm or the fluorescence at 575 nm. Without 

polymer, PPD and fulvestrant colloids precipitate rapidly in PBS; thus, their stability could 

not be assessed by FPLC.
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In Vitro Protein Adsorption

Fulvestrant and PPD colloids were prepared at 50 μM (1 mL) as before in the presence or 

absence of UP80 and PLAC–PEG, respectively. Colloids were then incubated with 50 nM 

bovine serum albumin (BSA), human immunoglobulin G (IgG), or fibrinogen for 10 min. 

Colloids were then pelleted by centrifugation for 1 h at 16 000g at 4 °C. After 

centrifugation, 950 μL of supernatant was removed and the pellet was resuspended in the 

remaining 50 μL. To prepare samples for sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE), 10 μL of supernatant or 10 μL of resuspended pellet was 

mixed with 10% glycerol, 2% sodium dodecyl sulfate (SDS), and 100 mM β-

mercaptoethanol. This process effectively breaks up colloids and releases any colloid-bound 

protein. Each sample was boiled at 100 °C for 5 min. Proteins (15 μL sample volume) were 

then separated by SDS-PAGE and identified using Coomassie blue G-250 staining. Protein 

band intensities were quantified using ImageJ software. Data are expressed as the relative 

protein band intensities of the pellet to that of the supernatant.

In Vitro Cell Uptake

SKOV-3 cells were maintained at 37 °C in 5% CO2 in McCoy’s 5A media supplemented 

with 10% FBS, 10 UI/mL penicillin, and 10 μg/mL streptomycin. Cells were seeded at 12 

000 cells/well in 8-well borosilicate glass chamber slides and allowed to adhere overnight. 

Cells were incubated with 50 μM of appropriate formulations for 45 min in serum-free or 

10% serum conditions. Fulvestrant colloids were co-formulated with CholEsteryl BODIPY 

542/563 C11 (500 nM) for visualization. Following incubation, cells were rinsed and 

counterstained with Hoechst 33342. Cells were imaged on an Olympus FV1000 confocal 

laser-scanning microscope at 60× magnification under live-cell imaging conditions. 

Excitation and emission wavelengths were as follows: for Hoechst, excitation at 405 nm and 

emission at 460 nm; for fulvestrant colloids co-formulated with BODIPY, excitation at 559 

nm and emission at 572; and for PPD colloids and doxorubicin (DOX) formulations, 

excitation at 488 nm and emission at 520 nm.

RESULTS

Polymer-Stabilized Colloids

Hydrophobic chemothera-peutics, such as fulvestrant (Figure 1A) and PPD (Figure 1B), 

form colloidal aggregates with CACs of 0.5 μM18 and 14 μM (Figure S1), respectively. 

Consistent with other colloidal drug aggregates,22 the addition of salt causes massive 

aggregation and precipitation of both drugs (Figure 1C,D, pink bars). In an effort to prevent 

colloid precipitation and improve stability in the presence of salts, each drug was co-

formulated with one of seven different polymers ranging from clinically used excipients 

(UP80, Pluronics F68 and F127, and Brij 58 and L23) to amphiphilic polymers used in 

micelle systems (PLAC–PEG, VitE-PEG) as a screening tool to identify formulations 

warranting further investigation. Polymers were used at 0.001–0.05% (w/v), a low weight 

percent relative to that used in traditional drug formulations, which are orders of magnitude 

higher.30 All formulations in water had an initial diameter of <200 nm regardless of the 

presence of excipient or type of excipient used (Figure 1C,D). When formulated in PBS 

buffer, the addition of polymers prevented or reduced the aggregation of colloids. In 
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contrast, the absence of polymers led to the formation of drug aggregates larger than 1 μm, 

which precipitated from solution within minutes.

In the presence of polymeric excipients, colloids were stable over 48 h at 37 °C (Figure 

1E,F). For fulvestrant, formulation with UP80 resulted in homogeneous colloids stable over 

48 h. Fulvestrant–UP80 colloids had initial diameters of 109 ± 7 nm, which increased to 168 

± 18 nm over 48 h. Other polymers, such as PLAC–PEG, partially inhibited the growth rate 

of fulvestrant colloids in high salt buffer compared to the drug alone; however, the initial 

fulvestrant colloid diameter doubled over a 48 h period, demonstrating that UP80 was a 

more effective stabilizing agent. In contrast, PLAC–PEG was the optimal polymer to 

stabilize PPD colloids over 48 h. PPD–PLAC–PEG colloids had initial diameters of 93 ± 8 

nm, which grew to 122 ± 6 nm. While other polymers stabilized PPD colloids, they were not 

as effective as PLAC–PEG. For example, Pluronic F68 showed a doubling in size within 

minutes of exposure to a high salt buffer (Figure 1D). Both fulvestrant–UP80 and PPD–

PLAC–PEG maintained a narrow size distribution over the incubation period (PDI < 0.2). 

Fulvestrant–UP80 and PPD–PLAC–PEG formulations have drug loadings of 75 and 50 wt 

%, respectively, calculated as the absolute amount of drug per total mass (drug and excipient 

mass).

We characterized the morphology of our most stable and monodisperse formulations, 

fulvestrant–UP80 and PPD–PLAC–PEG, using TEM. Imaging confirmed the spherical 

morphology of the resulting particles, with multiple fields of view used to determine particle 

size distributions for each formulation (Figure S2); fulvestrant–UP80 colloids had diameters 

of 53 ± 15 nm, and PPD–PLAC–PEG had diameters of 60 ± 16 nm. Thus, we observed 

smaller diameters by TEM than those determined by DLS, which is consistent with the 

drying effects that occur in the vacuum environment used for TEM compared to the hydrated 

state in DLS. Even small amounts of polymer excipients (0.001% UP80 and 0.04% PLAC–

PEG) for these two formulations significantly improved their stability in buffered aqueous 

solutions. This prompted us to investigate stability in more biologically relevant conditions, 

such as serum-containing media.

Serum Stability

Encouraged by the enhanced stability of fulvestrant–UP80 and PPD–PLAC–PEG colloids in 

buffered solutions, we sought to better assess the structural integrity and stability of these 

formulations over time in serum-containing media using both TEM imaging and FPLC 

separation. Representative fields of view from TEM imaging (Figure 2A,B and additional 

fields of view in Figure S3) show that both formulations are present in 10% serum over a 48 

h time period; fulvestrant–UP80 colloids (Figure 2A,C) increased in size and dispersity 

during the incubation from an initial diameter of 67 ± 17 nm to a final diameter of 222 ± 77 

nm (Figure 2C). PPD–PLAC–PEG colloids maintained their size and distribution over time 

(Figure 2B,D), with initial and final diameters of 36 ± 10 and 36 ± 11 nm, respectively. 

Importantly, the spherical morphology of the colloids was retained for both formulations 

over the incubation period.

The protein corona that forms on particle surfaces can cause premature drug release due to 

partitioning of the drug into the hydrophobic pockets of proteins; thus, we investigated drug 
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release in the stabilized colloidal formulations in serum. To quantify the drug release, our 

two formulations were incubated in 20% serum, which is representative of in vivo serum 

conditions and allows colloids to be separated and quantified by FPLC directly.28 At select 

time points, up to 48 h, the colloidal population was separated from serum proteins and free 

drug using size-exclusion chromatography (SEC) and the colloid peak area was used as a 

proxy for drug concentration (Figures 3A,B and S4). Notably, bare colloids could not be 

separated by this method due to their rapid precipitation under salt conditions. Fulvestrant–

UP80 was co-formulated with a BODIPY FRET pair (Figure S5), enabling fluorescence 

emission detection, whereas PPD–PLAC–PEG colloids were quantified by absorbance at 

480 nm. Both formulations showed little dissociation over 24 h (Figure 3C). Fulvestrant–

UP80 colloidal aggregates began to dissociate after this time, with almost 50% of the drug 

released at 48 h. PPD–PLAC–PEG aggregates showed no dissociation over the 48 h time 

period. Encouragingly, the stability data obtained for the colloids by FPLC separation reflect 

the trends observed by TEM (Figure 2).

Protein Adsorption

We hypothesized that the polymeric excipients used to stabilize the colloidal formulations 

reduced protein adsorption and thereby provided stability in serum. To test this hypothesis, 

we used a previously reported method of centrifugation and gel electrophoresis of colloidal 

formulations to identify surface-bound proteins.16 We studied the interaction of colloidal 

aggregates of fulvestrant vs fulvestrant–UP80 and PPD vs PPD–PLAC–PEG with the main 

serum proteins: BSA, IgG, and fibrinogen. Colloids were incubated with each protein and 

then pelleted by centrifugation. Proteins in the supernatant and those in the pelleted colloid 

fractions were identified by gel electrophoresis (Figure S6). All three proteins studied were 

concentrated (at a 5–15-fold increase) in the pelleted fraction when incubated with bare 

colloids, indicating significant adsorption to the colloid surface (Figure 4). In contrast, none 

of the three proteins studied was concentrated in the pelleted fraction when incubated with 

polymer-stabilized colloidal formulations of both fulvestrant–UP80 and PPD–PLAC–PEG, 

indicating minimal protein adsorption (Figure 4). These data are consistent with several 

other particle systems that use high-density PEG surfaces to reduce protein adsorption and 

particle opsonization.31-33

Cellular Uptake

To investigate the cellular uptake of colloidal aggregates vs drug monomers, which typically 

diffuse across cell membranes, fulvestrant–UP80 and PPD–PLAC–PEG were incubated with 

the human epithelial ovarian cancer SKOV-3 cell line (Figure 5) in both the absence and 

presence of serum. DOX, an anthracycline chemotherapeutic from which PPD is derived, 

does not form colloidal aggregates and was used as a positive control that can freely 

permeate cell membranes. DOX and PPD were directly tracked by excitation at 488 nm, 

whereas fulvestrant–UP80 colloids were co-formulated with a BODIPY dye that was 

visualized by excitation at 559 nm. Fluorescence of the non-colloid-forming DOX was 

diffuse, colocalizing with cell nuclei under both serum-free and serum conditions. 

Conversely, intracellular fluorescence of fulvestrant–UP80 and PPD–PLAC–PEG colloids 

was observed only under serum-free conditions. Even then, the fluorescence was observed 
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as punctate features within the cell body. In serum-containing media, little to no 

fluorescence was observed for the colloidal formulations.

DISCUSSION

While the intrinsic colloidal aggregation properties of hydrophobic small molecule drugs are 

often unpredictable, this phenomenon can be exploited and controlled with the addition of 

excipients. Using a nanoprecipitation method to formulate colloidal aggregates with 

polymeric excipients, we can produce stable high drug loaded particles resistant to changes 

in salt and serum conditions. Absolute drug loadings of our two formulations, fulvestrant–

UP80 (75 wt %) and PPD–PLAC–PEG (50 wt %), are an order of magnitude higher than 

conventional micelle formulations, which are typically <10 wt %.7 By incorporating 

polymeric excipients, the particles are stabilized and aggregation is prevented through steric 

repulsion between hydrophilic polymer chains.28,33 In the absence of polymer, salts in the 

solution lead to charge shielding at the surface of colloidal species, causing particle fusion 

and rapid aggregation and leading to eventual crystallization and precipitation.34 The use of 

amphiphilic polymers allows hydrophobic segments of the polymer to interact with the 

hydrophobic colloidal core and hydrophilic segments of the polymer to extend into the 

aqueous phase to provide steric stability. Due to mixing of the drug and polymer during 

colloid formation, the hydrophobic segments of the polymer may be entangled within the 

colloid.

At present, the limited number of colloid–polymer combinations studied here prevent 

general predictions on optimal drug–polymer pairs. We hypothesize that the solubility 

parameters play an important role in determining which polymer would be best suited to 

stabilize a drug colloid, as has been shown by computational approaches used in other 

studies.35,36 The concentration of polymer used in these formulations plays an important 

role in stabilizing colloidal species.37,38 If the polymer concentration is too low, then there is 

insufficient coverage of the colloidal surface to prevent aggregation and coalescence of the 

drug colloids. If the polymer concentration is too high and above the critical micelle 

concentration (CMC), then the polymers themselves form micelles and solubilize the drug 

rather than stabilize the colloid. Accordingly, polymer concentrations near their CMCs were 

chosen for this study (Table S1), providing adequate surface coverage without colloid 

disruption.

While the stability in salts is essential, we sought to characterize these colloidal aggregates 

in biologically relevant serum-containing media. Blood proteins destabilize particles, and 

premature drug release often results from drugs partitioning into the hydrophobic pockets of 

proteins adsorbed to the particle surface.39 In fact, the nonstabilized colloids could not be 

assayed in 20% serum due to their inherent instability and rapid precipitation. In contrast, 

we show that polymers stabilize these colloidal particles for at least 24 h in 20% FBS by 

monitoring the drugs using their spectral properties. We hypothesized that this stability is 

due to a reduction in protein adsorption to the colloidal surface, consistent with the use of 

hydrophilic polymers, such as PEG, in other particle platforms.31,40 To evaluate the 

interaction between the main components of serum—albumin, globulins, and fibrinogens—

and the particle surface, we used a centrifugation method to identify surface-bound proteins, 
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as has been previously used to study the inhibition of enzymes by colloid surface 

sequestration.16,41 This method is limited by the concentration of proteins that can be 

evaluated; however, nonstabilized colloids showed significant adsorption of proteins to their 

surface, whereas polymer stabilized colloids showed reduced protein adsorption. While 

colloidal drug aggregates have been previously defined by their ability to adsorb proteins, 

the use of polymers alters this property and yields formulations with increased stability.

To further probe the stability of the colloidal aggregates, we investigated their interactions 

with cells in vitro. Under serum-free conditions, distinct punctate fluorescence was observed 

intracellularly for both fulvestrant and PPD colloidal formulations, which is typical of 

internalized particles that are trafficked through the endolysosomal pathway.42,43 

Corroborating previous literature, DOX, a compound that does not form colloidal 

aggregates, freely permeated lipid membranes and localized in the nucleus.44 In serum-

containing media, while the cellular uptake of DOX was not significantly influenced, 

fulvestrant–UP80 and PPD–PLAC–PEG colloids were not internalized by cells. This is 

consistent with our previous observations that compounds in colloid form are not 

internalized by cells and thus lose their efficacy in cell culture.19 The presence of proteins 

precludes the nonspecific uptake of particles due to decreased adhesion of particles to the 

cell surface and supports the need for cellular targeting agents on the particles.8,45,46

It is clear from this study that the combination of hydrophobic drug and polymer strongly 

influences particle size and stability over time. This is consistent with other polymer-based 

nanoparticle formulations where similar drug and vehicle compatibility leads to optimized 

drug loading, stability, and in vivo circulation.47-51 Of the formulations tested here, the 

combinations of fulvestrant–UP80 and PPD–PLAC–PEG are optimal for colloidal stability 

in both high ionic strength aqueous and serum containing solutions. Chemical modifications 

of both the drug and the polymeric excipient have been used previously to enhance 

molecular interactions that provide improved particle stability.12,13,52 However, this strategy 

often requires revalidation of materials, especially with respect to the drug. Directly 

screening for and exploiting the colloidal aggregation properties of drugs, as demonstrated 

here, can provide a mechanism to significantly increase drug loading and stability, without 

the need for chemical modification. With a continued increase in chemical diversity of both 

colloid-forming drugs and polymeric excipients, the methods outlined here will find further 

application in formulating drug-rich nanoparticle delivery systems.

CONCLUSIONS

By incorporating polymeric excipients into colloidal formulations of two relevant 

chemotherapeutics, fulvestrant and PPD, we demonstrated stability in both salt and serum 

containing-media. This enhanced stability can be attributed to reduced adsorption of serum 

proteins to the surface of the particles. We anticipate that this strategy of using polymers to 

stabilize colloidal drug aggregates is broadly applicable, thereby opening up new 

opportunities to achieve high drug loadings for drug delivery applications.
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Figure 1. 
(A) Fulvestrant and (B) PPD were selected for their intrinsic chemotherapeutic efficacy and 

aggregation properties. Formulation of (C) fulvestrant and (D) PPD colloids in water or PBS 

in the presence of the following polymeric excipients: UP80, PLAC–PEG, Brij 58, Pluronic 

F127, VitE-PEG, Pluronic F68, and Brij L23. Initial diameters of the formulations are 

shown. Incubation of (E) fulvestrant and (F) PPD formulations at 37 °C, showing size 

changes over 48 h. UP80 was the optimal polymer to maintain the size of fulvestrant over 

time in buffered salt solution (PBS) compared to other polymers. Stability of PPD with F68 

could not be assessed due to precipitation. PLAC–PEG was the optimal polymer to maintain 

the size of PPD, with the smallest nanoparticle size over the incubation period. (n = 3, mean 

+ SD, *** p < 0.001.)
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Figure 2. 
Fulvestrant–UP80 and PPD–PLAC–PEG characterization in 10% serum. (A, B) 

Representative TEM images of particles in serum at 0, 24, and 48 h. (A) Fulvestrant–UP80 

colloids were stained with ammonium molybdate, and (B) PPD–PLAC–PEG colloids were 

stained with uranyl acetate; scale bars are 200 nm. (C, D) TEM frequency distribution 

showing a mean diameter increase and peak broadening of (C) fulvestrant–UP80 colloidal 

aggregates over time, whereas (D) PPD–PLAC–PEG maintains its size and distribution over 

time.
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Figure 3. 
Serum stability of colloidal formulations by FPLC. Traces show separation between serum 

proteins (absorbance at 280 nm) and (A) fulvestrant–UP80 colloids (tracked by fluorescence 

using a BODIPY FRET pair) and (B) PPD–PLAC–PEG colloids (unique absorbance at 480 

nm) at t = 0. (C) Comparison of the peak area under the colloid curve over time to the area at 

t = 0 h to determine colloid stability as a function of time. Both colloids are stable up to 24 

h, with fulvestrant–UP80 colloids dissociating between 24 and 48 h and PPD–PLAC–PEG 

colloids showing no evidence of dissociation over 48 h.
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Figure 4. 
Formulation of colloids with excipient polymers reduces protein adsorption. BSA, IgG, and 

fibrinogen (50 nM) adsorption are significantly increased on the surface of bare colloids of 

(A) fulvestrant and (B) PPD (filled bars) compared to colloids stabilized with the 

appropriate polymer (checkered bars): fulvestrant–UP80 and PPD–PLAC–PEG (n = 3, mean 

+ SD, **p < 0.01, ***p < 0.001).
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Figure 5. 
Representative images of the cell uptake of DOX (monomer) and the colloidal formulations 

of PPD–PLAC–PEG and fulvestrant–UP80 (tracked by BODIPY). SKOV-3 cells were used 

for all experiments. DOX monomer freely permeates the cell membrane, showing localized 

fluorescence within the cells’ nuclei. PPD and fulvestrant colloids show uptake only under 

serum-free conditions, with punctate fluorescence within the cell body. There is no evidence 

of cell uptake of colloids in serum-containing media. (Scale bar represents 30 μm.)

Ganesh et al. Page 17

Mol Pharm. Author manuscript; available in PMC 2017 August 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Graphical abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Materials
	Colloid Formation
	Colloid Characterization
	In Vitro Serum Stability
	In Vitro Protein Adsorption
	In Vitro Cell Uptake

	RESULTS
	Polymer-Stabilized Colloids
	Serum Stability
	Protein Adsorption
	Cellular Uptake

	DISCUSSION
	CONCLUSIONS
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5



