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Abstract 

 

The aims of this current study were to study the formation, the structure, the stability, the in 

vitro and in vivo efficiency of etoposide (ETO) nanocrystals (NCs). The NCs were made by co-

precipitation, based on the drop-wise addition of a drug solubilized in an organic phase to an 

aqueous phase in which the drug is insoluble, followed by an evaporation and dispersion in 

aqueous solvent to form NCs in suspension. For many applications, it is essential to understand 

nanocrystallization parameters to accurately manage NC properties such as morphology, size, 

thermal behavior, stability overtime, physical state, dissolution rate and so forth. In this study, 

the effects of polymer/drug ratio, water/solvent ratio, drug concentration were investigated. The 

results have been analyzed and compared to select the most suitable NCs formulation for future 

in vitro and in vivo studies. The NCs size and morphology were characterized using, 

transmission and scanning electron microscopy (TEM, SEM). Differential scanning 

calorimetry (DSC), X ray Diffraction (XDR) and thermal microscopy were used to define the 

crystallinity of the ETO nanoparticles. In vitro drug release profile evidenced that the ETO NCs 

provided a sustained release kinetics regarding the market product Toposar®. The overall results 

implied that the ETO NCs formulation offer a conceivable therapeutic formulation for further 

in vitro and in vivo experiments. Hence, the aims of the next part were to assess the in vitro and 

in vivo cytotoxicity of two selected ETO NC formulations in comparison with the conventional 

marketed product Toposar® and the free ETO. The MTT in vitro assay was performed on two 

cell lines (Carcinoma colon CT26 and 3LL Lewis lung cells), the drug uptake was also studied 

on these cell lines. In vivo studies were performed to see whether ETO NC formulations could 

outperformed standard formulations. The plasma and tissues pharmacokinetics of ETO were 

done to understand the fate of the drug after administration in mice. Also, the anticancer 

efficacy was tested after ETO intravenous (i.v.) injection at 10 mg/kg in murine colon 

carcinoma model. Tumors volume were measured to determine the response to the anticancer 

treatment, blood samples were withdrawn for hematological analysis. In conclusion, the results 

obtained imply that the delivery of ETO as a NC suspension is a novel promising technology 

for the therapy of the cancer.  
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Résumé  

 

Les objectifs de la présente étude étaient de déterminer la structure, la stabilité, l’efficacité in 

vitro et in vivo des nanocristaux (NC) d’étoposide (ETO). Les NCs ont été préparés par co-

précipitation, basée sur l'addition goutte à goutte d'un médicament solubilisé en phase 

organique dans une phase aqueuse où le médicament est insoluble, suivie d'une évaporation et 

d'une redispersion dans l’eau pour former les NCs en suspension. Pour de nombreuses 

applications, il est essentiel de comprendre les paramètres de nanocristallisation pour contrôler 

avec précision les propriétés des NCs, telles que la morphologie, la taille, le comportement 

thermique, la stabilité, l’état solide ou encore la vitesse de dissolution. Dans cette étude, les 

effets du rapport massique polymère/médicament, du rapport volumique eau/solvant et de la 

concentration en médicament ont été étudiés. Les résultats ont été analysés et comparés afin de 

sélectionner la formulation de NCs la mieux adaptée aux futures études in vitro et in vivo. La 

taille et morphologie des NCs ont été caractérisées par microscopie électronique à transmission 

et balayage (MET, SEM). La calorimétrie à balayage différentiel (DSC), la diffraction des 

rayons X (XDR) et la thermomicroscopie ont également été utilisées pour définir la cristallinité 

des nanoparticules d'ETO. Le profil de libération du médicament in vitro a montré que les NCs 

d’ETO offraient une cinétique de libération prolongée vis-à-vis du produit sur le marché appelé 

Toposar®. Les résultats ont montré que les NCs d'ETO peuvent être utilisés comme nouvelle 

formulation thérapeutique applicable pour des modèles in vitro et in vivo. Ainsi, les objectifs 

de la partie suivante étaient d’évaluer la cytotoxicité in vitro et in vivo de deux formulations 

sélectionnées de NCs d’ETO, par rapport au produit conventionnel Toposar® et à l’ETO libre. 

Le test MTT in vitro a été effectué sur deux lignées cellulaires (CT26 : cellules du carcinome 

du colon et 3LL Lewis : cellule pulmonaires), l’internalisation cellulaire du médicament a 

également été étudiée. Les études in vivo ont été réalisées pour déterminer si les formulations 

de NCs d’ETO pouvaient être plus performantes que les formulations conventionnelles. La 

pharmacocinétique dans le plasma et tissus a aussi été réalisée pour comprendre le devenir de 

l’ETO après administration chez la souris. En outre, l'efficacité anticancéreuse de l’ETO sous 

différentes formes a été vérifiée après injection par voie intraveineuse à 10 mg/kg sur un modèle 

murin de carcinome du côlon. Le volume des tumeurs a été mesuré pour déterminer la réponse 

au traitement anticancéreux, des échantillons de sang ont été prélevés pour analyse 

hématologique. En conclusion, les résultats obtenus ont montré que la délivrance d'ETO sous 

forme NC est une nouvelle technologie prometteuse pour la thérapie du cancer. 
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Introduction 

 

Poorly water-soluble drug 

 

More than 80 percent of formulated drugs are in the solid-state due to reasons of stability from 

the handling and storage of the unprocessed material to the drug development process. In most 

cases, the pharmaceutical solids present high melting points, i.e. low solubility properties. 

Therefore, drug solubility enhancement is a main challenge in pharmaceutical research and 

industry in order to ensure the therapeutic efficiency, to reduce the toxicity and to optimize the 

cost of production. In the solid state, the various structure possibilities of a given active 

pharmaceutical ingredient (API) can meaningfully influence properties, leading to different 

chemical, physical and biopharmaceutical properties.1 Salt formation, co-crystallization 

techniques, amorphization, polymorphic transition and nanosizing can drastically modify the 

therapeutic impact of an API. Thereby, the physico-chemical characterization of each possible 

form allows a better assessment of the pharmaceutical properties. Laboratory and company 

endeavor seeking for the suitable pharmaceutical forms, also defined as solid form screening,2 

ensure the quality and effectiveness of the treatment and, in some case, the comfort of patients. 

The solid form screening will determine the choice of the best pharmaceutical form and the 

convenient excipients. Finding the suitable solid form allows safer pharmacological and 

toxicological studies, and therefore saving time, which of course represents a potential benefit 

to boost the profitability of a drug. The aim of this review is to give a pharmaceutical outlook 

on different solid forms, namely polymorphs, co-crystals, salts, solvates, amorphous solids, and 

their eventual combinations with an emphasis on nanocrystals formulation. We will have then 

a discussion dealing with the advantages and the weaknesses of each solid form in a 

pharmaceutical point of view.  

 

Solid form screening for pharmaceutical development ended up increasing of poorly drug 

candidates.3–5 Currently, around 70% of drugs are classified as poorly soluble.6 The solubility 

of drug changes its dissolution rate which strongly affects its in vivo performance, therefore it 

is crucial to identify drug candidates with the best solubility properties suitable for 

pharmaceutical applications. 
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Biopharmaceuticals Classifications System (BCS) established by Amidon and coworkers,7 is a 

tool for decision making in drug development, primarily based on two striking factors: 

solubility, and permeability (Figure 1). These factors proved themselves to be crucial from drug 

design to its bioequivalence, notably taking into account the dissolution rate. 

 

 

BCS classify drugs in 4 classes: 

- Class I, referenced as high solubility / high permeability profiles (e.g. metoprolol, 

diltiazem hydrochloride) 

- Class II, referenced as low solubility / high permeability profiles (e.g. 

diclofenac sodium, griseofulvin) 

- Class III, referenced as high solubility / low permeability profiles (e.g. atenolol, 

lisinopril) 

- Class IV, referenced as low solubility / low permeability profiles (e.g. 

etravirine, hydrochlorothiazide) 

 

According to the Food and Drug Administration (FDA) definition of a highly water-soluble 

drugs, the latter can be dissolved in a quarter of a liter at most whether the aqueous media is 

acidic, pH of 1 up to 6.8, and considered highly permeable when the absorption in the human 

body is over 90% compared to the i.v. administered dose, notably.8 The expectations from these 
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four classes as regard to in vivo and in vitro correlations are described below according to 

Amidon and coworkers.7 

 

BCS class I drugs dissolve and absorb quickly, no rate limiting step is expected for oral 

absorption. For a drug dissolution rate slower than gastric emptying, in vitro/in vivo studies are 

correlated. BCS class II drugs dissolve slowly and absorb rapidly, thus dissolution is the rate 

limiting step. Bioavailability is controlled by dosage form and drug dissolution. Consequently, 

both oral and i.v. administration routes are privileged. BCS class III drugs dissolve quickly and 

their absorbance is limited, no in vivo and in vitro correlation is expected with dissolution rate. 

In this case, both oral and i.v. can be considered. BCS class IV drugs have low dissolution rate 

and low permeability property implying that in vitro and in vivo correlation is not expected. 

This class of API is not preferred for oral administration and i.v. administration is more 

convenient.7 However, in some cases, oral administration route can still be chosen for such BCS 

class IV API like etravirine by modifying their physicochemical properties. 9,10 Indeed, a 

classification of mainly orally administered drugs according to BCS has been made by 

Lindenberg and coworkers.11 The solid state of a drug can be adapted to optimize its 

pharmaceutical properties. Selecting the suitable physical form of a drug gives a strategic 

alternative for optimizing physicochemical properties like chemical and physical stability, 

solubility, dissolution rate, bioavailability. Those strategies are mainly applied for drugs with 

low solubility such as BCS class II drugs. In the pharmaceutical research and industry fields, 

polymorphs, solvates, amorphs, salts or co-crystals are good candidates to increase drug 

solubility, reducing especially the dosage of the API. Besides, nanocrystals may increase active 

pharmaceutical ingredient loading in a given formulation with enhanced solubility properties. 

The present review details the different solid forms encounter in pharmaceutical sciences. 

 

Solid forms and their implications on physical, chemical, pharmaceutical and 

biopharmaceutical properties 

 

When the external environment cannot provide enough energy to the system, translational 

movements of the molecules of the system are limited. As a result, particles tend to organize 

themselves, by forming a lattice in order to minimize the internal energy of the system. The 

compound is then in the crystalline state, which is the ordered form of the matter, whereas in 

the amorphous state there is no explicit range order. Various crystalline structures can be used 

in pharmaceutical sciences to improve drug properties.12 
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Polymorphism, first introduced by McCrone in 1965,13 then by Rosenstein and Lamy in 1969,14 

is the ability for a given compound to exist in several crystalline solid states.15,16 Therefore, 

polymorphs contain molecules of just one chemical nature in their entity. The term packing 

polymorphism is used when difference in crystal packing is observed, molecules are in the same 

molecular arrangement, but are grouped differently. 

 

in three- dimensional space, and conformational polymorphism is used to describe crystal forms 

that consist of molecules with different conformations packed in several arrangements.17 In 

pharmaceutical sciences, most drugs exhibit polymorphism,18 however the most stable form is 

recommended to ensure reproducibility of the product formulation and stability throughout its 

life span.19 Indeed, the polymorphism may have an influence on powder flow, compactibility, 

physicochemical stability, and dissolution rate of raw material.20 A well-known example is 

Ritonavir, an antiretroviral drug used to treat HIV-1 infection. Approved in 1996, it was 

removed from the market in 1998 because of its polymorphism ability. Indeed crystals of a new 

polymorph have been discovered in the i.v. bags and exhibited lower solubility as compared to 

the initially prepared form.21 As a matter of fact, lower the stability of a given polymorph, 

higher its solubility.22 Therefore, in order to enhance drug bioavailability, one can increase its 

solubility by stabilizing kinetically metastable polymorph of a given API. However, such 

systems are sensitive to external stimuli such as pH, temperature, radiation, pressure variations. 

 

Solvates are solid crystals with solvent molecules (e.g. ethanol, ethyl acetate) included in the 

lattice structure.23 It has been demonstrated that an organic compound with high polymorphism 

abilities has also high propensity to form solvates.24 In the case of one or more water molecules 

as solvent, solvates are named hydrates, while compounds with no water of crystallization are 

called anhydrates. Around 33% of API form hydrates, which can be mono- or poly-hydrated 

according to the number of water molecule embedded in the crystal lattice.25 Hydrates can be 

sorted into three categories: crystalline hydrates based on their structure (Class I, when the 

water molecule is interacting only with the main molecule; class II, when channels of water 

molecules are present through the crystal structure; and class IIII, when metal ions of the crystal 

structure are coordinated with water). Interestingly, the hydrate solubility depends on the 

hydration state of the hydrate. With some drugs such as azithromycin, hydrates are more soluble 

than the corresponding anhydrate, and with other drugs it is the contrary.26 Consequently, it is 

important to evaluate the ability of a pharmaceutical raw material to form hydrates during its 

manufacturing or its storage, but also establish its relative stability towards relative humidity.27 
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Salt crystals are usually formed when drugs bear ionizable groups. Salts have been used to 

modify the physical and the chemical properties of a drug. Forming a salt improves drug 

solubility and therefore bioavailability. The nature of the host molecule (anions or cations) can 

alter salt solubility and overall properties. A study carried out by Jamaludin and coworkers 

comparing the solubility of different salts of quinine, and recommended the quinine ethyl 

carbonate salt to heal diseased children as of its neutral taste, compared to quinine 

hydrochloride and quinine sulphate.28 

 

Co-crystals formulation is a more recent approach to improve drug physicochemical 

properties. It results in the combination of two or more neutral substances tied together in a 

unique crystal lattice.29,30 Like the former solid forms presented in this paper, co-crystals may 

improve solubility and bioavailability according to the nature of constituents.31 Drozd and 

coworkers studied the co-crystal structures of anti-tuberculous drug 4 para-aminosalicylic acid 

(PASA), and observed that PASA solubility increased by two times with PASA-pyrazinamide 

(PYR), PASA-nicotinamide (NAM), PASA-isonicotinamide (iNAM), PASA-isoniazid (INH), 

PASA-caffeine (CAF) and PASA-theophylline (TPH) co-crystal forms, in comparison with the 

intrinsic solubility of the pure form.32 Still, co-crystal form may also decrease pure drug 

solubility as PASA-TPH lowers the PASA solubility by approximately 2 times.32 This has been 

also evidenced by, e.g. Grossjohann and coworkers with the benzamide (BA):dibenzyl 

sulfoxide(DBSO) 1:1 cocrystal, embedding the poorly water soluble dibenzyl sulfoxide with 

the more soluble benzamide. For both components BA and DBSO, the co-crystal solubility was 

lower compared to the pure components and to an equimolar physical mixture.33 

 

Polymorphs, solvates, salts or co-crystals (Fig. 2) can be the outcome of a design to enhance 

drug properties, but under no circumstances, solubility, dissolution rate, and bioavailability can 

be precisely predicted for drug combination with host molecules, counter-molecules and so 

forth. 
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Figure 2 - Various solid-state crystal forms for compounds of pharmaceutical interest. 

 

As mentioned above with some examples, such solid forms can lead to jeopardize drug quality 

due to their relative stability in presence or not of eventual host molecules. To avoid these 

issues, drug amorphization approach can be considered as a better means to enhance API 

bioavailability.  

 

Solid state of amorphous drugs is thermodynamically unstable since amorphous compounds 

display random organization of the molecules within the matter. Due to higher free energy of 

amorphous forms as compared to crystalline forms, the formers are more metastable, implying 

better solubility of amorphous pharmaceuticals.34 Indeed, an amorphous form dissolves faster 

than the crystalline one because of stronger intermolecular forces and better molecule 

organization in the latter.35 Despite their advantages in solubility and dissolution rate, the 

amorphous forms have limited use in pharmaceutical field as it is difficult to prevent their 

crystallization. Vasanthavada and coworkers studied the behavior in amorphous molecular 

dispersion of trehalose-dextran and trehalose-poly(vinylpyrrolidone) from returning to 

crystalline state on storage, the two dispersions were exposed to 23, 40 and 50 °C at 75% 

relative humidity and 23 °C at 69% relative humidity storage conditions, respectively. It was 

found that trehalose-dextran and trehalose-poly(vinylpyrrolidone) did not crystallize during the 

6 months storage.36 The advent of novel techniques to enhance steadiness of amorphous forms 

improved odds of their use in pharmaceutical formulations. In the two following tables are 

gathered some examples of marketed products for which the API (Table 1), and the 
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API/excipient mixture (Table 2) are in the amorphous state.37 Hence, other approaches are 

required to enhance drug properties for pharmaceutical purposes 

 

Table 1 - Non-exhaustive list of amorphous active pharmaceutical ingredients on market 

Trade name Drug FDA approval 

Accolate® Zafirlukast 1999 

Accupril® Quinapril hydrochloride 1991 

Ceftin® Cefuroxime Acetyl 1994 

Crestor® Rosuvastatin Calcium 2003 

Viracept® Nelfinavir Mesylate 1996 

 

 
Table 2 - Non-exhaustive list of amorphous solid dispersion* on market 

Trade name Drug FDA approval 

Etravirine Intelence® 2008 

Fenofibrate Fenoglide® 1993 

Griseofulvin Gris-PEG® 1959 

Itraconazole Sporanox® 2001 

Ivacaftor Kalydeco® 2012 

Lopinavir/Ritanovir Kaletra® 2000 

Nabilone Cesamet® 1985 

Tacrolimus Progral® 2000 

Troglitazone Rezulin® 1999 

Verapamil Isoptin® 1982 

Verumafenib Zelboraf® 2017 

* Solid dispersion stands for API/excipients (mostly polymers) solid mixtures 
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Nanocrystal particles and their properties 
 

Micronization approach is not efficient enough for drugs that are highly hydrophobic which 

represents 70% of new drug candidates,6 thus further step to lower the particle size to a 

nanometer size is required. Nanocrystals are an auspicious approach to enhance drug 

bioavailability by reducing the particle size.38 Nanocrystal technology can thus be considered 

either as an alternative to other solid states preparation, or as a complementary approach for the 

solid forms presented in section 3, depending on the choice of the nanocrystal production 

method. 

 

Impact of particle size on solubility properties 

 

The Kelvin equation (Eq. 1) can be applied to the nanocrystal dissolution pressure taking into 

consideration its surface tension in solution. Decreasing the nanocrystal size increases the 

curvature, hence the dissolution pressure Pr. As shown in the equation, the dissolution pressure 

becomes substantial when the particle size is within the nanometer range. 

 

ln # $%$∞' = ) 4Ɣ,
-./0123				(67. 1) 

 

where Pr and P∞ are the nanocrystal and an infinitely large nanocrystal dissolution 

pressures, respectively, γ the surface tension in N.m-1, M the molecular weight of the 

nanoparticles in g.mol-1, dnp the particle diameter in m, R the gas constant in J.K-1.mol-1, T the 

temperature in Kelvin, and ρ the nanocrystal density in g.m-3. 

 

The saturation solubility is also governed by Ostwald–Freundlich equation (Eq. 2) which 

highlights the difference in solubility between different sizes of particle. It implies in particular, 

a greater saturation solubility as the radius of the particle becomes smaller. 

 

log #=>=?' =
4@A

2.303 × 012-./ 			(67. 2) 
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where Cs is the saturation solubility, Cα the solubility of large particle, σ the interfacial 

tension, V the molar volume of the nanocrystal (m-3.mol-1), R the gas constant (J.K-1⋅mol-1), T 

the temperature (K), ρ the particle density (g.m-3) and dnp its diameter (m). 

 

An enhancement in saturation solubility provides a high concentration gradient, fostering 

permeation and absorption through the gastrointestinal membrane and blood by passive 

diffusion 39.  

 

Impact of particle size on dissolution rate properties 

 

The dissolution rate can be determined by the Noyes–Whitney and by the Prandtl equations 

(Eq. 3 and 4, respectively). 

 

-G
-H = I #J-' (=> − =L)			(67. 3) 

 

where dm/dt is the dissolution rate (kg.m2.s-1), S define the surface area of the particle (m2), D 

the coefficient of diffusion (m.s-1), d the thickness of the hydrodynamic boundary layer (m), Cs 

the saturation solubility (kg or mol.L-1), Cp the concentration surrounding the particle (kg or 

mol.L-1).  

 

It is noteworthy that the intrinsic dissolution rate is the dissolution rate normalized to the 

specific surface of the system. Moreover, the size reduction of nanocrystals leads to a decrease 

of the diffusional distance d, as shown in Figure 3 thus, according to Eq. (3), to a better 

dissolution of particles. 

 

 

Figure 3 - Comparison of the diffusional distance d for micro and nanocrystal. 
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The diffusional distance d, related to the hydrodynamic boundary layer h, is correlated to the 

nanoparticle size owing to Prandtl equation (Eq. 4).40 

 

 

Bisrat and Nyström, used the Prandtl boundary layer equation to clarify the effect of 

hydrodynamic boundary layer thickness h of flowing particles on their dissolution rate. Their 

researches have proved that size diminution of solid dispersions in solution under stirring, 

decreases the particle surface in the flow direction, including a reduction of the flowing liquid 

velocity near to the nanoparticles.40,41 

 

ℎ = N #OA'
P QR 			(67. 4) 

 

where h is the thickness of the hydrodynamic boundary layer, c a constant, L the size of the 

particle surface in the flow direction, V the speed of the flowing liquid neighboring the particle. 

 

Liversidge and Cundy revealed that nanocrystallization of danazol improves its saturation 

solubility and the bioavailability properties.42 Three formulations, i.e. danazol nanocrystals 

(169 nm) produced by wet milling, danazol-hydroxypropyl-/β-cyclodextrin (HPB) complex, 

and a conventional microcrystals suspension of danazol (10µm), were orally administrated at a 

dose of 3 mg/kg to fasted beagle dogs. The results exhibit 82.3 ± 10.1% danazol nanocrystals 

bioavailability, 106 ± 12.3% danazol nanocrystals-HPB complex and only 5.1 ± 1.9% for 

danazol microcrystals, indicating the improvement of nanocrystal uptake compare to the 

microcrystal suspensions of danazol.42 Hecq and coworkers also investigated the dissolution 

rate of ucb-35440-3 nanocrystals (600nm) produced by HPH and the ucb-35440-3 

microcrystals using dialysis bag methods. The results clearly evidenced a dissolution rate 

improvement for the nanocrystal forms: more than 95% of the drug was solubilized after 1 hour 

compared to microcrystal forms where only 30% of the drug was dissolved over the same period 

and complete dissolution was not accomplished for the next 12 hours.43 Same results were 

obtained with fenofibrate nanocrystals compared to microcrystals.44 
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Physical Stability - Surfactant 

 

Ostwald ripening is the well-known phenomena that occur when nanoparticles are formed, 

small particles tend to dissolve and diffuse trough the gradient concentration to end up 

accumulating on larger particle size; leading to particle growth overtime and formation of 

microparticles.45 The irreversible particle coalescence is reinforced with the polydispersity 

(PDI) of the dispersion, unfortunately, it is the case for NCs dispersion in solution where PDIs 

are often greater than 0.2. Hence, homogeneous NC dispersions are required to reduce the 

saturation solubility dissimilarity and the concentration gradient of the drug, therefore 

hampering the crystal growth. Physical NC stability is a crucial feature for in vivo application 

as agglomeration, precipitation can damage the potency of the medicine, change the 

bioavailability, the drug biodistribution and generate side effects. The NC stabilization has been 

commonly achieved using surfactant or polymeric stabilizer to repel particles. The nature of 

stabilizers generally amphiphilic promote the self-assembly around NC surface, as the 

hydrophobic part of the polymeric chain circle the surface of the hydrophobic nanoparticles and 

arrange themselves to have the lowest contact area with the aqueous solution. Hydrophobic 

interactions are stronger forces compared to Van der Waals mainly governed by hydrogen 

bonds,46 hence the surfactant is well-attached to the nanoparticles protecting them from 

aggregation.   

 

The protection can be steric, electrostatic or both combined. As mentioned, amphiphilic 

polymers such as Pluronic F-127, F-68 are more used for NC stabilization compared to standard 

homopolymer. Numerous parameters influence the NC stability, the polymer molecular mass, 

the hydrophobic/hydrophilic ratio of the chain, the nature of the chain functional groups and 

the polymer conformation.47 Sharma et al. examined the size of indomethacin NCs produced 

by wet milling and high pressure homogenizer (HPH) using two dissimilar surfactants, 

Polyvinylpyrrolidone-K25 (PVP) and Pluronic F-127, the results indicated a surface 

modification and a size difference between NC according to the nature of the polymer.48 Lee et 

al. evidenced the impact of the hydrophobic/hydrophilic polymer ratio on the NC steadiness by 

producing a polymer with the same hydrophobic part but diverse hydrophilic groups. The study 

concluded that the polymer hydrophobicity is a striking parameter to the particle stabilization, 

and that 15 mol % of hydrophobicity polymer content should be used to have sufficient 

stabilization, as the adsorption is better on the NC surface.49  
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Ionic polymers give better stability as charges offer stronger repulsive forces between molecule, 

Karakula et al. have tested several cationic chitosan for atorvastatin NC, the better NC 

preparation, smallest size and stability overtime, was done using the low positively charged 

chitosan and proved the impact of surfactant charge density.50 Another option for enhancing 

NC stability is to combine ionic and steric polymer, Sun et al. made with HPH four itraconazole 

(ICN) NCs formulations, using either Pluronic F-68 alone or Pluronic F-68 combined with 

different molecular weight of chitosan. For F-68, the NC size was around 590 nm with a PDI 

of 0.7 whereas F-68 used in combination with chitosan shown 350 nm NC with 0.4 PDI.  

 

 

Sun et al. explained that chitosan molecular weight affects the polymer stretching behavior in 

water and the conformation of the other polymer F-68 surrounding NCs, thus providing better 

surface adsorption and therefore protection.51 Another overlooked aspect of surfactants is their 

repercussion on the NC bioavailability in vivo via their interactions with the surrounding 

environment. For most studies, the choice of surfactant to improve the NC physical stability is 

predominant over its impact on bioavailability of NCs. As an example, Liu et al. studied two 

PTX NC formulations made with polyethylene glycol 1000 succinate (TPGS) and Pluronic F-

127. Both formulations exhibited close characteristics in terms of size and morphology, but 

Figure 4 – Representation of Ostwald ripening (A) and steric/ionic stabilization using surfactants (B) 

A

B
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PTX NCs with F-127 were less stable at room temperature compared to PTX NCs with TPGS 

as surfactant. Besides, PTX/ TPGS NCs remained stable at 37 °C for 5 days whereas PTX/F-

127 NCs precipitated few hours later after redispersion in solution. For this reason, only 

PTX/TGPS was selected and used for in vivo experiment on ovarian model mice and had better 

efficiency in contrast with Taxol® injected at 10 mg/kg. Although PTX/F-127 NCs were 

disregarded for in vivo experiments, because of poor stability overtime, they could have 

possibly outperformed PTX/TGPS NC in terms of efficiency, biodistribution and 

bioavailability as F-127 interacts differently with the surrounding in vivo environment. The 

PTX NC/F-127 poor stability overtime could have been avoided and used as mice cancer 

treatment whether the NC were redispersed in solution right before in vivo injection.52 This 

strategy has most frequently appeared in NC technology researches leading to overlook new 

cancer treatments. 

 

Nonetheless, investigations led by Sharma et al. understood this aspect and evaluated the oral 

bioavailability in Wistar rats of PTX NC using polystyrene sulfonate (PSS) and polysorbate 80. 

It was discovered that both NC formulation were more effective than the pure drug crystals and 

also that the nature of surfactant changed the in vivo oral bioavailability. PTX NCs area under 

the curve (AUC) was close to 10 fold better as compared to pure PTX both administered at 

10 mg/kg.53 Sinico et al. also observed skin bioavailability variance with either Pluronic F-68 

or polysorbate 80. Resveratrol NCs were tested on pig ear skin model, higher concentration of 

resveratrol went through deeper skin layers compared to drug crystal dispersion and NCs 

specifically coated with Pluronic F-68 had the highest skin depth penetration.54 The relevance 

to protect NC with surfactant was also highlighted by Lu et al. using PTX bared NCs in contrast 

with PTX transferrin-coated NCs. Transferrin proved to be the best option for stabilizing NCs 

among albumin and immunoglobulin G with a stable formulation up to 3 months at 4 °C. The 

in vivo tumor inhibition was carried out using KB nasopharyngeal epidermal carcinoma and 

SKOV-3 ovarian cancer cells subcutaneously incorporated to female outbred mice. Both bared 

PTX and transferrin PTX NC were intravenously single-dose injected at 20 mg/kg. Transferrin 

PTX obtained a tumor inhibition rate of 45.1% and 28.8% for bared PTX NCs 12 day after 

treatment.55 In addition to the physical steadiness provided using surfactants, the physical state 

of drug NCs preserve them from chemical degradation in the neighboring environment.  
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Chemical Stability 

 

Since drug NCs are solid nanoparticles dispersed in solution, the likelihood of chemical 

interactions is rare. The NC surface is exposed to chemical degradation that strongly relies on 

the nature of molecule functional groups vulnerable to light, pH, temperature, humidity or 

oxidation and hydrolysis degradation when dispersed in solution.56 It has to be kept in mind 

that the overall rate deterioration of NCs depends on both the solid nature of NCs and the 

surfactant layer used to physically stabilize the nanoparticle.57 For instance, drug omeprazole 

synthesized as a NC suspension has been made by Möschwitzer et al. to evidence the better 

chemical stability overtime compared to the omeprazole solution form. For the two 

formulations stored at 4 °C in the dark, after one month, the NC dispersion did not show any 

signs of chemical degradations.58 The same conclusion were obtained by Park et al., where the 

thermal stability of PTX nanodispersion was enhanced contrary to the conventional Taxol® 

solution that was sensitive to variations of temperature.59 Also, Gao et al. reported the 

photochemical stability by fluorescence of quercetin NC dispersion at 25 °C for 1 months, the 

effect of the NC was clearly proved compared to the control water quercetin solution. A 

diminution of 28% of quercetin content and distinct discoloration was seen for the control 

whereas for NCs, only 19% of drug content diminution with no deterioration were observed.60 

The impact of the surfactant on NC chemical stability was established by Pu et al. who prepared 

NCs with the lactone form of 10-hydroxycamptothecin using HPH. The NC drug stability was 

evaluated with the content of the drug measured after 24 h at 4 °C. Precisely, in that study the 

stability was denoted as the degradation of the drug to the carboxylate form under lighting for 

various pH conditions. The outcomes showed that the NC lactone form of 10-

hydroxycamptothecin was 90% conserved while only 30% remained in the solution form of the 

drug for the similar conditions.61 Hence, most of the drugs are upheld in dry form to bypass the 

chemical degradation in solution and redispersed before use. 

 

 

 

 

  



Chapter I – Nanocrystals production 

 32 

Nanocrystals production 
 

The methods presented in section 4 can also be applied to produce NCs, nevertheless most of 

them are rarely used compared to the precipitation, high pressure homogenizer and milling 

processes.62–64 Moreover, each technique of NCs preparation is specific to a given active 

ingredient. 

 

Precipitation  

 

This process is established on the drop-wise addition under stirring of a drug solubilized in a 

given solvent to another one in which the drug is unable to be dissolved. The main setback of 

this method is the irreproducibility, as a lot of parameters must be precisely supervised such as 

addition speed, temperature, solvent nature, agitation speed to obtain reproducible results. Also, 

for this technique the drug must have specific physicochemical features that fit the protocol to 

make it successful.65 However, an extended-parameter technique gives diverse combinations 

and makes it possible to study the impact on the final material in terms of size and morphology. 

With this bottom up method, the particles obtained are often smaller compared to the top down 

approach where a drug has to be broken into smaller particles using mechanical energy. Meihua 

et al. synthesized hydroxycamptothecin (HCPT) NCs using precipitation, specifically, HCPT 

was dissolved in dimethyl sulfoxide (DMSO) and added into a fetal calf serum as antisolvent 

and surfactant, the resulting particles had a size around 168 nm.66 In comparison, Zhao et al. 

also synthesized HCPT NCs but using a top down approach, the HPH, the drug was dispersed 

in saline solution and broke into smaller particles, the final size were superior to 300 nm 

whatever the nature of surfactant used.67 

 

High-pressure homogenizer 

 

The three most important technologies include, the microfluidizer method (DD-PTM 

technology), Piston-gap homogenization method in water (Dissocubes®) or in water mixture 

(Nanopure®).68 The Dissocubes® tool, engineered by Müller and Grau at the end of the twentieth 

century was a breakthrough technology.69 It allows applying a high pressure (up to 4,000 bars) 

to an aqueous solution where the drug is dispersed creating an important shear stress force when 

the solution goes through a tight gap by means of a homogenizer piston. The range of the gap 

homogenization covers 5 to 20 μm and has to be chosen according to the viscosity of the 

solution, and obviously, the process pressure. The diminution of the section from centimeter to 
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micrometer soars the dynamic pressure and reduces the static pressure under the boiling point 

of the continuous medium at ambient temperature. Gas bubbles are thus formed under pressure 

then burst generating a high shear force allowing the decrease of the particle size in solution. 

The use of water as a dispersant solution may hydrolyze water-sensitive drugs and create 

abundant foam.68 Another way using the piston gap homogenizer is the Nanopure® technology. 

The latter technology consists in homogenization of drug dispersed in a non-aqueous medium 

at low temperature (close to 0 °C) and even under its freezing point. Besides the applied 

pressure is low, preventing cavitation phenomena from appearing. The particle size diminution 

is still acceptable, below 1 µm.70,71 Only few studies synthesizing nanocrystals have been 

reported using piston gap homogenization technologies, generally the Microfluidizer 

technology is preferred.71,72 The Microfluidizer technology uses a high-pressure pump 

generating forces up to 2000/2500 bar to narrow the particles in suspension by frontal collision 

in an interaction chamber, then the final solution is recovered in an outlet reservoir. A high 

number of cycles (50-100) is recommended to have a sufficient particle size reduction; also 

depending on the structural solidity of the particle. Indeed, the drawback of this method relies 

on the high heat released that may chemically denature the formulation.73 

 

Ball milling 

 

Commonly, ball milling consists of a cylindrical crushing system that is employed for size 

reduction of powders in a wet or dry environment.74 The rotating crushing cylinder is fulfilled 

with ceramic or stainless-steel balls falling on powders to produce homogenous solid dispersion 

with enhanced bioavailability and dissolution rate. For powders, the minimum particle size that 

can be realized with conventional milling is about 2-3 μm, otherwise, wetting conditions are 

more suitable to scale down particles size under these values. Tanaka and coworkers were able 

to achieve a powder formed of 17.1 μm particle size of probucol powder.75 Then, using wet-

milling with zirconia beads at a rotation speed of 12 m.s-1 combined with dispersing surfactants 

such as , vitamin E-TPGS, Poloxamer 338, Gelucire®, the probucol particle sizes decreased to 

77–176 nm to form a novel drug delivery system known as nanocrystals. For nanocrystal 

formulations, milling time longer than the grinding time necessary for microcrystal preparation 

may decrease the drug crystallinity due to partial or total amorphization. The latter phenomenon 

has been reported by Dai and coworkers for meloxicam nanocrystals.76 
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Nanocrystals Drug Delivery Routes 
 

Oral Delivery 
 

Oral drug delivery is the handiest route of drug administration as patient compliance, dosage 

form, sterility, and simplicity of production are promoted. Drug bioavailability is a challenge 

trough oral delivery route that can be governed by three main factors, solubility, dissolution 

rate and permeability as discussed earlier. Oral route leads to aggressive environments that can 

degrade drugs in particular in the gastrointestinal track and the liver, thus API should be 

shielded against unstable milieus. NC technology is among the strategies used to enhance oral 

bioavailability (e.g. cyclodextrin, liposomes, polymers) as their physical properties directly 

impact drug solubility, dissolution and permeability through the membranes. Previously 

mentioned, poorly water-soluble and highly permeable drug can be classified as a BCS class II 

drug. The low oral bioavailability results in a poor concentration of the drug in blood and 

therefore minimizes the odds of targeting a particular organ. Drug absorption in the 

gastrointestinal track (GIT), more precisely through the gastrointestinal epithelium layer, is a 

challenge if the drug is not dissolved. To address this issue, nanocrystal formulation has 

beneficial effects on the oral drug delivery such as a similar bioequivalence as regard to the fed 

or fasted state.77 Moreover, Chen and coworkers have proved that schisantherin A (SA) 

nanocrystals formulation (160 nm), orally administered to rats at 4 mg/kg, improved its 

solubility and pharmacokinetic profile. In that case, concentration of the SA NCs accumulation 

in the plasma was 6.7 fold higher than the mere SA suspension, after oral administration.78 

Another study conducted by Hanafy and coworkers ended up to a similar conclusion with 

fenofibrate nanocrystals formulation confronted with a fenofibrate microsuspension orally 

administered at 100 mg/kg to the rat. The fenofibrate nanocrystals have shown a two-fold 

bioavailability enhancement (Cmax = 222.7 ± 21.9 µg/mL) as regard to the microcrystals 

suspension where the Cmax was only 96.9 ± 62.4 µg/mL.79 The efficacy of nanocrystal 

formulations can be undoubtedly explained by a better saturation solubility and dissolution rate 

properties. When drugs are delivered as nanocrystal form, a significant drug concentration 

gradient between the GIT and the systemic circulation does exist, enhancing drug 

bioavailability inside the blood, Figure 4. This explains, for instance, why the fenofibrate dose 

has been reduced by 18% in marketed tablets of nanocrystals for the same bioequivalence as 

compared to micronized fenofibrate.68,80 
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Figure 5 - Nanocrystals induce a high drug concentration gradient in the blood vessel compared to the microcrystal leading a 
better absorption of the active pharmaceutical ingredient. 

 

In addition to the nanocrystal ability to go across the gastrointestinal epithelium, other 

researchers attributed the nanocrystal bioavailability enhancement to the inhibition of the  

P-Glycoprotein (P-Gp) in the apical membrane.80,81 More precisely, with the modulation of P-

Gp efflux by surfactants added with the nanocrystal formulations. P-Gp efflux across the apical 

membrane can disturb the rate and amount of drug travelling across the basolateral membrane 

and passing in the blood circulation. Prakash put in the spotlight some common surfactants that 

impacts the P-Gp efflux and therefore the drug uptake, surfactants with an optimum 

hydrophilic-lipophilic balance give better flux pump inhibition than surfactants that are 

hydrophobic.82 For drug nanocrystals, studies are still required to figure out how the uptake 

pathway is done and what are the striking properties affecting it. Yet, many works have been 

done on metallic nanoparticles to understand the impact of particle size on their absorption on 

the intestinal epithelial cells.83–85 
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Topical Delivery 

 

Topical cancers include approximately 130.000 melanoma skin cancers and 3 million non-

melanoma skin cancers worldwide every year. Only, 10% of skin cancers lead to death (world 

health organization), that is minor in contrast with other fatal cancer such as lung cancer that 

counts more than 1.70 million deaths each year. However, NC technology still focuses on 

innovative drug development to overcome skin barrier to heal various topical diseases. Skin is 

formed with multitude of layers protecting external agents to cross through. Epidermis is the 

first layer itself made of four coats, the stratum germinativum, spinosum, granulosum and 

corneum. Dermis is the second protection composed of tight tissues.86 There are two ways to 

bypass skin barriers, the first one, is the trans-epidermal way, the second one, the appendages 

way (hair follicle, sebaceous gland), represented in Figure 6.87  

 

 

Pelikh et al. observed the NC size dependence for skin penetration. Hesperetin NCs with 

diverse size were made using bead milling and HPH. The NCs dermal penetration was 

determined following a tape stripping procedure, then removed and dosed by HPLC. The 

upshots clearly supported that reduced sizes increase the passive diffusion through skin of 

poorly soluble compound and promote penetration into deeper skin layer. For comparison, 

Figure 6 - Drug nanoparticle delivery using transdermal and appendages way. Three main localizations: 

stratum corneum (SC), epidermis (E) and dermis (D).87 CopyrightⓇ 2019 reused with permission from Elsevier. 
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hesperetin NCs with the size under 200 nm had 10% of the total applicated amount in deeper 

tissues whereas only 5% of 700 nm-NCs were found. For most formulations, the choice of 

excipients impacts the drug delivery, it has been found for hesperetin NCs dermal penetration 

that glycerol, urea, propylene glycol, hydrogel or ethanol, strongly affects the drug permeation 

as they foster the hydrophilic pathways, hence preventing the delivery of poorly water-soluble 

ingredient. Only about 10% of the drug penetrated into the skin with glycerol, propylene glycol, 

compared to 55% drug penetration with suitable excipient.88 Also, the skin drug penetration 

profile depends on the concentration, Vidlárová et al. confirmed this feature using curcumin 

NCs as model produced by milling and HPH. Four formulations were studied (2%, 0.2%, 

0.02%, and 0.002% by weight volume) on porcine skin and pictured on confocal microscopy. 

All formulations showed clear penetration enhancement as regard to the “classic” topical 

formulation where the drug is dissolved. The main hypothesis brought to the table to explain 

the outcomes was the NCs high concentration gradient giving a strong driving force to the drug 

and therefore a deeper skin diffusion.89 Even though, NCs technology for topical delivery are 

rarely developed compared to other nanoparticles, studies have shown that NCs preparation 

often outperformed conventional formulation used on market and should be further advanced 

in next years. 

 

Ophthalmic Delivery 

 

The sensitivity and complexity of eye offer a challenge for drug NCs formulation as the eye 

reduces significantly the drug bioavailability as compared to oral or parenteral route. Usually 

less than 5% of nanomedicines intraocular bioavailability is expected through ophthalmic 

delivery.90 As some ocular diseases necessitate high drug concentration at the site of interest, it 

is also fundamental to explore new strategies to meet this need. The nature of eye tissue requires 

two fundamentals parameters to enhance bioavailability, the drug retention time and the drug 

permeability.91 Two features that NC technology can impact. Thus, Ahuja et al. studied and 

compared ICN NC with the ICN marketed product for ocular delivery, a notably higher 

cumulative permeation of ICN NC (1% w/v) through the goat cornea was evidenced. The NC 

formulation offer 1.73-fold superior corneal permeability with the conventional marketed 

formulation, as NCs have particles in the nano-size range fostering the crossing through the 

cornea.92 
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Figure 7 - Structure of Human Eye. Copyright® 2014 reused with the permission from Association for research in vision and 

ophthalmology. 

 

Tuomela et al. also formulated a NC-based drug preparation for ocular delivery and compared 

it in the matter of efficiency, intraocular pressure (IOP) and cytotoxicity on rat ocular 

hypertensive model with the usual ophthalmic product Azopt®. The analysis carried out 3 

brinzolamide NC formulations engineered by wet milling using different polymeric surfactant 

(Pluronic F-127, Pluronic F-68, HPMC), each formulation presented similar toxicity in vitro on 

human corneal epithelia cells with Azopt®. NCs formulation killed 70 up to 85% cells viability 

after 5 min. incubation where Azopt® had 69%. The IOP is one of the main parameters to 

oversee after eyes laser treatment, the mean IOP were evaluated for all NC formulation, 55 to 

71% of the IOP was decreased after 60 min. topical administration for brinzolamide NCs. 

Azopt® shown a lower reduction with 49%.93 Pignatello et al. investigated another striking 

parameter that is the drug retention as the pre-corneal drainage on the eye is major problem for 

ocular drug delivery, considerably reducing drug bioavailability. ICN NCs suspension were 

added drop by drop on albino rabbits eyes after ocular trauma production. Conventional eyes 

drop formulation were used as control, NCs were able to prevent the contraction of constrictor 

muscle of the eye (miotic response) and give sustained release of the drug resulting in greater 

drug concentration in the aqueous humour, 18 µg/mL, compared to 13 µg/mL for ICN control.94  
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Parenteral delivery 

Intravenous injection is recommended when a drug is not ingested by the digestive tract or 

when disease treatments require i.v. delivery, as chemotherapy. In oncology, i.v. administration 

route is preferred when oral forms present unpredictable bioavailability, or side effects, but also 

in the case of targeted therapies.95 Additionally, self-administered chemotherapy drugs 

efficiency highly depends on patient adherence.96 Owing to the nanoscale range, crystal 

nanoparticles are suitable for parenteral (e.g. intramuscular, transdermal, i.v.), enteral, 

pulmonary, ocular and transdermal administration routes with faster pharmaceutical effect. 

Indeed, one of the other advantages of nanocrystal-based drug formulations is that they can be 

administrated whatever the administration route since they are much smaller than the smallest 

blood vessel diameter of the human being. Regarding the i.v. route, the carrier system will not 

have to go through the gastrointestinal barrier resulting in higher bioavailability and reduced 

dosing. Also, i.v. NCs delivery does not require an excess of excipient that may give rise to 

side- effects for the patient. In the case where drug NCs are dissolved immediately after 

administration and before hitting the target, thus the nanosuspension will mainly show a 

solution-like behavior.97 Otherwise, whether the nanocrystalline suspension keep its integrity 

after injection, biodistribution following i.v. injection will be mainly governed by particle 

shape, size and surface properties. 

 

Figure 8 – Stabilized nanocrystals intravenously injected to the mice tail vein and then accumulated to the tumor due to the 
EPR effect. 
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Hao et al. assessed the in vitro anticancer efficiency and in vitro biodistribution of 275 nm 

Amoitone B NCs compared to the free molecule. Experiments were conducted on several cell 

lines, BGC-823, colon cancer SW620, liver cancer HepG2 cells and lung cancer H460, 

Amoitone B were added at the concentration of 1-40 µg/mL. After 72 hours, Amoitone B NCs 

had better cells cytotoxicity than free Amoitone B. IC50 were lower with 6.76 ± 0.80, 6.93 ± 

0.76, 10.03 ± 0.63, 9.74 ± 0.70 µg/mL for BGC-823, SW620, HepG2, and H460 respectively, 

whereas for the free Amoitone B, IC50 were 10.38 ± 0.97, 10.63 ± 1.03, 13.58 ± 1.12 , 13.90 ± 

1.27 µg/mL. The NCs biodistribution after i.v. administration showed higher AUC values in 

liver and lung were 2.32-fold and 1.50-fold greater than free molecule and a lower 

concentration in heart and kidneys, thus decreasing side effects.98 A desired effect for cancer 

treatment is the sustained released of drug, reinforcing therapeutic potency and reduced 

systemic toxicity. Liu et al. evidenced a better in vivo efficacy against ovarian cancer model 

with Paclitaxel (PTX) NCs stabilized by TGPS at 10 mg/kg in comparison with Taxol® (clinical 

PTX formulation). Taxol® administered at the same concentration was ineffective to hinder 

tumor growth in contrast with PTX NCs that had significant tumor regression explained by a 

better cancer cells internalization of the NCs. The aqueous dispersed solid state properties of 

NC provides a slow release of the API increasing its blood circulation time, and therefore a 

better targeting.52 
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Passive and active targeting delivery 

Drug targeting refers to a way to enhance the concentration of the drug in the specific site of 

interest in the human body (tissues and organs). The driving forces to deliver the drug are 

complex and diverse. For the majority of drugs, their selection is made according to their 

aptitude to be efficient against a specific disease, the consideration of drug accumulation in the 

desired area is often overlooked. For most of treatments, the route of administration is chosen 

to improve the drug accumulation in the targeted tissues and overcome straight natural barriers. 

However, whatever the administration route used, the drug spreads out in the human body 

correspondingly with the blood stream flow, therefore medical treatments augment the drug 

dose to foster the odds of accumulation in the desired region. It implies higher treatment cost, 

higher systemic toxicity and hence poor quality of life of the patient. Considering these 

difficulties, there is a strong need to achieve better targeting. Two concepts have to be 

considered for a better drug targeting, the first one is the features of medicine used including 

physical state, size, shape, charge surface, therapeutic carrier and so forth. The second one is 

the features of the therapeutic site of interest, such as specific biological barriers, tumor 

vascularity and epithelial dilatation surrounding diseases tissues. The modification of the 

endothelium allows nanoparticles to pass through and reach cancer tissues by diffusion 

(Fig. 9). This passive targeting effect, otherwise known as the enhanced permeability and 

retention (EPR) effect, was initially proposed by Maeda et al. in 2000.99 
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Studies by Hollis and coworkers, compared the EPR effect on human HT-29 colon cancer 

xenograft murine model, for both solubilized and NCs formulation of paclitaxel, and found that 

PTX NCs were as effective as the conventional solubilized formulation with reduced toxic 

effects.100 This result confirms that the NC approach is promising for cancer therapies. 

However, it has been observed that, once administered intravenously, nanoparticles gather 

essentially in the tissues of the reticuloendothelial system (liver, spleen). This observation can 

be explained by a huge specific surface area of nanoparticles on which many plasma proteins, 

especially opsonins will adhere to the nanoparticles surface. The formation of the protein 

corona surrounding nanoparticles relies on size, shape, crystallinity, surface instability, 

hydrophobicity and electronic states.101 Following protein adsorption, nanoparticles are 

selectively recognized by the macrophages, then internalized and carried to phagosomes and 

fused with lysosomes.102 Therefore, a balance between all these parameters is crucial to increase 

the nanoparticle lifespan in blood circulation to foster the EPR effect. Another way to overcome 

the recognition by the mononuclear phagocyte system is to dress up the nanoparticle surface to 

repel these opsonins. Hence, there will be both a selective targeting effect but also, an 

accumulation effect in the tumor tissues due to the EPR effect. 

Figure 9 - Illustration of the EPR effect: nanoparticles can shed out into the tumors through the endothelial 
cells junction. 
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Today, brand new nanoparticles formulation assimilates the approach of active targeting, which 

increases the specificity for a precise site. It is primordial to associate with the surface of the 

nanoparticle molecules such as polymers, acids, proteins, peptides and so forth, which will 

specifically be identified by receptors present on cancer cells. To understand the impact given 

by functionalized nanocrystals, Park and coworkers compared the ability of several coated-

paclitaxel (PTX) NCs with a conventional Alb-based PTX formulation to treat B16F10 

melanoma in mouse. It has been shown that PTX NCs with and without Alb present higher 

antitumor efficacy compared to Abraxane® at the equivalent dose.103 The use of proteins as 

stabilizers is an encouraging approach as well as their ability to attach on membrane proteins 

in tumor cells.104 

Likewise, coated-NCs with selective surfactants or polymers, such as sodium dodecyl sulfate, 

hydroxypropyl methyl cellulose or polyvidone are valuable to improve oral bioavailability, and 

such surfactants offer steric hindrance, avoiding NCs aggregation and growth.105,106 In another 

study, NCs surface of docetaxel (DTX) has been modified with PEG-modified (pLNS-DTX) 

and folic acid (tLNS-DTX). Wang and coworkers demonstrated that the cytotoxicity of tLNS-

DTX against B16 cells (folate receptor positive) were more efficient than pLNS-DTX, inferring 

that NCs surface modification is essential to specifically delivery a drug.107 Tuomela and 

coworkers investigated the selection of suitable stabilizers, their stabilizing effect, their role in 

final formulations, difficulties in achieving in vitro and in vivo delivery. Furthermore, the study 

presented some NC-API/stabilizer association cases, and also looked into the stabilizer 

outcomes for higher bioavailability of the drugs.108 

As we previously discussed, solubility enhancement of poorly water-soluble drugs is a major 

challenge in the pharmaceutical field, as 70% of drugs exhibit low solubility. Modulation of the 

solid state of pharmaceutical ingredients as function of intermolecular interactions (e.g. co-

crystallization, polymorphism), chemical modification (e.g. solvatomorphism, salt formation), 

or physical modification (e.g. amorphization, particle size reduction) has afforded many 

opportunities to enhance the bioavailability of some APIs. For a decade, research into NC 

preparations for drug delivery has driven significant growth in the pharmaceutical field, as it 

offers several advantages and value. NCs formulation is one of the recent techniques developed 

to improve dissolution rate, solubility, and therefore the bioavailability of active ingredients, 

while increasing drug-loading capacity. Moreover, NCs can be administrated through all routes 

— pulmonary, ocular, transdermal, enteral and parenteral — and provide better performance in 
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terms of safety, targeting efficiency, pharmacodynamics, and pharmacokinetics than any other 

drug formulations. One of the main drawbacks of nanomedicines is their persistence in the 

human body, fostering the risk of toxicity. The outlook regarding the development of NCs 

should focus on such undesirable toxicity, which could be avoided by improvements in targeted 

delivery and clearance from the body. To do so, functionalized nanocarriers may be 

conceptualized for NCs encapsulation. This would allow prevention of systemic administration 

of the API by targeting the diseased tissues. Thus, the drug would be released with a faster 

dissolution profile only after opening of the nanocarrier is triggered. Furthermore, by 

combining crystallization techniques at the nanoscale level to different solid-state 

organizations, it may drastically improve the bioavailability of APIs for optimized targeted 

delivery. 
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Nanocrystal overview 

There are plentiful examples in the literature where precipitation, HPH and ball milling methods 

were used. Even if nanocrystal definition is not well harmonized in the literature, Table 3 shows 

an overview of the smallest drug nanocrystal manufactured with these technologies using 

stabilizers. The choice of stabilizer is essential as it influences nanocrystal size and shape. Once, 

the nanocrystal growth is stopped, stabilizer is strongly associated to the nanocrystal giving it 

its solubility in a wide range of solvents. Surfactants must be used for both synthesis of 

nanocrystals and long-term stability during storage. 
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Table 3 – Examples of pharmaceutical drug nanocrystals prepared by common wet ball milling (WBM), HPH and spray drying 

Drug Type Technology Stabilizer Particles size (nm) References 

1,3- Dicyclohexylurea Anti-ischemic WBM Polysorbate 80 800 109 

Acecoflenac Anti-inflammatory Precipitation 
PVP-K30/HPMC-E5/Sodium Lauryl Sulfate 

(SLS) 
112 - 930 110 

Albendazole Treatment of parasitic worm HPH Poloxamer 188 415 111 

ALS - 3 Treatment for Amyotrophic Lateral Sclerosis WBM/Spraydrying Poloxamer 188/PVPK30/HPMC 300 112 

Amoitone B Antitumoral HPH Mannitol 275 ± 8 98 

Amphotericin B Antibiotic HPH None 528 113 

Aprepitant (MK-069) Anti-nausea/Anti-vomiting WBM With surfactant 120 114 

Aripripazole Antipsychotic Precipitation HPMC-E5/Poloxamer 188 450 - 500 115 

Ascorbyl palmitate Antioxidant/ Vitamin C Derivative HPH 
Sodium Dodecyl Sulfate (SDS) 365 

116 

Polysorbate 80 348 

Asulacrine Antitumoral HPH Poloxamer 188 133 ± 20  117 

Avanafil Erectyle Dysfunction Precipitation Poloxamer 188/Polysorbate 80 128 - 4868 118 

AZ68 Schizophrenia Treatment WBM PVD/Disodium Salt 125 ± 30 119 

Azithromycin Antibiotic HPH Poloxamer 188/Polysorbate 80/Lecithin 400 120 

Baicalin Anxiolytic HPH  
Polysorbate 80/Poloxamer 188/Poloxamer 

407/TPGS 
200 - 500 121 

Bexarotene Antineoplastic Precipitation/HPH Poloxamer 188/Lecithin 200 122 
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Breviscapine Anti-inflammatory Precipitation/Freeze Drying Poly(lactic-co-glycolic acid) 239 123 

Budenoside  

Anti-inflammatory Precipitation 
Mannitol 440 124 

Poloxamer 188 259 125 

  HPH 

Lecithin/Polysorbate 85/Tyloxapol/Cetyl alcohol 599 126 

/ 75 up to 300 127 

/ less than 1 μm 128 

Bupravaquone Antibiotic HPH Poloxamer 188/Lecithin 601 129 

Camptothecin Antitumoral 

WBM Poloxamer 338 202 ± 30 130 

Precipitation 
/ 250 131 

Polydopamine 80 - 150 132 

Candesartan cilexetil Anti-ischemic WBM Poloxamer 338 128 133 

Celecoxib Anti-inflammatory HPH 
Polysorbate 80 320 

134 
PVP/SDS 360 

Cilostazol Anti-platelet 

WBM Hydropropyl Cellulose/Docusate Sodium 260 135 

HPH HPMC (Methocel E15) 500 up to >1000 136 

WBM Hydropropyl Cellulose/Docusate Sodium 220 137 

Cinnarizine Antiallergic/Antihistaminic WBM 

TPGS 366 ± 12 

138 
TPGS/HPMC 430 up to <1000 
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Clofazimine Antibacterial HPH 

Poloxamer 188/Phospholipon/Sodium Cholic 

Acid/Mannitol 
650 139 

/ 420 140 

Curcumin Antitumoral/Antioxidant 

WBM Polysorbate 80 924 141 

Precipitation/HPH / 199 142 

WBM Leucine 125 143 

Cyclosporine Anti-inflammatory/Immunossuppressor 
WBM Poloxamer 188 213 144 

WBM/HPH Sodium Cholate 962 145 

Danazol Treat endometriosis 
HPH Poloxamer 407 300 146 

WBM Polyvinyl pyrrolidone- K25 169 42 

Darunavir Anti-VIH WBM/Electrospraying 
Polysorbate 80/Poloxamer 188/Poloxamer 

407/TPGS 
295 - 1327 147 

Dexamethanose Anti-inflammatory 
HPH 

Poloxamer F188 
930 148 

WBM 370 149 

Diclofenac Anti-inflammatory 
HPH 

Poloxamer 188 
< 800 150 

WBM 279 ± 8 151 

Docetaxel Antitumoral 
HPH 

Lecithon/DSPE-PEG2000 204 
152 

Lecithin/DSPE-PEG2000/DSPE2000-FA 221 

Precipitation Poloxamer 407 383 153 

Doxorubicin Anticancer Precipitation DSPE-PEG200 5 154 

Efavirenz HIV therapy Precipitation PVP K30/ Lutrol F-127 F128 161 - 5267 155 

Fenofibrate Lowering triglycerides HPH Poloxamer 188/PVP K30 356 and 194 156 



Chapter I – Nanocrystal Overview 

 49 

Vitamin E/ TPGS 340 79 

Precipitation 

Polysorbate 80/Polyethylene glycol/PVP 

K30/Tragacanth 
> 1000 157 

Hydrogel 200 - 400 158 

Glibenclamide Antidiabetic Precipitation Poloxamer 188 429 159 

Griseofulvin Antifungal WBM Tocopherol polyethylene glycol 1000 succinate 256 ± 1 160 

Hesperetin Antitumoral 
HPH 

 Polysorbate 80 346 ± 30 

161 
Poloxamer 188 301 ± 17 

Plantacare 2000 304 ± 30 

Inutec SP1 304 ± 40 

WBM/HPH Polyethylene glycol 30 200 162 

HPPH Antitumoral Precipitation / 100 ± 20 163 

Hydrocamptothecin Antitumoral 

PU Fetal calf serum 168 ± 3 66 

HPH 

Lipoid S75/Poloxamer 188 283 ± 5 

67 

Lipoid S75 + Solutol® 316 ± 13 

Poloxamer 188 345 ± 17 

Lipoid S75 365 ± 3 

Hydrocortisone Anti-inflammatory 
WBM PVP/HMPC/Polysorbate 80 295 ± 32 164 

HPH Poloxamer 338 539 165 
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Ibuprofen Anti-inflammatory Melt-emulsification Polysorbate 80 175 166 

Indomethacin Anti-inflammatory 

HPH 
Polyvinyl pyrrolidone- K25 80 ± 10 

48 
Poloxamer 407 170 ± 30 

WBM Poloxamer 188 970 ± 30 167 

Itraconazole Antifongic 

WBM 
Poloxamer 407 550 ± 20 167 

Poloxamer 338 128 133 

HPH Polysorbate 20 677 ± 53 168 

Spray Freezing Polysorbate 80/ Poloxamer 407 200 up to 1000 169 

Precipitation Poloxamer 407 267 170 

Ketoconazole Antifungal WBM 

  Poloxamer 188/PVP K-30/Hydroxypropyl 

methylcellulose 
164 171 

Hydroxypropylcellulose/TPGS 147 172 

Ketoprofen Anti-inflammatory WBM Sodium Lauryl Sulphate 265 173 

Loviride Antiviral WBM 

Polysorbate 80/Poloxamer 188 156 174 

Tocopherol polyethylene glycol 1000 succinate 156 ± 2 160 

Lutein Prevention of age-related macular degeneration Precipitation 
Sodium Dodecyl Sulfate (SDS)/Soy 

phosphatidylcholine 
377 175 

Mebendazole Anthelmintics WBM Tocopherol polyethylene glycol 1000 succinate 190 ± 2 160 

Mefenamic Anti-inflammatory Precipitation 
Hydroxypropylcellulose 106 176 

DOSS 312 177 
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Meloxicam Anti-inflammatory Precipitation Polysorbate 80/Poloxamer 188/Poloxamer 407 180 178 

Methyltryptophan Inhibitor of the Tryptophan Catabolic Enzyme Precipitation Poloxamer 188/TGPS 150 up to 1400 179 

Miconazole Antifungial WBM Poloxamer 188/Poloxamer 407 355 180 

Monosodium urate Immune Regulator Precipitation DMEM 10% 26 - 137  181 

MTKi-327 WBM Antitumoral WBM Poloxamer 338/Lipoid S75/Glucose 195 ± 6 182 

Naproxen Anti-inflammatory WBM 

Chitosan 250 ± 60 107 

Poloxamer 188 270 183 

TPGS/HPMC 370 ± 60 138 

Nimodipine Anti-inflammatory/Anti-ischemic HPH 

Poloxamer 188/Sodium cholic acid/Mannitol 650 184 

Mannitol/ Maltose 159/503/833 185 

Nisoldipine Calcium Channel Blocker  WBM/Jet Milling PVP-K30/HPMC-E5/SDS 240 - 1227 186 

Olmesartan Medoxomil Angiotensin II Receptor Antagonist  Precipitation/HPH TPGS/Polysorbate 80 140 187 

Omeprazole Anti-inflammatory HPH Poloxamer 188 500 58 

Oridonin Antitumoral 
HPH 

Polyvinyl pyrrolidone- K25/Lecithin 913 188 

Poloxamer 188 897 ± 14 189 

HPH/WBM Poloxamer 188/Lecithin 103 ± 2 190 

Paclitaxel Antitumoral Precipitation 

Transferrin 303 55 

Polysorbate 80 5 191 

Poloxamer 407/DOSS 194 192 
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Poloxamer 407 150 up to 200 103 

Cyclodextrin 263 179 

Poloxamer 127 200 193 

3PNET 
TPGS 150 52 

Poloxamer 407 122 194 

HPH DOTAP  160 ± 10 195 

EPAS TPGS 135 196 

WBM 
Chitosan 330 ± 90 107 

Poloxamer 407 279 130 

PIK-75 Antitumoral HPH 
Poloxamer 188 (nontargeted) 182 

197 
Poloxamer 188-folic acid (targeted) 161 

Piposulfan Antineoplastic WBM Polysorbate 80 210 ± 38 
148 

Prednisolone Anti-inflammatory HPH Poloxamer 188 211 
148 

Pueranin Antitumoral HPH Lecithin/HPMC 481 ± 23 198 

PX- 18 Neuroprotecter HPH Polysorbate 80 40 - 980 199 

Resveratrol Anti-oxydant 

HPH 

Polysorbate 80 203 ± 20 

200 
Poloxamer 188 153 ± 40 

Plantacare 2000 169 ± 20 

Inutec SP1 216 ± 30 

WBM 
Poloxamer 188 304 ± 3 

201 
Polysorbate 80 225 ± 35 

Riccardin Antitumoral 
EPAS Poloxamer 188/PVPK30/HPMC 184 

202 
HPH Poloxamer 188/PVPK30/HPMC 815 

RMKK98 Anti-inflammatory HPH Poloxamer 188/Polysorbate 80/Sodium cholate 913 203 
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RMKP22 Antitumoral HPH Polysorbate 80/Glycerol 502 69 

Rutin Antioxidant/ Anti-inflammatory HPH Polysorbate 80/Poloxamer 188 721 204 

Silybin Antitumoral HPH Lecithin/Poloxamer 188 127 up to 642 198 

Simvastin Cholesterol Lowering HPH 
Polyvinyl pyrrolidone- K25  360 ± 30 

48 
Poloxamer 407 1140 ± 6 

Spironolactone Treat fluid retention HPH Polysorbate 80/Water 400 205 

Tarazepide Antiplasmodic HPH Poloxamer 188/Polysorbate 80 400 206 

Ubc-35440-3 Antiallergenic/ Asthma HPH 

HPMC (Methocel E15) 182 ± 7 

43 
Polyvinyl alcohol 262 ± 54 

Acaciae Gum 407 ± 6 

Poloxamer 407 183 ± 3 

UG558 / WBM HPMC (Methocel E15) 190 207 

Ziprasidone Antipsychotic WBM Poloxamer 407 200 - 1000 208 

Precipitation ultrasonication (PU). Three-phase nanoparticle engineering technology (3PNT). Evaporative precipitation into aqueous solution (EPAS)  
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Drug Nanocrystals on the market 

 

Drug nanocrystals have been investigated and improved since the 1990s. NCs have various 

indications in the area of pharmaceutical sciences (e.g. anti-emetic, anti-psychotic, 

immunosuppressive, asthma). Yet, none of these formulations are indicated to treat cancer. 

Today, 11 nanocrystal formulations can be found on the market: 9 as oral pharmaceutical forms, 

and 2 as injectables pharmaceutical forms (Table 4). 

 

Table 4 - List of marketed nanocrystals from 2002 to 2014 (9 oral pellets, 2 i.v. suspension) 

Trade 

name 
Drug Indication 

Pharmaceutical 

form 
Route Corporation FDA 

Zanaflex® Tizanidine HCl Muscle Relaxant Pellets Oral Acorda 2002 

Ritalin LA® 
Methyphenidate 

HCl 

Hyperactivity 

Disorder 
Pellets Oral Novartis 2002 

Emend® Aprepitant Anti-emetic Pellets Oral Merck 2003 

Invega 

Sustenna® 

Paliperidone 

palmitate 
Anti-psychotic Suspension IV Janssen 2009 

Megace 

ES® 
Megestrol Anti-anorexic Suspension Oral 

Par 

Pharmaceutical 

Companies 

2005 

Tricor® Fenofibrate Hypercholesterolemia Pellets Oral Abbott 2004 

Triglide® Fenofibrate Hypercholesterolemia Pellets Oral 
Sciele Pharma 

Inc 
2005 

Naprelan® 
Naproxen 

Sodium 
Anti-inflammatory Pellets Oral Wyeth 2006 

Rapamune® Rapamycin Immunosuppressive Pellets Oral Wyeth 2000 

Theodur® Theophylline Asthma Pellets Oral Mitsubishi  2008 

Ryanodex® 

Dantrolene 

Sodium 

Malignant 

Hyperthermia 
Suspension IV 

Eagle 

Pharmaceutical 
2014 
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Etoposide 

 

Production 

 

Etoposide (ETO), also called VP-16, is known as a semi-synthetic derivative of 

podophyllotoxin that is recovered from Podophyllum peltatum dried roots mainly found in the 

North of America. ETO was synthetized from podophyllotoxin for the first time in 1966  

(Fig. 10).209,210 
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It has a relative molecular mass of 588.57 g/mol, it is a poorly water-soluble compound in water 

(< 0.01 mg/mL), slightly soluble in ethanol and highly soluble in methanol, chloroform and 

dimethyl sulfoxide (> 100 mg/mL). The raw ETO is a white crystalline powder that melts 

around 235 – 250 °C. ETO inhibits the enzyme topoisomerase II that is crucial to control the 

DNA conformational arrangement by generating double-strand break in the DNA molecule 

(Fig. 11).211 Cells death is induced when sufficient covalent topoisomerase-split DNA complex 

are formed and stabilized, giving durable DNA strand breaks, swamping cells metabolic 

activity to apoptosis.212 

 

 

 

 

 

 

Figure 11 - Topoisomerase II mechanism of action. Topoisomerase II binds a DNA duplex (G segment), followed by the linking of 

adenosine triphosphate (ATP) to the two N-terminal extremity. This conformational modification conducts to the separation of both 

strands of the G segment and also to the hookup of the T segment. The T segment drives to the G segment break and then leaves the 

enzyme. The process restarts after the hydrolysis of ATP in adenosine diphosphate (ADP) that resets the topoisomerase II with the G 

segment still linked. Etoposide is lately obstructing the catalytic cycle after DNA is cut but ahead of DNA re-ligation. Picture used from 

reference 212 with copyright permission. CopyrightⓇ
 2019 Reused with permission from Springer. 
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Etoposide-based marketed products 

 

Seven marketed products of ETO can be found on the market, 7 injectable solutions and 1 

parenteral as capsules (Table 5). For all solutions, the medicine is contained in a 25 mL vial, 

each milliliter contains 20 mg ETO, 2 mg citric acid anhydrous, 650 mg polyethylene glycol 

300, 80 mg polysorbate 80 and 33% absolute ethanol. Recommendations preconized to dilute 

the solution at 0.2 to 0.4 mg/ml to avoid precipitation up to 24 hours at 15 – 25 °C. Excipients 

provide stability overtime and long lifespan in the blood stream but also increasing undesired 

effects. Oral capsule (Mylan) are composed of gelatin colored with pink with glycerin, iron 

oxide, anidrisorb and titanium oxide. Each capsule contains 50 mg dose of ETO followed with 

anhydrous citric acid, polyethylene glycol and water. 

 

Table 5 – Seven injectable etoposide-based marketed products provided by West Ward, Accord Healthcare, Watson Labs Inc, 
Mylan, Teva, Fresenius). One parenteral Etoposide marketed products provided by Mylan 

Trade name Pharmaceutical form Laboratory Logo 

Etoposide 

Injectable 

West-Ward  

Accord Healthcare 

Watson Labs Inc 

 

Blue Point Laboratories 

Injectable / Capsule Mylan 

Toposar® 

(or Vepesid®) 
Injectable Teva  

 

Fytosid® Injectable Fresenius Kabi   
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Etoposide-based cancer studies 

 

ETO has been evaluated as a single or synergic anticancer agent in a various type of cancer 

since the early 1990s, as its high cancer cells cytotoxicity, human mild toxicity and low-cost 

production that make this drug a good fit for a wide chemotherapy treatment. Loehrer et al. 

assessed the efficiency of ETO as a first line treatment for refractory germinal neoplasm patient 

(testicular area).213 Three patients denoted as group I, were prescribed with a single dose of 

ETO at 100 mg/m2 for 30 minutes daily for 3 up to 5 days (according to the patient hematologic 

acceptance) every 3 weeks. Twenty-two patients denoted as group II, received ETO at 20 

mg/m2 over 30 minutes for 5 days every 3 weeks, then followed by i.v. injection of Adriamycin 

at 40 – 50 mg/m2 every 3 weeks, then i.v. injection of Bleomycin 30 mg/m2 weekly for 12 

weeks. For group I all subjects had a partial response to the treatment. For group II, 9 patients 

had a complete response (42.9%), 9 other patients a partial response (42.9%), and the last 4 a 

partial response sufficiently effective to perform a surgical ablation of the tumor. As a matter 

of fact, the latter patients were completely healed after the surgical procedure; therefore 13 

cases were cancer-free thanks to the therapeutic treatment. Despite promising results, 

conventional chemotherapies display high blood and healthy organ toxicity leading to collateral 

harms for patients. This research proved the ETO ability to heal testicular neoplasm and 

highlight the synergic effect of anticancer drug. As discussed, ETO is often used in second line 

treatments where patient have undergone and failed a previous treatment. The department of 

medicine from Texas Tech University carried out a phase II study with ETO on metastatic 

breast cancer patients, firstly treated with cyclophosphamide, methotrexate, fluorouracil and 

doxorubicin but a progression of the breast cancer was identified for all patients. For the 30 

cases, after ETO therapy comprised of oral ETO at a dose of 50 mg/m2 per day given for 21 

days in a row. One complete and 4 partial responses were observed (19% objective response), 

6 with no progression of cancer and 15 without response and toxicity appeared for 24% of 

subjects characterized with thrombocytopenia and neutropenia. Administered ETO orally is an 

acceptable, effective and undoubtedly a mere chemotherapy procedure that may enhance 

patients with metastatic breast cancer.214 Oral administration of ETO has been also verified 

versus non-small cell lung cancer (NSCLC) and compared with standard i.v. administration 

(cyclophosphamide, doxorubicin, vincristine or ETO, vincristine) by Dr Thatcher. N et al. From 

September 1992 to August 1995, 171 patients received 50 mg orally of ETO twice per day for 

10 days every 3 weeks repeated 4 cycles; 66 patients were administered intravenously for 1 to 

3 days, ETO 120 mg/m2 over 30 min. and vincristine 1.3 mg/m2, 102 received a single i.v. 



   Chapter I - Etoposide 

 59 

injection of cyclophosphamide 750 mg/m2, doxorubicin 40 mg/m2, and vincristine 1.3 mg/m2. 

For oral ETO, 41% had a cancer regression, 4% no change, 10% had a cancer progression and 

45% died. In parallel, for standard procedure, 6% presented a cancer regression, 9% no change, 

13% a cancer progression and 33% died.215 Suggestions following this research recommend not 

to used ETO orally as a single agent for SCLC and that i.v. ETO in combination with anticancer 

agent should be preferred. 

Likewise, certain studies unusually tried out ETO with different cancer such as thyroid cancer 

to assess the response of patients. Leaf et al. evaluated the toxicity and activity of ETO against 

inoperable carcinoma thyroid cancer on ten 65 years old patients.216 All patients had inoperable 

medullar, anaplastic, sarcoma or squamous carcinoma, also patients with previous radiation 

chemotherapy were disqualified to not alter the outcome reliability of treatment. ETO was 

injected at the concentration of 140 mg/m2 for 3 days in a row every 3 weeks. The injected dose 

was modified according to the white blood cells, 50% of the dose whether the WBC were 

comprised between 2000 and 4000 per mm3, the chemotherapy was stopped whether the WBC 

were under 2000 mm3. The experiments did not show benefits for patients with thyroid cancer, 

mainly explained by the lack of drug accumulation into the site of interest, 50% died after 8 – 

10 months, 20% died after 1 – 2 months, only 30% of patients presented long survivals up to 

45 months. This minor positive effect on patients was attributed more to the environmental 

history of the cancer than clear-cut consequences of the chemotherapy. 

Indications 

 

ETO is largely used as a cytotoxic agent against testicular, lymphomas, ovarian, small cell lung, 

colon and breast cancer. Strongly efficient in cases of lung cancer,217 it is rarely used as a single 

anticancer agent and is often combined with Cisplatin, Bleomycin, Adriamycin or 

Doxorubicin.218 It is the only drug that is used to treat refractory cisplatin cancer patients.219 

Regarding other cancer such as kidney, pancreatic or gastric cancer, ETO is less commonly 

used for these cancers but can still be employed in patients that were unsuccessfully treated 

with the adapted first line treatment. The accomplishment of the ETO cancer treatment is 

timetable dependent and prolonged ETO exposures of 2 up to 5 days being more efficient than 

a single administration.220 In the hospital, ETO is often administered as a one-hour 

administration intravenously. Its maximum dosage is about 500 mg/m2 every 3 weeks. 

Repeated administration over 3 to 5 days increases antitumor activity significantly and the 

commonly dose is then 60 to 120 mg/m2 per day. Severe protocols use the dose of 200 mg/m2 
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per day up to the 400 mg/m2 dose per day in transplantation conditioning. ETO can also be used 

orally, its bioavailability being close to 50%.220 It is prescribed intermittently, 80 to 300 mg/m2 

per day for 3 to 5 days, or continuously at 50 to 100 mg/m2 per day for 21 days in a 4-week 

cycle.220 For most of anticancer agents and in this case ETO, drug administration schedule is 

fundamental as it bounds with the topoisomerase II that is overexpress during mitosis while 

cells are dividing.221 Thus, long-lasting scheduling is preferable as it augments the probability 

of ETO to interact with cancer cells during crucial steps of the cell cycle. If the ETO is 

eliminated, the topoisomerase II-ETO bound is reversed leading to fast DNA reparation and 

cells surviving. Hence, chronic administration of ETO reinforces the lifespan of these links, 

prolonging the DNA strand breaks leading to apoptosis. Clark et al. compared in 1994 the 

superiority of two ETO long term treatments, 5 and 8 days, with 24 hours infusion in patients 

diagnosed with small cells lung cancer. Ninety-four patients were randomized and received 

ETO for 24 hours with one dose at 500 mg/m2, for 5 days, 2 hours infusion of 100 mg/m2 and 

for 8 days, 75 minutes infusion at 62.5 mg/m2. The overall patient response was only 10% for 

the 24 hours protocol, whereas for both ETO prolonged treatments, 81% and 87% patient 

response were obtained for 5 and 8 days treatment respectively.222,223 Clinical studies have 

emphasized the influence of long-lasting administration schedule for enhancing and delimiting 

the therapeutic index of ETO. However, optimal treatment of the drug is still up to date to 

reduce side effect and ameliorate patient responses.  

Nowadays, 103 active clinical trials can be found for ETO adapted and based on previous results 

obtained from the 1990 to 2019. Twenty-two clinicals trials phase I, 65 clinical trials phase II, 

24 clinical trials phase III, most of them use ETO as a synergic drug and have the objective to 

evaluate the progression of ill patients regarding the overall survival or cancer recurrence. 

Table 6 gathers ETO clinical trials over all phases. 

All of them collect information about dosage, survival, wellbeing, secondary effects, efficiency 

and long-term risks against typical ETO-prescribed cancer (e.g. lymphoma, SCLC, Hodgkin’s, 

testicular, breast or glioblastoma). Conventionally, brand-new regimens have to be experienced 

on all phases before coming in hospitalization procedure. Conclusive outcome of these trials 

would absolutely quicken the application of cutting edges technologies regularly, while 

unfavorable outcomes allow to exclude poor strategy. As for a lot of study, it is unlikely that 

any of these try out will result in a novel therapy to treat cancer. Hence, the development of 

advanced nanomedicines is still needed to have a breakthrough concerning cancer treatment. 
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Table 6 - Summary tables and detailed descriptions of Etoposide clinical trials for a large variety of cancer 

n° Clinical trials Goals Cancer type Phase 

1 
 Ixazom Mitoxantrone Hydrochloride, Etoposide, and Intermediate-Dose 

Cytarabine in Relapsed or Refractory Acute Myeloid Leukemia 

Studies the side effects and best dose of ixazomib when given in combination with mitoxantrone 

hydrochloride, etoposide, and intermediate-dose cytarabine in treating patients with acute myeloid 

leukemia (AML) that is unresponsive to initial induction chemotherapy or recurs following an 

initial complete remission.  

Recurrent Adult Acute Myeloid Leukemia 

Refractory  

AML 

I 

2 
Carmustine, Etoposide, Cyclophosphamide, and Stem Cell Transplant in 

Treating Patients With HIV-Associated Lymphoma 

Study the side effects of giving high-dose carmustine, etoposide, and cyclophosphamide together 

with a stem cell transplant and to see how well it works in treating patients with HIV-associated 

lymphoma. 

Lymphoma I 

3 

Pomalidomide After Combination Chemotherapy in Treating Patients With 

Newly Diagnosed Acute Myeloid Leukemia or High-Risk Myelodysplastic 

Syndrome 

Studies the side effects and best dose of pomalidomide after combination chemotherapy in treating 

patients with newly diagnosed AML or high-risk myelodysplastic syndrome.  

AML 

Leukemia Myelodysplastic Syndrome 

Myeloproliferative Neoplasm 

I 

4 
Everolimus MICE-regimen in Treating Older Patients With Newly Diagnosed 

Acute Myeloid Leukemia 

Study the side effects and best dose of everolimus when given together with mitoxantrone 

hydrochloride, cytarabine, etoposide, and idarubicin in treating older patients with newly diagnosed 

acute myeloid leukemia (AML). 

AML I 

5 
Radiation Therapy, Chemotherapy, and Soy Isoflavones in Treating Patients 

With Stage IIIA-IIIB Non-Small Cell Lung Cancer 

Study the side effects of soy isoflavones when given together with radiation therapy and 

chemotherapy in treating patients with stage IIIA-IIIB non-small cell lung cancer. Radiation 

therapy uses high energy X rays to kill tumor cells.  

Adenocarcinoma of the Lung 

Adenosquamous Cell Lung Cancer 

Bronchoalveolar Cell Lung Cancer 

 SCLC, NSCLC 

I 

6 Brentuximab Vedotin + Re-induction Chemotherapy for AML 

Study is a Phase I clinical trial. Phase I trials test the safety of an investigational drug or 

combination of drugs. These trials also try to define the appropriate dose of the investigational drug 

to use for further studies. Investigational means that the combination of drugs is still being studied 

and that research doctors are trying to find out more about it. As part of this research study, patients 

will be administered brentuximab vedotin in combination with a conventional re-induction 

chemotherapy, which consists of the chemotherapy drugs mitoxantrone, etoposide, and cytarabine.  

AML I 
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7 

Study of Pembrolizumab (MK-3475) Monotherapy in Advanced Solid 

Tumors and Pembrolizumab Combination Therapy in Advanced Non-small 

Cell Lung Cancer/ Extensive-disease Small Cell Lung Cancer 

Successive participant cohorts with advanced solid tumors will receive pembrolizumab to assess 

the safety and tolerability of monotherapy. Participants with advanced NSCLC will receive 

pembrolizumab in combination with either cisplatin/pemetrexed or carboplatin/pemetrexed; with 

either carboplatin/paclitaxel or carboplatin/paclitaxel; or with ipilimumab by non-random 

assignment to assess the safety and tolerability of the combination therapy. Participants with 

untreated extensive-disease SCLC will receive pembrolizumab in combination with either 

cisplatin/etoposide, carboplatin/etoposide, or cisplatin/etoposide with prophylactic use of 

granulocyte colony-stimulating factor by non-random assignment to assess the safety and 

tolerability of the combination therapy. 

SCLC 

NSCLC 
I 

8 
Gene Therapy-Treated Stem Cells in Treating Patients Undergoing Stem Cell 

Transplant for Intermediate-Grade or High-Grade AIDS-Related Lymphoma 

Study the biological therapy in treating patients with acquired immune deficiency syndrome-related 

lymphoma undergoing stem cell transplant.  
Lymphoma I 

9 
CD19-specific T Cell Infusion in Patients With B-Lineage Lymphoid 

Malignancies 

Study if an investigational type of gene transfer can be given reliably and safely in patients with 

advanced B-cell lymphoma. B cells are a type of white blood cell that fights infection and disease. 

Lymphoma is a type of cancer that affects the immune system, including B cells. 

Lymphoma 

B-cell Lymphoma 
I 

10 

Safety Study of AG-120 or AG-221 in Combination With Induction and 

Consolidation Therapy in Patients With Newly Diagnosed Acute Myeloid 

Leukemia With an IDH1 and/or IDH2 Mutation 

Evaluate the safety of AG-120 and AG-221 when given in combination with standard acute 

myeloid leukemia induction and consolidation therapy. The study plans to evaluate 1 dose level of 

AG-120 in subjects with an IDH1 mutation and 1 dose level (and 2 dose schedules) of AG-221 in 

subjects with an IDH2 mutation. AG-120 or AG-221 will be administered with 2 types of acute 

myeloid leukemia induction therapies (cytarabine with either daunorubicin or idarubicin) and 2 

types of AML consolidation therapies (mitoxantrone with etoposide or cytarabine) 

AML I 

11 
Gene Therapy and Combination Chemotherapy in Treating Patients With 

AIDS-Related Non-Hodgkin Lymphoma 

Study gene therapy following combination chemotherapy (Prednisone, Rituximab, Etoposide, 

Doxorubicin Hydrochloride, Vincristine Sulfate Cyclophosphamide) treating patients with 

acquired immune deficiency syndrome-related non-Hodgkin lymphoma (HL).  

Lymphoma I 

12 

High Dose Therapy and Autologous Stem Cell Transplantation Followed by 

Infusion of Chimeric Antigen Receptor Modified T-Cells Directed Against 

CD19+ B-Cells for Relapsed and Refractory Aggressive B Cell Non-HL 

Study the safety of delivering the patients' own immune cells, called T cells, after the high-dose 

chemotherapy (carmustine, etoposide, cytarabine, melphalan) and autologous stem cell 

transplantation. 

Non-HL I 

13 
Systemic Chemotherapy and Intra-Arterial Melphalan Chemotherapy in 

Children With Intra-Ocular Retinoblastoma 

Study the safety of the treatment combination of alternating standard chemotherapy (carboplatin, 

etoposide, vincristine) and another (melphalan) chemotherapy at different interval schedules. 

Researchers want to find out what effects, good and/or bad, the treatment combination has on the 

patients and their retinoblastoma. 

Advanced Intra-Ocular Retinoblastoma I 

14 
Clinical Study of Vorinostat in Combination With Etoposide in Pediatric 

Patients < 21 Years at Diagnosis With Refractory Solid Tumors 

The purpose of this study is to find out how safe and effective treatment with a new combination 

of drugs, vorinostat and etoposide 
Refractory Sarcoma I-II 
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15 
Bendamustine in Combination With Ofatumumab, Carboplatin and Etoposide 

for Refractory or Relapsed Aggressive B-Cell Lymphomas 

Identify dose-limiting toxicities, maximum-tolerated dose, patients with life-prolonging theraphy 

for a chemoimmunotherapy combination of bendamustine, ofatumumab, carboplatin, and 

etoposide with refractory patients.  

Non-HL I-II 

16 
Trilaciclib (G1T28), a CDK 4/6 Inhibitor, in Combination With Etoposide and 

Carboplatin in Extensive Stage Small Cell Lung Cancer 

Study the potential clinical benefit of trilaciclib (G1T28) in preserving the bone marrow and the 

immune system and enhancing chemotherapy antitumor efficacy when administered prior to 

carboplatin and etoposide in first line treatment. 

SCLC I-II 

17 

Dose Escalation and Double-blind Study of Veliparib in Combination With 

Carboplatin and Etoposide in Treatment-naive Extensive Stage Disease Small 

Cell Lung Cancer 

Assess the efficacy of veliparib in combination with carboplatin and etoposide in patients.  SCLC I-II 

18 

Bendamustine Hydrochloride, Rituximab, Etoposide, and Carboplatin in 

Treating Patients With Relapsed or Refractory Diffuse Large B-cell 

Lymphoma or HL 

Study the side effects and best dose of bendamustine hydrochloride when given together with 

carboplatin, etoposide, and rituximab in treating patients with diffuse large B cell lymphoma or HL 

that has come back after a period of improvement or has not responded to previous treatment. 

Non-HL I-II 

19 

Cisplatin and Etoposide With or Without Veliparib in Treating Patients With 

Extensive Stage Small Cell Lung Cancer or Metastatic Large Cell 

Neuroendocrine Non-small Cell Lung Cancer 

Studies the side effects and best dose of veliparib when given together with or without cisplatin 

and etoposide and to see how well they work in treating patients with extensive stage small cell 

lung cancer or large cell neuroendocrine non-small cell lung cancer that has spread to other parts 

of the body.  

Small/Large Cell Lung Carcinoma 

Neuroendocrine Carcinoma Stage IV NCLC 
I-II 

20 
Dasatinib, Ifosfamide, Carboplatin, and Etoposide in Treating Young Patients 

With Metastatic or Recurrent Malignant Solid Tumors 

Study the side effects and best dose of dasatinib when given together with ifosfamide, carboplatin, 

and etoposide and to see how well they work in treating young patients with metastatic or recurrent 

malignant solid tumors. 

Brain and Central Nervous System Tumors 

Childhood Germ Cell Tumor Extragonadal 

Germ Cell Tumor Kidney, Liver, Ovarian 

Cancer Lymphoma Neuroblastoma 

Sarcoma Testicular Germ Cell Tumor 

I-II 

21 

Intensity-Modulated Radiation Therapy, Etoposide, and Cyclophosphamide 

Followed By Donor Stem Cell Transplant in Treating Patients With Relapsed 

or Refractory Acute Lymphoblastic Leukemia or Acute Myeloid Leukemia 

Study the side effects and best dose of intensity-modulated radiation therapy when given together 

with etoposide and cyclophosphamide followed by donor stem cell transplant and to see how well 

they work in treating patients with relapsed or refractory acute lymphoblastic leukemia or acute 

myeloid leukemia. 

Leukemia I-II 

22 

Busulfan, Etoposide, and Intensity-Modulated Radiation Therapy Followed 

By Donor Stem Cell Transplant in Treating Patients With Advanced Myeloid 

Cancer 

Study the side effects and best dose of intensity-modulated radiation therapy when given together 

with busulfan and etoposide followed by a donor stem cell transplant and to see how well it works 

in treating patients with advanced myeloid cancer. 

Adult and Childhood AML 

Blastic Phase Chronic Myelogenous 

Leukemia 

Childhood Chronic Myelogenous Leukemia 

Myelodysplastic Syndromes Previously 

Treated Myelodysplastic Syndromes  

I-II 
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23 
Cisplatin or Carboplatin, and Etoposide With or Without Sunitinib Malate in 

Treating Patients With Extensive-Stage Small Cell Lung Cancer 

Study the side effects and best dose of sunitinib malate and to see how well it works when given 

together with cisplatin or carboplatin and etoposide in treating patients with extensive-stage SCLC.  

Extensive Stage SCLC Carcinoma 

Recurrent SCLC Carcinoma 
I-II 

24 
Open-Label, Dose Escalation, Safety and Tolerability Study of INCB050465 

and Itacitinib in Subjects With Previously Treated B-Cell Malignancies 

Open-label, dose-escalation study in subjects with previously treated B-cell malignancies to find 

maximum tolerated dose or pharmacologic active dose of a PI3Kδ inhibitor, INCB050465, as 

monotherapy and in combination with: itacitinib (INCB039110), a JAK1 inhibitor; rituximab; and 

rituximab, ifosfamide, carboplatin, and etoposide 

B-Cell Malignancies I-II 

25 
Study of Crenolanib Combined With Chemotherapy in FLT3-mutated Acute 

Myeloid Leukemia Patients 
Evaluate the dose-limiting toxicity and efficiency of crenolanib with standard chemotherapy. AML I-II 

26 
Yttrium-90-labeled Daclizumab With Chemotherapy and Stem Cell 

Transplant for HL 

Study whether yttrium-90 daclizumab, high-dose chemotherapy, and stem cell transplants can treat 

HL that has not responded to earlier treatments. 
HL I-II 

27 
Brentuximab Vedotin in Refractory/Relapsed Hodgkin Lymphoma Treated 

by  Etoposide, Carboplatine, Ifosfamide 

Study the dose escalation design to explore the safety and assess the recommended phase 2 dose of 

brentuximab vedotin in Hodgkin lymphoma patients treated with etoposide, carboplatine, 

ifosfamide regimen 

Hodgkin Disease I-II 

28 

Combined SGN-35 (BrentuximabVedotin) Therapy With Cyclophosphamide, 

Procarbazine, Prednisone, Etoposide and Mitoxantrone for Older Patients 

With Untreated Hodgkin Lymphoma 

Study is to identify the maximum tolerated dose of brentuximab vedotin in combination with EPEM 

and to assess the toxicity of the combination of brentuximad vedotin.  
HL I-II 

29 
Lenalidomide Maintenance Therapy After High Dose BEAM With or 

Without Rituximab 

Study the side effects and best dose of lenalidomide when given after combination chemotherapy 

with or without rituximab and stem cell transplant and to see how well it works in treating patients 

with persistent or recurrent non-HL that is resistant to chemotherapy.  Drugs used in chemotherapy, 

such as carmustine, etoposide, cytarabine, and melphalan. 

Cells Lymphoma I-II 

30 
Combination Chemotherapy and Lenalidomide in Treating Patients With 

Newly Diagnosed Stage II-IV Peripheral T-cell Non-HL 

Study the side effects and best dose of lenalidomide when given together with combination 

chemotherapy and to see how well they work in treating patients with newly diagnosed stage II-IV 

peripheral T-cell non-HL. Drugs used in chemotherapy, such as cyclophosphamide, doxorubicin 

hydrochloride, vincristine sulfate, and etoposide. 

Cells Lymphoma I-II 

31 

Radiolabeled Monoclonal Antibody and Combination Chemotherapy Before 

Stem Cell Transplant in Treating Patients With High-Risk Lymphoid 

Malignancies 

Study the side effects and the best dose of radiolabeled monoclonal antibody when given together 

with combination chemotherapy (carmustine, cytarabine, etoposide, melphalan) before stem cell 

transplant and to see how well it works in treating patients with high-risk lymphoid malignancies. 

Lymphoma I-II 

32 

Vorinostat and Combination Chemotherapy With Rituximab in Treating 

Patients With HIV-Related Diffuse Large B-Cell Non-HL or Other 

Aggressive B-Cell Lymphomas 

Study the side effects and the best dose of vorinostat when given together with combination 

chemotherapy (cyclophosphamide, doxorubicin, hydrochloride, etoposide, prednisone, rituximab, 

vincristine sulfateand) with rituximab to see how well it works compared to combination 

chemotherapy alone in treating patients with human immunodeficiency virus-related diffuse large 

B-cell non-HL or other aggressive B-cell lymphomas 

Lymphoma I-II 
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33 
Study to Determine Safety, Pharmacokinetics and Efficacy of GMI-1271 in 

Combination With Chemotherapy in Acute Myeloid Leukemia 

Evaluate GMI-1271, a specific E-selectin antagonist, in acute myeloid leukemia in combination 

with standard agents (mitoxantrone 

 etoposide, cytarabine, idarubicinused) to treat this disease. 

AML I-II 

34 

Clinical Trial to Determinate Dose, Security and Efficacy or Lenalidomide 

and Rituximab - Etoposide, SoluMedrol - Methylprednisolone, High-dose 

Ara-Cytarabine, Platinol - Cisplatin)  in Patients With Diffuse Large B-cell 

Lymphoma 

Evaluate the safety and the maximum-tolerated dose of the combination -rituximab, etoposide, 

solumedrol - methylprednisolone, High-dose ara-cytarabine, platinol - cisplatin with as salvage 

therapy for patients with relapsed or refractory diffuse large B-cell lymphoma. 

Diffuse Large B-cell Lymphoma I-II 

35 

Radiolabeled Monoclonal Antibody and Combination Chemotherapy Before 

Stem Cell Transplant in Treating Patients With High-Risk Lymphoid 

Malignancies 

Study the side effects and the best dose of radiolabeled monoclonal antibody when given together 

with combination chemotherapy (carmustine, cytarabine, etoposide) before stem cell transplant and 

to see how well it works in treating patients with high-risk lymphoid malignancies.  

Lymphoma I-II 

36 
Carboplatin, Etoposide, and Atezolizumab With or Without Trilaciclib 

(G1T28), a CDK 4/6 Inhibitor, in Extensive Stage Small Cell Lung Cancer  

Investigate the benefit of trilaciclib (G1T28) in preserving the bone marrow and the immune 

system, and enhancing antitumor efficacy when administered with carboplatin, etoposide, and 

atezolizumab therapy in first line treatment for patients. 

SCLC II 

37 

Paclitaxel, Ifosfamide and Cisplatin (TIP) Versus Bleomycin, Etoposide and 

Cisplatin (BEP) for Patients With Previously Untreated Intermediate- and 

Poor-risk Germ Cell Tumors 

Study the safety and effectiveness of two different drug combinations in patients who have 

intermediate- and poor-risk germ cell tumors.  
Germ Cell Tumors II 

38 

Phase II Study of Erlotinib With Concurrent Radiotherapy in Unresectable 

NSCLC With Activating Mutation of epidermal growth factor receptor in 

Exon 19 or 21  

Erlotinib with concurrent radiotherapy has superior efficacy and comparable safety profile in 

unresectable stage III non-small cell lung cancer patients with activating mutation of epidermal 

growth factor receptor in exon 19 or 21 versus etoposide plus cis-platin with concurrent 

radiotherapy. 

NSCLC II 

39 Trial of BMS-986012 in Combination With Platinum and Etoposide 
Study the administration of BMS-986012 in Combination with Platinum and etoposide as first-line 

therapy in extensive SCLC. 
SCLC II 

40 

Busulfan, Etoposide, and Total-Body Irradiation in Treating Patients 

Undergoing Donor Stem Cell or Bone Marrow Transplant for Advanced 

Hematologic Cancer 

Study the side effects and best way to give busulfan together with etoposide and total-body 

irradiation and to see how well they work in treating patients who are undergoing a donor stem cell 

or bone marrow transplant for advanced hematologic cancer. 

Leukemia 

Myelodysplastic Syndromes 
II 

41 

Busulfan, Etoposide, and Total-Body Irradiation Followed by Autologous 

Stem Cell Transplant and Aldesleukin in Treating Patients With Acute 

Myeloid Leukemia in First Remission 

Study the side effects and how well giving busulfan and etoposide together with total-body 

irradiation followed by autologous stem cell transplant and aldesleukin works in treating patients 

with AML in first remission. 

Leukemia II 

42 

Combination Chemotherapy, Radiation Therapy, and Bevacizumab in 

Treating Patients With Newly Diagnosed Stage III Non-small Cell Lung 

Cancer That Cannot Be Removed by Surgery 

Study the combination chemotherapy, radiation therapy, and bevacizumab in treating patients with 

newly diagnosed stage III non-small cell lung cancer that cannot be removed by surgery.  

Adenosquamous Lung Carcinoma 

Large Cell Lung Carcinoma 

Lung Adenocarcinoma 

II 
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Minimally Invasive Lung Adenocarcinoma 

Squamous Cell Lung Carcinoma    

43 
Icotinib With Concurrent Radiotherapy Versus Chemotherapy With 

Concurrent Radiotherapy in Non-small Cell Lung Cancer 

Assess the efficacy and safety of icotinib with concurrent radiotherapy versus etoposide/cisplatin 

with concurrent radiotherapy in non-small cell lung cancer. 
NSCLC II 

44 
Dose Intensification Study in Refractory Germ Cell Tumors With Relapse and 

Bad Prognosis 

Estimating the efficacy of an intensification protocol in patients with refractory germ cell tumors 

with relapse and bad prognosis. 

Treatment consists in two paclitaxel and ifosfamide intensification cycles followed by three 

carboplatine and etoposide high dose cycles.  

Germ Cell Tumors II 

45 
Combination Chemotherapy and Cyclosporine Followed by Focal Therapy 

for Bilateral Retinoblastoma 

Study how well giving combination chemotherapy together with cyclosporine followed by 

cryotherapy and/or laser therapy works in treating patients with newly diagnosed retinoblastoma 

in both eyes. 

Retinoblastoma II 

46 
Venetoclax Plus R-ICE Chemotherapy for Relapsed/Refractory Diffuse Large 

B-Cell Lymphoma 
Establishment of safety of V+RICE in order to identify the recommended phase II dose Diffuse Large B-cell-lymphoma II 

47 
A Study of Bevacizumab in Combination With Chemotherapy for Treatment 

of Osteosarcoma 

Study adopts a novel strategy for first-line treatment of osteosarcoma by combining chemotherapy 

with anti-angiogenic therapy using bevacizumab Avastin®. 

Osteosarcoma 

Malignant Fibrous Histiocytomavof Bone 
II 

48 High-dose Chemotherapy for Poor-Prognosis Relapsed Germ-Cell Tumors 
Study is to learn if two cycles of high-dose chemotherapy combination can help to control germ-

cell tumors.  
Testicular Cancer II 

49 Immunotherapy as Second-line in Patient With Small Cell Lung Cancer 
Study the chemotherapy combination of etoposide, cisplatin efficiency as a second line treatment 

in patients. 
SCLC II 

50 
Autologous Peripheral Stem Cell Transplant in Treating Patients With Non-

HL or HL 

Study how well autologous peripheral stem cell transplant works in treating patients with non-HL 

or HL. 
Lymphoma II 

51 

Adcetris (Brentuximab Vedotin), Combination Chemotherapy, and Radiation 

Therapy in Treating Younger Patients With Stage IIB, IIIB and IV Hodgkin 

Lymphoma 

Evaluate the safety of brentuximab vedotin, etoposide, prednisone and doxorubicin hydrochloride 

/cyclophosphamide, brentuximab vedotin, prednisone and dacarbazine, as well as the efficacy after 

2 cycles of the same chemotherapy agents in high risk patients with Hodgkin lymphoma 

HL II 

52 
Zevalin/BEAM/Rituximab vs BEAM/Rituximab With or Without Rituximab 

in Autologous Stem Cell Transplantation 

Study the addition of 90Y zevalin to BEAM chemotherapy (carmustine, etoposide, cytarabine, and 

melphalan) and rituximab is more effective than the combination of BEAM and rituximab alone in 

patients with lymphoma who receive a stem cell transplant. 

Diffuse Large Cell Lymphoma 

Lymphoma 
II 

53 Merkel Positron Emission Tomography Protocol (MP3) 

Study designed to evaluate the efficacy of chemo-radiotherapy in achieving loco-regional control 

in patients with merkel cell carcinoma of the skin. Patients will undergo positron emission 

tomography scans to assist in staging and planning the patient's treatment as well as assessing 

response at the conclusion of treatment 

Merkel Cell Carcinoma II 



   Chapter I - Etoposide 

 67 

54 

Intergroup Trial for Children or Adolescents With Primary Mediastinal Large 

B-Cell Lymphoma: Dose Adjusted-Etoposide, Doxorubicin, Vincristine, 

Cyclophosphamide, Rituximab Evaluation 

Determine the efficacy of dose adjusted-etoposide, doxorubicin, vincristine, cyclophosphamide, 

rituximab regimen in children and adolescent with primary mediastinal large B cell lymphoma in 

terms of event free survival. 

Primary Mediastinal Large B Cell 

Lymphoma 
II 

55 
Chemotherapy With or Without Radiation, Low and Intermediate Risk HL, 

TXCH-HD-12A (TXCH-HD-12A) 

Study how the immune system recovers and how certain T-cells in the blood behave after receiving 

chemotherapy with or without radiation. The investigators also want to identify if bio-markers 

relate to the response of Hodgkin Disease to study treatment. 

Hodgkin Disease II 

56 

Chemotherapy Combination (etoposide) Plus Ofatumumab Followed by G-

CSF for Mobilization of Peripheral Blood Stem Cells in Patients With Non-

HL 

Study the stem cells after ofatumumab and chemotherapy treatment. This study will also evaluate 

side-effects, number of stem cells collected, and the number of procedures that are needed to collect 

enough stem cells. 

Lymphoma II 

57 EPOCH-R Chemotherapy Plus Bortezomib to Treat Mantle Cell Lymphoma 

Study the effectiveness of etoposide, prednisone, vincristine, cyclophosphamide, doxorubicin-

rituximab chemotherapy plus bortezomib for treating mantle cell lymphoma, a cancer of white 

blood cells called lymphocytes.  

Mantle Cell Lymphoma II 

58 
Tailoring Treatment for B Cell Non-HL Based on Positron-emission 

tomography Scan Results Mid Treatment 

Study whether patients who are likely to fail rituximab, cyclophosphamide, doxorubicin, 

vincristine, prednisone, as predicted by a mid-treatment Positron-emission tomography scan, can 

have an improved outcome if switched to a standard salvage regimen rituximab, ifosfamide, 

carboplatin, etoposide. 

Non-HL 

Diffuse Large B-Cell Non-HL 
II 

59 
Response-Based Therapy Assessed By PET Scan in Treating Patients With 

Bulky Stage I and Stage II Classical HL 

Improving treatment outcomes in patients diagnosed with bulky, early stage HL and to reduce the 

side effects that are associated with use of radiation used in current treatments. The chemotherapy 

treatment in this study consists of a combination of four drugs: doxorubicin, bleomycin, 

vinblastine, and dacarbazine. The plan is to identify a group of patients using early positron-

emission tomography scans in order to change to a chemotherapy treatment bleomycin, etoposide, 

doxorubicin, cyclophosphamide, vincristine, procarbazine and prednisone. 

Lymphoma II 

60 
Decitabine as Maintenance Therapy After Standard Therapy in Treating 

Patients With Previously Untreated Acute Myeloid Leukemia 

Study the side effects and how well decitabine works when given as maintenance therapy after 

standard therapy in treating patients with previously untreated acute myeloid leukemia. Drugs used 

in chemotherapy, such as cytarabine, daunorubicin, etoposide, busulfan, and decitabine. 

AML II 

61 
Autologous Stem Cell Transplant Followed By Maintenance Therapy in 

Treating Elderly Patients With Multiple Myeloma 

Investigate whether patients greater than or equal to 65 years of age diagnosed with myeloma or 

another plasma cell malignancy will have better outcomes with transplant followed by maintenance 

therapy (dexamethasone, cisplatin, doxorubicin, cyclophosphamide, etoposide, bortezomib, 

thalidomide, melphalan) as primarily measured by progression-free survival, versus non-transplant 

approaches. 

Extramedullary Plasmacytoma 

Isolated Plasmacytoma of Bone 

Light Chain Deposition Disease 

Primary Systemic Amyloidosis 

Multiple Myeloma 

II 

62 Chemotherapy With Low-Dose Radiation for Pediatric HL 
Estimate the percentage of patients with intermediate risk HL who will survive free of disease for 

three years after treatment with multi-agent chemotherapy (adriamycin, vinblastine, nitrogen, 
HL II 
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mustard, cyclophosphamide, cincristine, bleomycin, etoposide, prednisone) and low-dose, tailored-

field radiation therapy. 

63 
NHL16: Study For Newly Diagnosed Patients With Acute Lymphoblastic 

Lymphoma 

Study the treatment ofacute lymphoblastic leukemia-based therapy, using multi-agent (prednisone, 

vincristine, daunorubicin, asparaginase, erwinia asparaginase, doxorubicin, cyclophosphamide, 

cytarabine, thioguanine, clofarabine, methotrexate, mercaptopurine, dexamethasone, 

hydrocortisone, etoposide) regimens comprising of induction, consolidation, and continuation 

phases delivered over 24-30 months. 

Lymphoblastic Lymphoma II 

64 
Rituximab, Yttrium Y 90 Ibritumomab Tiuxetan in Patients W/Relapsed Stage 

II, III, or IV Follicular non-HL 

Study the combination chemotherapy (methylprednisolone, etoposide, cytarabine, cisplatin, 

rituximab, in-zevalin, y-zevalin) followed by rituximab and yttrium Y 90 ibritumomab tiuxetan to 

see how well it works in treating patients with relapsed stage II, stage III, or stage IV follicular 

non-HL 

Non-HL II 

65 

Chemotherapy With Liposomal Cytarabine central nervous system 

Prophylaxis for Adult Acute Lymphoblastic Leukemia & Lymphoblastic 

Lymphoma 

Improve the survival for adults with acute lymphoblastic leukemia or acute lymphoblastic 

lymphoma by reducing systemic and central nervous system relapse with acceptable toxicity using 

intensive chemotherapy (etoposide) with liposomal cytarabine (Depocyt®) central nervous system 

prophylaxis. 

Acute Lymphoblastic Leukemia  

Lymphoblastic Lymphoma 
II 

66 
Brentuximab Vedotin (SGN-35) in Transplant Eligible Patients With 

Relapsed or Refractory HL 

Study wheter 2 cycles of SGN-35 can be used instead of ifosfamide, carboplatin, and etoposide 

prior to autologous stem cell transplant for relapsed and refractory HL.  
HL II 

67 
Tandem High Dose Chemotherapy With 131I-MIBG Treatment in High Risk 

Neuroblastoma 

Evaluate the efficacy and toxicity of tandem high dose chemotherapy (cyclophosphamide, 

carboplatin, etoposide, thiotepa, melphalan) including high-dose 131I-metaiodobenzylguanidine 

radiation treatment. 

High Risk Neuroblastoma II 

68 
Rituximab and Combination Chemotherapy in Treating Patients With Stage 

II, Stage III, or Stage IV Diffuse Large B-Cell Non-HL 

Study how well giving rituximab together with combination chemotherapy works in treating 

patients with stage II, stage III, or stage IV diffuse large B-cell non-HL. 
Lymphoma II 

69 
Multidisciplinary Approach for Poor Prognosis Sinonasal Tumors in 

Inoperable Patients and Operable 

Study the integration of multiple modality of treatment modulated by histology, molecular profile 

and response to induction chemotherapy (cisplatin, docetaxel, 5-fluorouracil, etoposide, 

adriamycin, ifosfamide, leucovorin) 

Unresectable Sinonasal Tumors II 

70 

Doxorubicin Hydrochloride Liposome and Rituximab With Combination 

Chemotherapy in Treating Patients With Newly Diagnosed Burkitt's 

Lymphoma or Burkitt-Like Lymphoma 

Study how well giving doxorubicin hydrochloride liposome and rituximab together with 

combination chemotherapy (etoposide) works in treating patients with newly diagnosed Burkitt's 

lymphoma or Burkitt-like lymphoma. 

Burkitt-like Lymphoma II 

71 

Phase II Trial of Alemtuzumab (Campath) and Dose-Adjusted Etoposide 

Prednisolone Onvocin Cyclophosphamide Hydroxydaunorubicine-Rituximab 

in Relapsed or Refractory Diffuse Large B-Cell and HL 

To test whether giving campath (alemtuzumab) in combination with continuous infusion etoposide 

prednisolone onvocin cyclophosphamide hydroxydaunorubicin-rituximab chemotherapy will 

improve the outcome of lymphoma treatment. 

HL 

Diffuse Large B-Cell Lymphoma 
II 
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72 

Three Chemotherapy Regimens as an Adjunct to Antiretroviral Therapy for 

Treatment of Advanced Acquired Immune Deficiency Syndrome- Kaposi's 

Sarcoma 

This study is being done to compare the safety and efficacy of three combination treatments for 

Kaposi's sarcoma and advanced acquired immune Deficiency Syndrome. 
HIV-1 Infection II 

73 
Observation or Radiation Therapy and/or Chemotherapy and Second Surgery 

in Treating Children Who Have Undergone Surgery for Ependymoma 

Determine the effectiveness of specialized radiation therapy either alone or after chemotherapy 

(carboplatin, cyclophosphamide, etoposide, vincristine sulfate) and second surgery in treating 

children who have undergone surgery for localized ependymoma. 

Brain Tumor 

Central Nervous System Tumor 
II 

74 
Risk-Adapted Therapy for Young Children With Embryonal Brain Tumors, 

Choroid Plexus Carcinoma, High Grade Glioma or Ependymoma 

Study how well giving combination chemotherapy (cyclophosphamide, 

paraplatin, etoposide, topotecan, erlotinib) together with radiation therapy works in treating young 

patients with newly diagnosed central nervous system tumors. 

Brain and Central Nervous System Tumors II 

75 ChemoImmunotherapy With Early Central Nervous System Prophylaxis 

Test whether early central nervous system prophylaxis given at the beginning of therapy for young 

high risk diffuse large B-cell lymphoma patients is feasible and could reduce the risk of nervous 

system relapses.  

Primary Disease II 

76 

S0816 Fludeoxyglucose F 18-Positron Emission Tomography/Chemotherapy 

Imaging and Combination Chemotherapy With or Without Additional 

Chemotherapy and Granulocyte-Colony Stimulating Factor in Treating 

Patients With Stage III or Stage IV HL 

Study fludeoxyglucose F 18-Positron Emission Tomography/Chemotherapy imaging to see how 

well it works in assessing response to combination chemotherapy (cyclophosphamide, dacarbazine, 

doxorubicin hydrochloride, etoposide, prednisone, procarbazine hydrochloride, vinblastine sulfate) 

and allow doctors to plan better additional further treatment in treating patients with stage III or 

stage IV HL. 

Lymphoma 

Nonneoplastic Condition 
II 

77 

Phase II Study of Dose-Adjusted Etoposide Prednisolone Onvocin 

Cyclophosphamide Hydroxydaunoubicine-Rituximab in Adults With 

Untreated Burkitt Lymphoma + Diffuse Large B-Cell Lymphoma 

Determine the safety and effectiveness of dose adjusted-etoposide prednisolone onvocin 

cyclophosphamide hydroxydaunorubicin-rituximab in treating Burkitt lymphoma. 

Burkitt Lymphoma 

Diffuse Large B-cell Lymphoma, c-MYC 

Positive 

Plasmablastic Lymphoma 

II 

78 

Combination Chemotherapy With or Without Autologous Stem Cell 

Transplant in Treating Patients With Central Nervous System B-Cell 

Lymphoma 

Study effects (good and/or bad) treatment with chemotherapy (carmustine, cytarabine, etoposide, 

thiotepa) and stem cell transplant compared with chemotherapy alone will have on primary central 

nervous system B-cell lymphoma.  

Lymphoma II 

79 
Therapeutic Trial for Patients With Ewing Sarcoma Family of Tumor and 

Desmoplastic Small Round Cell Tumors 

Study the treatment (vincristine, doxorubicin, cyclophosphamide, ifosfamide, etoposide, 

temozolomide, temsirolimus, bevacizumab, sorafenib) for Ewing sarcoma family of tumors and 

desmoplastic small round cell tumor.  

Desmoplastic Small Round Cell Tumor 

Ewing Sarcoma of Bone or Soft Tissue 
II 

80 Adult Consortium Trial: Adult Acute Lymphoblastic Leukemia Trial 

Study the safety and effectiveness of a multi-drug chemotherapy regimen (doxorubicin, cytarabine, 

methotrexate, vincristine, cyclophosphamide, methylprednisone, hydrocortisone sodium succinate, 

dexamethasone, asparaginase, imatinib, etoposide) in adult patients with AML  

AML II 

81 
Combination Chemotherapy With or Without Donor Stem Cell Transplant in 

Treating Patients With Acute Lymphoblastic Leukemia 

Study the side effects of giving combination chemotherapy (cyclophosphamide, cytarabine, 

dasatinib, dexamethasone, doxorubicin hydrochloride, etoposide) together with or without donor 
Acute Lymphoblastic Leukemia II 
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stem cell transplant and to see how well it works in treating patients with acute lymphoblastic 

leukemia.  

82 
Cycle of Adjuvant bleomycin, etoposide, cisplatin Chemotherapy in High 

Risk, Stage 1 Non-seminomatous Germ Cell Testis Tumours  
Evaluate the efficiency of one cycle of adjuvant bleomycin, etoposide, cisplatin in patients. 

Testicular Non-Seminomatous Germ Cell 

Tumor 
III 

83 
A Study of Carboplatin Plus Etoposide With or Without Atezolizumab in 

Participants With Untreated Extensive-Stage Small Cell Lung Cancer 

Evaluate the safety and efficacy of atezolizumab in combination with carboplatin plus (+) etoposide 

compared with treatment with placebo + carboplatin + etoposide in chemotherapy-naive patients. 
SCLC III 

84 

A Study of Pembrolizumab (MK-3475) in Combination With 

Etoposide/Platinum (Cisplatin or Carboplatin) for Participants With Extensive 

Stage Small Cell Lung Cancer  

Assess the safety and efficacy of pembrolizumab plus standard of care chemotherapy 

etoposide/platinum in participants with newly diagnosed extensive stage small cell lung cancer 

who have not previously received systemic therapy for this malignancy. 

SCLC III 

85 
Combination Chemotherapy in Treating Patients With Non-Metastatic 

Extracranial Ewing Sarcoma 

 Study the combination chemotherapy to see how well it works compared to combination 

chemotherapy with topotecan hydrochloride in treating patients with extracranial Ewing sarcoma 

that has not spread from the primary site to other places in the body.  

Ewing Sarcoma III 

86 
Total Therapy Study XVI for Newly Diagnosed Patients With Acute 

Lymphoblastic Leukemia 

Study the clinical benefit, the pharmacokinetics, and the pharmacodynamics of polyethylene 

glycol-conjugated, asparaginase given in higher dose versus those of asparaginase given in 

conventional dose during the continuation phase. 

Acute Lymphoblastic Leukemia III 

87 

Clofarabine Plus Cytarabine Versus Conventional Induction Therapy And A 

Study Of NK Cell Transplantation In Newly Diagnosed Acute Myeloid 

Leukemia 

Study the feasibility and efficacy of a novel form of therapy haploidentical cell transplantation in 

patients with standard-risk AML. In addition, we will investigate the efficacy of clofarabine + 

cytarabine in newly diagnosed patients with AML. 

AML III 

88 
Antiretroviral Therapy Alone or With Delayed Chemo Versus ART With 

Immediate Chemo for Limited AIDS-related Kaposi's Sarcoma  

Study was done to find out if taking antiretroviral therapy alone (ART) with immediate etoposide 

is better than taking ART alone or ART with delayed etoposide to treat limited stage Kaposi's 

Sarcoma.  

HIV 

Kaposi's Sarcoma 
III 

89 
Concurrent Once Daily Versus Twice Daily Radiotherapy for Limited Stage 

Small Cell Lung Cancer  

Study two different schedules of radiation therapy to compare how well they work when given 

together with cisplatin and etoposide in treating patients with limited stage small cell lung cancer. 
Lung Cancer III 

90 
UARK 2006-66, Total Therapy 3B: An Extension of UARK 2003-33 Total 

Therapy 

Extend the findings of total therapy III (velcade, thalidomide, dexamethasone, adriamycin, 

cisplatin, cyclophosphamide, etoposide) based what they have learned from the first two studies 

(Total Therapy I and II), with new research strategies designed to explore why chromosome 

abnormalities found in persons with multiple myeloma affect the outcome of drug therapy used in 

this disease. 

Multiple Myeloma III 

91 
Rituximab and Combination Chemotherapy in Treating Patients With Diffuse 

Large B-Cell Non-HL 

Study rituximab when given together with two different combination chemotherapy regimens 

(cyclophosphamide, doxorubicin, vincristine, prednisone, etoposide, filgrastim, pegfilgrastim) to 

compare how well they work in treating patients with diffuse large B-cell lymphoma. 

Large B Cell Lymphoma III 
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92 

Study of Chemotherapy in Combination With All-trans Retinoic Acid With 

or Without Gemtuzumab Ozogamicin in Patients With Acute Myeloid 

Leukemia and Mutant Nucleophosmin-1 Gene Mutation 

Evaluation of efficacy based on event-free survival after induction and consolidation chemotherapy 

(idarubicin, etoposide, cytarabine, pegfilgrastim) plus all-trans retinoic acid with or without 

gemtuzumab ozogamicin in adult patients with acute myeloid leukemia and mutant 

nucleophosmin-1. 

AML III 

93 

Fludeoxyglucose F 18-Positron Emission Tomography/Chemotherapy 

Imaging in Assessing Response to Chemotherapy in Patients With Newly 

Diagnosed Stage II, Stage III, or Stage IV HL 

Study fludeoxyglucose F 18-positron emission tomography/ chemotherapy T imaging to see how 

well it works in assessing response to chemotherapy in patients with newly diagnosed stage II, 

stage III, or stage IV HL. 

Lymphoma III 

94 
Discovery Stage IND EXEMPT Clinical Study - Etoposide and Single 

Nucleotide Polymorphisms 

Study the relationship between drug target topoisomerase II gene single nucleotide polymorphisms 

and etoposide in patients  
SCLC III 

95 
Discovery Stage IND Clinical Study - Etoposide Plus Methotrexate and Single 

Nucleotide Polymorphisms  

Correlate topoisomerase II and CYP450 3A4 gene single nucleotide polymorphisms using 

etoposide therapeutic effects of treating SCLC. 

Correlate dihydrofolic-acid and dihydrofolate reductase gene single nucleotide polymorphisms 

using methotrexate therapeutic effects of treating SCLC.  

Correlate thymidylate synthetase gene single nucleotide polymorphisms to using methotrexate side 

effects of treating small cell lung cancer.  

SCLC III 

96 
Combination Chemotherapy, Polyethylene Glycol-Interferon Alfa-2b, and 

Surgery in Treating Patients With Osteosarcoma 

Study combination chemotherapy followed by surgery and two different combination 

chemotherapy (cisplatin, doxorubicin, hydrochloride, etoposide, ifosfamide, methotrexate) 

regimens with or without polyethylene glycol-interferon alfa-2b to compare how well it works in 

treating patients with osteosarcoma.  

Localized and Metastatic Osteosarcoma III 

97 
Bortezomib and Sorafenib Tosylate in Treating Patients With Newly 

Diagnosed Acute Myeloid Leukemia 

Study how well bortezomib and sorafenib tosylate work in treating patients with newly diagnosed 

acute myeloid leukemia. Giving bortezomib and sorafenib tosylate together with combination 

chemotherapy (asparaginase, bortezomib, cytarabine, daunorubicin hydrochloride, etoposide) may 

be an effective treatment for acute myeloid leukemia. 

AML 

Myeloid Neoplasm 

Myeloid Sarcoma 

III 

98 Therapy for Newly Diagnosed Patients With Acute Lymphoblastic Leukemia 

Estimate the overall event-free survival of children at least one year of age at diagnosis who are 

treated with risk-directed therapy (prednisone, dexamethasone, vincristine, daunorubicin, 

doxorubicin, asparaginase, Erwinia asparaginase, methotrexate, cyclophosphamide, cytarabine, 

etoposide, mercaptopurine, imatinib) and to monitor the molecular remission induction rate. 

Acute Lymphoblastic Leukemia III 

99 
International Collaborative Treatment Protocol For Children And Adolescents 

With Acute Lymphoblastic Leukemia 

Study several different combination chemotherapy regimens to compare how well they work in 

treating young patients with Acute lymphoblastic leukemia. 
Acute Lymphoblastic Leukemia III 

100 
CTOP/ITE/MTX (cyclophosphamide, vincristin,pirarubicin and predisone/ 

ifosfamide, pirarubicin, etoposide/methotrexate) Compared With CHOP 

Comparison of synergic treatment as first-line therapy for newly diagnosed young patients with T 

cell lymphoma. 
T Cell Lymphoma IV 
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(cyclophosphamide, vincristin, doxorubicin and predisone) as the First-line 

Therapy for Newly Diagnosed Young Patients With T Cell Lymphoma 

101 
Selecting Patient-Specific Biologically Targeted Therapy for Pediatric 

Patients With Refractory Or Recurrent Brain Tumors 

Study whether a medication (temozolomide, etoposide, sorafenib, everolimus, erlotinib, dasatinib) 

can be chosen based on rapid testing done on tumor tissue. Information from a feasibility or pilot 

trial will hopefully help researchers plan larger trials in the future to determine the effect of this 

therapy 

Recurrent Childhood Brain Tumor 
Not 

Applicable 

102 
Rituxan + (Carmustine, Etoposide, Cytarabine, Melphalan) and Auto Stem 

Cell Transplant for High Risk Lymphoma or Hodgkin's Disease 

Confirm that there is a good control of tumor in patients with lymphoma or Hodgkin's disease 

treated with rituximab and conventional stem cell transplantation. 
HL 

Not 

Applicable 

103 
Vorinostat Combined With Isotretinoin and Chemotherapy in Treating 

Younger Patients With Embryonal Tumors of the Central Nervous System 

Study the side effects and the best way to give vorinostat with isotretinoin and combination 

chemotherapy and to see how well they work in treating younger patients with embryonal tumors 

of the central nervous system. Drugs used in chemotherapy, such as isotretinoin, vincristine sulfate, 

cisplatin, cyclophosphamide and etoposide. 

Medulloblastoma 

Pineoblastoma 

Not 

Applicable 
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Aim of the study  
 

NCs technology offers solutions to poorly water-soluble compound to be used as a potent drug 

delivery system for cancer therapy. For the last 20 years, the number of researches regarding 

drug NCs has considerably boomed signifying that NCs science is a thriving field in which our 

laboratory is a part of. In that context, this thesis includes two objectives:  

 

- Engineer and characterize an original nanocrystal-based etoposide formulation. 

- Assess its in vitro and in vivo efficiency against colon carcinoma cells and tumor. 

 

The NC drug selection has been based on literature, few studies were focusing on the 

nanocrystallization of ETO, hence it was more interesting and challenging to select ETO as 

drug to engineer NCs for the thesis. Besides, ETO is still one of the most active drugs to treat, 

testicular, lymphomas, ovarian, small cell lung, colon and breast cancer. It is important to notice 

that ETO phosphate that is the water-soluble version of ETO is preferred for cancer treatment 

as it offers long term stability in aqueous solution. On the other hand, it implies that ETO 

phosphate cannot be selected to form NCs in water as this technology is based on the 

hydrophobicity of an API. 

 

Firstly, the ETO NC formulation has been characterized to understand the chemical and 

physical properties of NCs. In a second time, NCs biological potential was pre-evaluated in 

vitro on CT26 and 3LL cells line followed by its anticancer efficacy evaluation in vivo on 

murine CT26 colon carcinoma model.  
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Abstract 

The aim of the present chapter is to study the formation, the structure, the stability, the in vitro 

and in vivo efficiency of ETO nanocrystals. The NCs suspension was made by co-precipitation 

that is a bottom up synthesis, based on the drop-wise addition of a drug solubilized in an organic 

phase to an aqueous phase in which the drug is insoluble, followed by an evaporation and 

dispersion in aqueous solvent to form NCs in suspension. For many applications, it is essential 

to understand nanocrystallization parameters to accurately manage NC properties such as 

morphology, size, thermal behavior, stability overtime, physical state, dissolution rate and so 

forth. In this study, the effects of polymer/drug ratio, water/solvent ratio, drug concentration 

and nature of polymer were investigated. The results have been analyzed and compared to select 

the most suitable ETO NC formulation for future in vitro and in vivo studies. The NCs size and 

morphology were further characterized using, transmission and scanning electron microscopy 

(TEM, SEM). Differential scanning calorimetry (DSC), X ray Diffraction (XDR) and thermal 

microscopy were used to define the crystallinity of the ETO nanoparticles. In vitro drug release 

profile evidenced that the ETO NCs provided a sustained release kinetics regarding the market 

product Toposar®. The overall results implied that the ETO NCs formulation offer a 

conceivable therapeutic formulation for nanomedicine.  
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Introduction 
 
Recent years drug delivery technologies were driving growth in the area of nanomedicine. 

There is confidence that nanotechnology applied to medicine will provide important progress 

in the treatment of disease. Nanomedicine could have a major impact on both scientific 

innovation regarding productive processes that are used to cure cancer, and also the all 

organization of economic activity of the medicine. About 70% of drug molecules face problems 

of poor bioavailability and instability.224 The prominent reason behind these issues is poor 

aqueous solubility, as the resulting of low bioavailability.225 Drug NCs with specifics and 

controlled properties have drawn attention in drug delivery. Stability, dissolution rate, size and 

long circulation time are examples of these properties that makes drug NCs a suitable 

formulation for efficient cancer treatment. 

In the last decade, abundance of 

hydrophobic drugs, such as paclitaxel, 

camptothecin, docetaxel, itraconazole, 

amycin and so forth, have been developed 

into drug NCs form for cancer therapy, as 

NCs drug reduce the risk of downside effect 

and toxicity for the patient. NCs can also 

improve performance as they are in the 

nanoscale range, are highly potent because 

of the solid form and could easily be 

formulated into several dosage forms for 

oral, ocular, pulmonary, nasal and injectable administrations, thus broadening their applications 

for many human diseases. ETO is a powerful anticancer agent used mainly for the treatment of 

lungs, testicular, breast and gastric cancer, it inhibits the action of the enzyme topoisomerase II 

crucial for DNA replication, thus inducing cells apoptosis.220 All anticancer formulations on 

the market deal with drug precipitation throughout storage or in chemotherapy bags, toxic 

excipients such as alcohol or acids and high-concentrated stabilizer. Hence, NCs have been 

suggested as an alternative approach to sidestep these problems while being as efficient as 

conventional marketed anticancer products. 

 

Figure 12 - Etoposide Chemical Formulation 
C29H32O13 
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Material and methods 
 
 Material 

 
ETO (> 99% purity, 33419-42-0) was purchased from Santa Cruz Biotechnology (United States 

of America), Pluronic F-127 was purchased from Sigma Aldrich (St. Louis, Missouri, United 

States). Toposar® was a gifted from Hopital Gustave Roussy (Ivry-sur-Seine, France). 

Methanol and dimethyl sulfoxide were purchased from Fisher Scientific (Waltham, 

Massachusetts, United States). All products and solvents were used without further purification. 

Human Serum Albumin (HSA) was purchased from Sigma-Aldrich. Deionized water used for 

the (by Milli-Q®, filtered through 0.2 μm membrane) was used for the current study. 0.050 μm 

Whatman® Nuclepore polycarbonate membranes used for filtration were purchased from 

Thermo Fisher Scientific. Pluronic F-127 and F-68 were purchased from Sigma Aldrich. 

 

 Nanocrystal preparation 

The ETO NCs were prepared by the method of co-precipitation. Merely, 2.5 mg of ETO was 

dissolved in 1.5 mL absolute methanol (MeOH) in glass vial and slowly injected under agitation 

(1200 rpm) in 10 mL of water. The solubilized drug was co-precipitated by evaporating the 

entire solution using a rotavapor under vacuum for 30 min. The resulting powder was kept 

under vacuum to remove any traces of MeOH. The powder was hydrated with an aqueous 

solution containing either F-127 or F-127/albumin, followed by 10 min. sonication using a 

water-bath sonicator to engineer the NCs solution.  

Etoposide nanocrystals particle size, morphology  

The NCs size in the formulation was measured using a ZetaSizer Nano-ZS of Malvern 

Instrument (Westborough, Massachusetts, United States). The F-127-coated NCs size was 

assessed after the nanocrystallization process. Table 7 shows dynamic light scattering (DLS) 

measurements of nanoparticle mean diameter in intensity of the ETO NCs synthesized in the 

study. 

The morphological evaluation of NCs has been investigated by a scanning electron microscope 

(SEM) (Philips XL 30 microscope, Hillsboro, USA). Raw ETO powder and processed NCs 

powder was placed on a double-sided tape, then coated with a 30 nm layer of gold under vacuum 

(10-6 Pa) for 2 minutes, then observed using SEM at an accelerating voltage of 15 kV under 
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vacuum. Also, transmission electron microscopy (TEM) was performed to understand the 

surface morphology and structure of ETO NCs from the dispersion in the aqueous polymeric 

solution. A drop of the ETO NCs solution was put on a copper grid with Formvar films Cu 200 

Mesh®. Then, negative staining was performed by adding a drop of uranyl acetate solution (1% 

w/v). The excess fluid was removed with filter paper. The grids were examined under a 

transmission electron microscope (JEM-100S, JEOL, Tokyo, Japan) at accelerating voltage of 

80 kV. 

 

X Ray powder diffraction experiments 

 

The X-ray diffraction patterns for ETO NCs solutions were obtained using a Bruker APEX 

DUO diffractometer mounted with a IµS microsource and APEX II CCD Detector with CuK⍺ 

radiation. The ETO solution was set in a 0.7 mm capillary and flame sealed before mounting. 

The results were gathered as three still frames to detect 2θ from 5 to 60 deg. with 300 seconds 

exposures and analyzed using the Bruker XRD2 Eval and Bruker EVA softwares. The powder 

X-ray diffraction (PRDX) examinations of ETO NCs powder and raw ETO were made using a 

A Bruker D8-Advance X-ray diffractometer equipped with a LynxEye silicon strip detector. A 

copper source was used with a nickel filter leaving CuK⍺ radiation. The generator was set at 40 

kV and 40 mA. The samples were ground and put in shallow-well sample holders. The results 

were collected as three frames to detect 2θ from 5 to 60 deg. for 300 seconds exposure and 

evaluated using the Bruker AXS and EVA softwares. 

 

 Dissolution study of etoposide nanocrystals 

 

In vitro release analysis was performed to compare the dissolution rate of ETO NCs/F-127 

0.03% and 0.17% w/v with the microcrystals (MCs) from VP-16 powder dispersed in water 

with 0.03% w/v, and also ETO in Toposar® formulation in which ETO is in its solubilized state. 

In vitro release of ETO NCs was assessed by the dialysis bag diffusion technique. The NCs 

ETO solutions were placed in a cellulose dialysis bag (molecular weight cutoff 12.4 kDa) and 

sealed at both ends using dialysis tubing closure. The dialysis bag was placed in a compartment 

containing 40 mL of PBS-buffered saline medium, pH 7.4, which was stirred at 60 rpm and 

maintained at 37 °C for 6 hours. The receptor compartment was covered to prevent the 

evaporation of the continuum medium. Aliquots (1 mL) were withdrawn at 10 min, 30 min, 1, 

2, 4, 6 hours, and the same volume of fresh HBS was added to the medium in order to maintain 
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its overall volume at 40 mL after each sampling smear. Then, the samples were analyzed using 

a Cary 100 Scan UV-visible spectrophotometer (Pittsburgh, USA) set at 283 nm. 

 

  Dynamic Scan Calorimetry 

 

The thermal behavior of raw marketed ETO powder, ETO nanostructured powder without F-

127, ETO NCs/F-127 0.03% w/v dried solid dispersion and raw F-127 powder were analyzed 

by differential scanning calorimetry (DSC) technique using a DSC3 from Mettler-Toledo 

(Greifensee, Switzerland). Each sample with a known mass has been introduced in an aluminum 

pan that has been sealed afterward. An empty aluminum pan was used as reference. All 

experiments were performed in the temperature range from 0 to 300 ° a 5 °C/min scan rate 

under a 50 mL/min dry air flow in order to homogenize the temperature within the oven. 

 

  Thermal analysis 

 

ETO NCs/F-127 0.03% w/v solid dispersions were observed as function of the temperature by 

means of an LTS 420 Linkam heating cell (Microvision Instruments, Evry, France) placed 

under a SMZ 168 microscope (Motic, Kowloon, Hong Kong). Temperature range from 23 to 

300 °C at 5 °C/min. Cooling of the system was achieved using a T95-HS Linkam device with 

liquid nitrogen automatically flowed through the cell. The pictures were taken each 5/12 °C (~ 

0.42 °C) with a Moticam 2500, 5.0M pixels, from Motic. 
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Results and discussion 
 

Particle size and morphology 

 
The methodology used to make the ETO NCs is based on co-precipitation or anti-solvent 

precipitation process. Basically, the drug is solubilized in an organic solvent and then added to 

an aqueous solvent containing surfactants or not. The entire solution is completely evaporated 

to recover a powder containing both drug and stabilizer. Followed by redispersion in a solution 

where drug is poorly soluble to form a nanodispersion. The striking parameters for the 

preparation of drug NCs using co-precipitation approach are the solvent/antisolvent volume 

ratio, the nature of these solvents, the concentration of surfactant and the evaporation rate. The 

physical properties of drug NC are directly correlated to these factors. Firstly, API/surfactant 

ratio has been specially studied to find the most suitable ETO NC formulation. Based on the 

literature, MeOH was used to solubilize the ETO, F-127 was used as surfactant and water as 

antisolvent solution. More precisely, ETO was dissolved in absolute MeOH in glass vial and 

slowly injected under agitation (1200 rpm) in water containing the F-127, different 

API/surfactant (P1) ratios were used. The solubilized drug was co-precipitated by evaporating 

the entire solution using a rotavapor under vacuum for 0.5 hour. The resulting powder was kept 

under vacuum to remove any traces of MeOH. Then followed by 10 min. of hydration using 

water containing poloxamer (P2).  

 

 

 

Dissolution in MeOH

and injection in water

containing or not poloxamer

P1

Evaporation
Redispersion in water 

with poloxamer P2

Figure 13 – Scheme of ETO NCs preparation using the co-precipitation process. 
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As mentioned, the co-precipitation is based on the addition of solubilized drug from organic 

phase into aqueous solution under agitation, therefore, nucleation and nanocrystals formation 

appear, strongly depending on organic phase nature and its solubility in the aqueous phase. 

Indeed, the appearance of nuclei occurs when the organic phase is mixed into the aqueous 

phase, then, the nucleation is governed by the diffusion of these nuclei to the liquid interface in 

the solution monitoring the NCs properties.226 It is accordingly crucial to select an organic phase 

miscible to the aqueous solution, easily removable from the mixture and where the drug is 

highly soluble to ensure homogeneous NCs properties. In our study, MeOH was preferred as 

ETO was detected to be highly and freely soluble in it. 

 

Additionally, from our understanding, the volume ratio of MeOH/H2O used for the co-

precipitation process is also essential for the preparation of the nanodispersion, indirectly it 

relies on the concentration of the drug in the organic phase when the mixing with the aqueous 

phase occurs. The drug nucleation to NCs depends on its initial concentration in the organic 

solvent as the diffusion of the molecule to the liquid interface (solvent- aqueous mixture) also 

change with the amount of drug. As shown in Figure 14, an increase of ETO NCs size is 

observed with a diminution of the MeOH: H2O volume ratio. With a 1.5:2 ratio ETO NCs size 

were around 400 nm while a 1.5:10 ratio provided ETO NCs around 150 nm. Once again, this 

may be explained by the fact that the more the ETO is diluted in the mixture, the more its 

dispersion, changing the drug diffusion and therefore reducing the probability to form bigger 

nuclei and consequently large NCs. In consequence, for further experiments, MeOH:H2O 

volume ratio of 1.5:10 was applied to produce the ETO NCs powder repeatably. 
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Two striking parameters were identified for the preparation of ETO NCs using co-precipitation, 

the nature of the organic solvent and the solvent/antisolvent volume ratio. Furthermore, it will 

be discussed that the nature and the concentration of the stabilizing agent are important, as after 

ETO NCs formation, the nanoparticles immediately tend to agglomerate. 

 

The NCs protection was done using poloxamer F-127 that is a non-ionic triblock copolymer 

comprising a middle hydrophobic block of polypropylene glycol (PPG) bordered by 

two hydrophilic blocks of PEG. Numerous parameters influence the NC stability, the polymer 

molecular mass, the hydrophobic/hydrophilic ratio of the chain, the nature of the chain 

functional groups and the polymer conformation.47 Sharma et al. examined the size of 

indomethacin NCs produced by wet milling and high pressure homogenizer (HPH) using two 

dissimilar surfactants, Polyvinylpyrrolidone-K25 (PVP) and F-127, the results indicated a 

surface modification and a size difference between NC according to the nature of the polymer.48 

As previously mentioned, Lee et al. also evidenced the impact of the hydrophobic/hydrophilic 

polymer ratio on the NC steadiness by producing a polymer with the same hydrophobic part 

but diverse hydrophilic groups. The study concluded that the polymer hydrophobicity is a 

striking parameter to the particle stabilization. Indeed, the polymer should contain a minimum 

of 15% hydrophobicity moieties to present efficient stabilization, as the adsorption is better on 

the NC surface in such a case.49 Hence, Pluronic F-68 and F-127 can be considered as stabilizing 

Figure 14 - Etoposide nanocrystals mean diameter size measured by dynamic light scattering versus MeOH/H2O 
volume ratio after redispersion in water containing F-127 at 0.083% w/v. 
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agents for ETO NCs since their hydrophobicity moieties represent ~16% and ~25%, 

respectively.227,228 

 

 
Figure 15 - Etoposide nanocrystals observed by TEM with different size and shape according to the API/Surfactant weight 

ratio. 

 

Figure 15 gives an overview of the NCs that were synthesized according to the API/surfactant 

(P1) ratio. The NC physical state, size, shape and morphology, should be chosen in accordance 

to the application, the target and the route of administration of the drug NC (oral, ocular, 

parenteral administration). A fast dissolution of the drug and high saturation solubility are not 

always needed. These first experiments led to select a range of API/surfactant (P1) ratio and 

the mass of ETO necessary to elaborate the final NC formulation repeatably.  

 

Hence, ETO has been solubilized in MeOH and then injected in water with different amount of 

F-127 (denoted as P1) comprised between 0 and 8 mg, followed by a complete evaporation and 

redispersion in water with 10 mg of F-127 (denoted as P2) to reinforce the stability in solution. 
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In that case, the ETO NCs size has been evaluated to explore the impact of the weight ratio 

API/P1 on the nanocrystal size (Fig. 16).  

 

  

 

As shown in Figure 16, the amount of stabilizing agent added before evaporation (P1) 

influences the size of ETO NCs in suspension. In particular, when 10 mg or less of F-127 for 

2.5 mg total ETO is used, NCs size of approximately 100 nm are obtained, contrary to the 

nanodispersion prepared with more F-127, where NCs have a size ranging from 450 nm to 600 

nm. The results obtained from these precipitation experiments showed that the stabilizing agent 

(stabilizing agent P1), was not needed in the aqueous solution for the evaporation step to have 

small NCs. These outcomes are counter-intuitive as literature concerning NC synthesis mainly 

used high stabilizer concentration to control drug nucleation and obtain small nanoparticle. 

Pouretedal worked on the preparation of azithromycin NCs using co-precipitation and studied 

the size effect of several stabilizers (HPMC, PVP, PVA, PEG) at a concentration range of 

0.5 – 5.0% w/v. The obtained results revealed a drastic size diminution with the augmentation 

of the stabilizer concentration, and this whatever the type of the stabilizer. With Tween 80 at 1 

mg/mL the size distribution was 4064 nm while at 4.5 mg/mL the size reached 504 nm.229 

Figure 16 - Etoposide nanocrystals mean diameter size measured by dynamic light scattering versus P1/API 

weight ratio after redispersion in water. 
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Similar conclusion was made by Mansouri et al. that prepared ibuprofen NCs with 5 different 

stabilizers (Triethanolamine, SDS, PVP, SLS, Tween 80), 3000 nm NCs were synthesized with 

SDS at 0.1 mg/mL whereas with 1 mg/mL SDS, ibuprofen nanoparticles had a size of around 

900 nm.230 In our study, it has been demonstrated that the NCs size reduction can be done 

without stabilizer and be due to the solvent/antisolvent volume ratio and the nature of these 

solvent. The use of stabilizer is only necessary when redispersing the NCs in water after 

evaporation (stabilizing agent P2) to prevent NCs agglomeration in solution. Besides, adding 

the stabilizer only in the final step significantly impact the NC drug yielding as no stabilizer is 

present during the evaporation that usually creates foam potentially removing the drug. 

  

In consequence, the ETO has been solubilized in methanol and then injected in water without 

F-127 (P1), followed by a complete evaporation and redispersion in water with different amount 

of F-127 or F-68 (P2). This experiment put in the spotlight the impact of the weight ratio of 

API/P2 on the nanocrystal size overtime and compare the impact of two different polymers 

(Table 7).  

 

Table 7 – Diameter mean size in intensity and PDI (value ± SD) of ETO NC in suspension measured by dynamic light scattering 

(Malvern). Comparison of F-127 or F-68 (stabilizing agent P2) at 0.033% and 0.083% w/v after redispersion in water 
 

Formulation Size (nm) PDI Size (nm) PDI Size (nm) PDI 

 t0h t5h t24h 

ETO NC F-127 

0.033% w/v 
117 ± 28 0.350 ± 0.037 274 ± 10 0.318 ± 0.010 324 ± 7 0.358 ± 0.058 

ETO NC F-127 

0.083% w/v 
111 ± 36 0.530 ± 0.013 282 ± 65 0.566 ± 0.049 300 ± 115 0.697 ± 0.113 

ETO NC F-68 

0.033% w/v 
217 ± 3 0.579 ± 0.017 268 ± 23 0.910 ± 0.127 Precipitation Precipitation 

ETO NC F-68 

0.083% w/v 
175 ± 27 0.357 ± 0.023 402 ± 12 0.673 ± 0.074 Precipitation Precipitation 

 

We found that ETO NCs were better stabilized with 0.033% w/v of P2 stabilizing agent as 

regard to 0.083% w/v, for both F-127 and F-68. Moreover, the stability of NCs was found better 

with F-127 as its affinity (via e.g. hydrophobic/hydrophilic or van der Waals interactions) allow 

a better adsorption to the NC surface compared to the F-68. As can be seen on Table 7, the 

nanodispersion prepared with 0.033% w/v F-127 presents a size of approximately 250 nm after 

5 h, and 300 nm at 24 h. The nanodispersion prepared with F-68 has a mean size of 268 nm 



Chapter III – Nanocrystals formulations process  

 

 87 

after 5 h, however the nanodispersion precipitated after 24 h revealing that nanocrystals were 

not fully stabilized with F-68. The results obtained led to a preferential use of F-127 as 

stabilizing agent P2, even though F-68 also led to nanoparticles in the nanosize range. The 

stabilizer concentration used in our study were optimized to be minimale in order to produce a 

safer formulation and prevent adverse effects. Commonly, in the literature, the stabilizer 

concentration is above 1% w/v and used a combination of stabilizer such as HPMC/PVP, F-

68/PVP or PVP/β-cyclodextrin.231,232 

 

The characterization by SEM and TEM of the size and morphology of ETO NCs were 

performed before and after redispersion in water. SEM images show raw ETO powder (Fig. 17 

A, B) compared to ETO NCs powder before redispersion (Fig. 17 C, D). As expected, raw ETO 

presented particles in the micrometer range (> 10 µm) in comparison with the ETO NCs which 

presented agglomerates of 1 µm or lower justifying the size reduction of ETO after the co-

precipitation process. The accurate size of ETO NCs cannot be observed with SEM because of 

the nanoparticles agglomeration, Merisko-Liversidge et al. acquired similar pictures of ETO 

NCs agglomerates after WBM process.130 Agglomerates were also observed with fenofibrate 

NCs studied by Li et al.156 Regarding the morphology of ETO, NCs agglomerates exhibited 

both rod and polyhedral shapes with a predominance for the polyhedral form. As to the raw 

ETO particles, most of them have a rod-like shape with a length up to 30 µm and width up to 

10 µm, that tag these particles as microcrystals. The production of the NCs without surfactant 

during the evaporation was preferentially used to open up possibilities concerning the NCs self-

sheathing. Thus, the NCs coating was solely selected through the redispersion as it is mere to 

dissolve a great number of surfactants in water so as to prevent the NCs coalescence and 

perform as an active delivery nanosystem for in vivo experiments. ETO NCs suspensions with 

F-127 0.033% w/v (Fig. 18E) and ETO NCs suspensions with F-127 0.033% w/v + Alb 0.2% 

w/v (Fig. 18F) were then imaged by TEM to emphasize the difference between the ETO NCs 

powder and the ETO NCs organization in solution. In solution, the dispersed NCs powder is 

more uniformly reduced to nanosize particles in the range of 100 nm (Fig. 18E), rod and 

polyhedral morphologies can still be observed for both formulations. However, well-defined 

edge NCs are identified for the nanodispersion containing 0.033% w/v of F-127 (Fig. 18E) 

contrary to the nanodispersion with 0.2% w/v albumin (Alb) (Fig. 18F) where NCs seem 

spherical and embed in the polymeric matrix leading to NCs aggregation (Fig. 5F) as the 

combination of the poloxamer and albumin give to the nanosuspension a high surfactant 
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concentration. TEM pictures were obtained for indomethacin and IZN NCs stabilized by F-127 

and F-68 with a stabilizer concentration superior at 2% w/v, NCs surface were also smoother 

and aggregated in the polymeric matrix as observed Fig. 18F.233 

 

 

 

 

 

A B 

C D 

Figure 17 - SEM images of raw ETO powder (A and B, scale bar is 10µm, ETO NCs powder obtained 

after co-precipitation and evaporation of the solution (C and D), scale bar is 5µm. 
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X Ray diffraction analysis 

ETO crystalline structure were obtained by XRD analysis for the raw ETO powder (Fig 19), 

ETO NCs powder (Fig 19) and ETO NCs dispersion in solution with F-127 0.033 % w/v (Fig 

20). The objective was to evidence the crystallinity of ETO NCs powder after the co-

precipitation process and also to verify that NCs are still in the crystal form after redispersion 

in water. The XRD pattern obtained for ETO NCs powder confirms the total crystallinity of the 

ETO after process as sharp peaks can be detected.234 Even though, ETO NCs peak profiles can 

be assigned to the raw ETO powder, minor shifts are observed. This could be possibly explained 

by a partial formation of another crystalline form (polymorph) of ETO. Also, peaks intensity 

are affected by crystallinity, drug crystal size and also merely by the nanocrystals powder 

packing in the well sample holder, therefore it is not a reliable parameter to understand the 

crystallinity of the drug.235 The diffraction pattern obtained for the ETO were comparable to 

those reported in the literature.236 

 

 

E F 

Figure 18 - TEM images of ETO NCs after redispersion in water with F-127 0.033% w/v (E) or with F-127 0.033% w/v + 
Albumin 0.2% w/v (F). Typical NCs dimensions, 100 nm 
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Figure 20 -XRD spectra in water of etoposide nanocrystals in still position (pink) or ɸ360 deg. (blue). 
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Figure 19 - XRD spectra of raw etoposide drug (blue) and etoposide nanocrystals (black). 
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If the ETO nanoparticles are definitely crystalline in the solid state, the redispersion in solution 

ought to not affect their crystallinity. Indeed, XRD analysis of ETO NCs in solution was 

performed and clearly displayed sharped crystalline peak out of a broad peak corresponding to 

XRD glass holder and the water (Fig. 20). This result confirmed that ETO NCs kept their 

crystallinity after redispersion in solution. However, it is surprising that the ETO NCs displayed 

intense crystalline peak according to their 100 nm size, hence, the NCs coalescence in the glass 

capillary could have occurred until being sizeable to unveil crystalline peak on the diffraction 

pattern. This hypothesis cannot be verified by the literature as no publications have been 

interested in the crystallinity of drug NCs after redispersion in solution. 

 

 

Dissolution study of etoposide nanocrystals  

 

Conditions were chosen to avoid NCs precipitation in the dialysis bag and allow drug 

quantification with UV-VIS spectrometer. The objective was to compare ETO NCs F-127 

0.03% w/v and ETO NCs F-127 0.17% w/v with ETO microcrystal (MCs) as control. The same 

experiment was done with ETO NCs F-127 0.03% w/v + Alb 0.2% w/v and ETO NCs F-127 

0.17% w/v + Alb 0.2 % w/v in comparison with ETO MCs F-127 0.03% w/v + Alb 0.2% w/v. 

 

Dissolution study of both ETO NCs with F-127 evidenced a significant (p < 0.05) sustained 

release of the ETO compared to the marketed product Toposar® (Fig. 21A) and also an increase 

of the dissolution rate with the size reduction of particles regarding ETO microcrystals (p < 

0.05). The dissolution rate is correlated to the diffusion layer thickness that is thinner for small 

particles, enhancing the concentration gradient and therefore dissolution rate 237. The ETO NCs 

dispersion (average size 100 nm) showed an increase of the dissolution velocity as the specific 

area is more consequent for this nanodispersion compared to the ETO MCs suspension where 

particles have a low specific area (larger particles size > 3µm) and hence a lower dissolution 

rate. Only 18 % of initial mass has been released after 6 hours for the MCs, whereas, for the 

both NCs formulation 35 % were released (Fig. 21A). The two ETO NCs formulation were not 

significantly different (p > 0.05), yet, it can be assumed that ETO release from the NCs form 

depends on the concentration of the F-127, higher the concentration, lower the release. F-127 

acts as a shield to the nanocrystals protecting the drug from surface degradation by the 

surrounding medium, thus preventing drug dissolution.238 Obviously, for the conventional 

marketed product Toposar®, 50 % of ETO were already released after 6 hours (Fig. 21A), as 
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the ETO is already solubilized in 33% of ethanol for this formulation, therefore rapidly released 

through the dialysis membrane.  

 

 

 

The sustained release of the drug for both ETO NCs F-127 0.03% w/v + Alb 0.02% w/v is not 

reinforced (Fig. 21B), despite the addition of an extra coating layer surrounding ETO NCs. 

After 6 hours ETO NCs F-127 0.03% w/v + Alb 0.2% w/v released 37% of ETO while ETO 

NCs F-127 0.17% w/v + Alb 0.2% w/v released 30%. Both ETO NCs formulation showed 

significant (p < 0.05) enhanced released compared to the ETO MCs and sustained release 

compared to Toposar® (Fig. 21B). Moreover, the variability of the release seems to be better 

Figure 21 - Release kinetics of various etoposide nanocrystals and microcrystals formulation in HBS buffer 
incubating at 37 °C under constant agitation 

0 2 4 6

0

20

40

60

Time (hours)

%
 C

u
m

m
u

la
ti

v
e
 R

e
le

a
se

ETO NCs F-127 

0.03%

ETO NCs F-127 

0.17%

ETO MCs F-127 

0.17 %

Toposar

0 2 4 6

0

20

40

60

Time (hours)

%
 C

u
m

m
u

la
ti

v
e
 R

e
le

a
se

ETO NCs F-127 

0.03% + Alb 0.2 %

ETO NCs F-127 

0.17% + Alb 0.2 %

ETO MCs F-127 

0.03% + Alb 0.2 %

Toposar

A 

B 



Chapter III – Nanocrystals formulations process  

 

 93 

controlled with formulations containing albumin. Han et al. witnessed comparable dialysis 

results with HCPT nanosuspension. After 1.5 hours, conventional product released 100% of 

HCPT, HCPT MCs released 20% and the HCPT NCs released only 40% at the same time, 

proving that these formulations would also display extended blood circulation lifetime and 

amplified the EPR effect.66 

 

Thermal analysis 

 

The thermal behavior experiments were performed to compare ETO crystallinity before and the 

nanosizing process, to confirm the size reduction of ETO NCs and to understand the interactions 

of the drug with the polymer. The DSC curve of the raw ETO powder (Fig 22A) exhibits an 

endothermic peak with an onset temperature of 261 °C corresponding to the ETO melting, and 

a second endothermic peak at 272 °C due to the ETO degradation.  

 

The DSC curve of ETO NCs powder without stabilizing agent F-127 exhibits two endothermic 

peaks with a precocious fusion peak at 261 °C (Fig. 22B). This can be explained by the size 

reduction of ETO NCs that shift the melting temperature to a lower temperature. Nevertheless, 

the degradation signal of ETO NCs takes place nearly at the same temperature as that of raw 

ETO (Fig. 22B). As far as the thermal behavior of ETO NCs/ F-127 solid dispersion is 

concerned, the corresponding DSC curve presents a melting peak at about 55 °C corresponding 

to the melting of F-127 and two other endothermic transformations (at about 97 °C and about 

212 °C, cf. Fig. 22D). The depletion of 10 °C of the melting temperature of F-127 in the solid 

dispersion (Fig. 22D) compared to that of the raw polymer (Fig. 22C) evidences the 

API/excipient interactions. At this stage, the signal obtained for the solid dispersion around 

97 °C cannot be explained (Fig. 22D). The signal around 212 °C obtained for the ETO NCs/ F-

127 solid dispersion confirms the nanosized ETO distribution within the polymeric matrix since 

the temperature of the corresponding signal is lower than that of ETO NCs (Fig. 22D). 
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Thermal microscopy characterization 

 
Thermal microscopy was used as complementary examination to confirm the solid state of ETO 

NCs in the 0.03% w/v F-127 polymeric matrix. After redispersion of ETO NC in solution with 

F-127, the nanodispersion were evaporated to obtain a solid mixture of poloxamer and ETO 

NCs. At 21 °C, the initial solid gather the stabilizer and the ETO NCs that cannot be sighted 

(Fig. 23) up to 199 °C. The solid form of ETO NCs in the F-127 polymeric matrix is clearly 

evidenced once the latter has melted at 221 – 225 °C. ETO "fusion" in the F-127 molten system 

(i.e. ETO dissolution) is observed at ~ 220 °C which is good agreements with the above DSC 

results where the ETO melting was observed at 212 °C (Fig. 22D). Degradation of the ETO 

Figure 22 - DSC curves obtained for raw ETO (A), free F-127 ETO NCs (B), F-127 (C) and ETO NCs/ F-127 (P2/API = 2/2.5) 
solid dispersion (D) samples. DSC thermograms are normalized to the total mass sample. Endothermic signals are pointing 
down. 
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dissolved in the molten ETO NCs/F-127 solid dispersions can be observed after the dissolution 

process at ~ 263 °C (brown coloration, Fig. 23), also confirming the DSC results described 

above.  

 

 
Figure 23 - Thermal microscopy images collected in a closed hot chamber from 20 to 300 °C, β = 5 °C/ min. 

 

 

Conclusion and perspectives 
 

The nanocrystal-based technology has been developed to offer a solution to poorly water-

soluble drugs, specifically to exhibit better particle stability overtime, high drug loading and 

safeness compared to classic anticancer formulation. In this study, bottom up approach was 

apprehended to engineer ETO NCs, controlling the crystallization process to achieve 

nanoparticles with crucial features such as the size, for upcoming in vitro and in vivo studies. 

Indeed, NCs size impact their dissolution rate and therefore their in vivo performances, 

consequently smaller NCs give faster dissolution that is a required feature for oral 

administration; but not for i.v. injection for which larger NCs are preferred as they could 

lengthen the drug release resulting in better drug accumulation in the site of interest. The drug 

nanoparticle size has to be managed in consonance with the application. Surfactants plays an 

important role regarding the NCs drug release according to their interaction with the drug 

surface, also prevent the NCs coalescence and affect the drug recognition by the immune 

23°C 52°C 199°C 221°C

222°C 225°C
233°C 263°C



Chapter III – Nanocrystals formulations process  

 

 96 

system.239 Thus, for this study, Pluronic F-127 was found as the best stabilizing and protecting 

agent for keeping ETO NCs dispersions stable in a physico-chemical point of view, but also 

injectable in mice for therapeutic purpose. Furthermore, it has been proved that the thus-

prepared ETO NCs powder could be stored for several days prior re-dispersion, i.e. before being 

administrated. For such case, long-term stability issues of the solid nanodispersions would be 

bypassed.  

 

NCs has drawn a lot of academic attention for the last 20 years, yet few marketed formulations 

are commercially available. The results obtained in this study reinforce the legitimacy of drug 

NCs as potent forthcoming delivery systems for nanomedicines through several administration 

routes and slightly open up the way to potential marketability of NCs using co-precipitation.  
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IV. Etoposide nanocrystals as 

a new delivery system to 

treat colon cancer in mice  
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Abstract 
 
The aim of this current study is to assess in vitro and in vivo cytotoxicity of selected ETO NC 

formulations prepared by co-precipitation in comparison with the conventional marketed 

product Toposar® and the free ETO. The MTT in vitro assay was performed on two cell lines 

(Carcinoma colon CT26 and 3LL Lewis lung cells), the drug uptake was also studied on these 

cell lines. In vivo studies were performed to see whether ETO NC formulations could 

outperform standard formulations. The plasma and tissues pharmacokinetics of ETO were 

realized to determine the fate of the drug after administration in mice. The anticancer efficacy 

was tested after ETO i.v. injection at 10 mg/kg in murine colon carcinoma model. Tumors 

volume were measured to determine the response to the anticancer treatment, blood samples 

were withdrawn for hematological analysis. The results obtained show that the delivery of ETO 

as a NC suspension is a novel promising technology for the therapy of cancer. 

 

Introduction 
 
ETO (synonym VP-16) is known as a semi-synthetic derivative of podophyllotoxin that is 

recovered from Podophyllum peltatum dried roots mainly found in the North of America.209 

ETO inhibits the enzyme topoisomerase II that is crucial to control the DNA conformational 

arrangement by generating double-strand break in the DNA molecule.211 This compound is a 

well-known chemotherapy agent and often used as a synergic drug with cisplatin or bleomycin 

against small cells lung, breast or testicular cancer.218 ETO cancer treatment is timetable 

dependent and prolonged ETO exposures of 2 up to 5 days was shown to be more efficient than 

a single administration.220 ETO is often administered as a one-hour administration 

intravenously. Its maximum dosage is about 500 mg/m2 every 3 weeks. Repeated 

administration over 2 to 5 days increases antitumor activity significantly and the commonly 

dose is then 60 to 120 mg/m2 per day. Toposar® is an approved clinical product for cancer 

treatment including ETO as active pharmaceutical ingredient (API). This therapeutic 

formulation and treatment are poorly tolerated by many patients resulting in unwell biological 

conditions such as nausea, hair loss, tiredness, giddiness. It could be mainly explained by the 

poor targeted delivery of the drug and the repeated administration of the concentrated 

excipients. Hence, the goal of scientific researches is the development of a new curative 

medicine with enhanced safety, targeting and efficiency compared to conventional marketed 

products. Nanocrystal technology offers numerous advantages such as long blood circulation 
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time, reduced side effects and low concentration excipients.239 In this study, synthesis of ETO 

as NC form is considered for i.v. injection against colon carcinoma cancer as this technology 

has a pharmaceutical potential and takes place among the current dynamic scientific works in 

nanomedicines. 

 

Materials and Methods 

 

Material 

 
ETO (> 99% purity, CAS number: 33419-42-0) was purchased from Santa Cruz Biotechnology 

(United States of America), Pluronic F-127 was purchased from Sigma Aldrich (St. Louis, 

Missouri, United States). MeOH and dimethyl sulfoxide were purchased from Fisher Scientific 

(Waltham, Massachusetts, United States). All products and solvents were used without further 

purification. Toposar® was a gifted from Hopital Gustave Roussy (Ivry Sur Seine, France). 

Human Serum Albumin (HSA) was purchased from Sigma-Aldrich. Deionized water used for 

the (by Milli-Q®, filtered through 0.2 μm membrane) was used for the current study. 0.050 μm 

Whatman® Nuclepore polycarbonate membranes used for filtration were purchased from Fisher 

Scientific. Pluronic F-127 were purchased from Sigma Aldrich. CT26 and 3LL were purchased 

from American Type Culture Collection (ATCC, CRL-2638, LGC Standards, Molsheim, 

France) and cultured at 37 ∘C in a 5% CO2-humidified atmosphere in Dulbecco’s Modified 

Eagle Medium (DMEM, Gibco) containing 10% fetal bovine serum (FBS, Gibco Life 

technologies), 100 #M of streptomycin, and 100 U/mL of penicillin. Isoflurane for anesthesia 

were purchased from Centravet (France)  

 
Animal 

BALB/c female (6 weeks) were supplied by Janvier Laboratory (Le Genest Saint Isle, France). 

All of the animals were acclimatized at a temperature of 23 ± 2 ◦ C and under light/dark 

conditions for 4 week and provided food and water. The experiments were led in accordance 

with the European and national guidelines and were also validated by the ethics committee 

(APAFIS 18.118). 
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In vitro CT26 and 3LL  

 
In vitro studies were performed to assess the potential of ETO nanocrystals on cancer cells and 

to lead future in vivo studies. Cytotoxicity studies of ETO NCs/ F-127 0.083% w/v, ETO NCs/ 

F-127 0.083 w/v + Alb 0.2% w/v, free ETO (Solubilized ETO in water with 10% DMSO), 

Toposar® (2 mg citric acid anhydrous, 650 mg polyethylene glycol 300, 80 mg polysorbate 80 

and 33% v/v absolute ethanol) were tested on CT26 colon cancer and 3LL Lewis lung cancer 

cells. Protocol will be described for CT26, equivalent for 3LL. First, CT26 colon carcinoma 

cells were cultured in Dubelcco’s modified Eagle’s medium (DMEM) containing 10% foetal 

bovine serum and penicillin/streptomycin (50 mmol) at 37 °C. Cells were plated at the 

concentration of 200,000 cells/mL in 96 well plates for 24 h. Then, CT26 cells were incubated 

with both ETO NCs formulation, free ETO and Toposar®. After, 48 h and 72 h, the tested 

formulations were removed from wells and cells viability was performed using the colorimetric 

MTT test,240 absorbance was determined at 562 nm in a microplate reader (BioKinetics Reader, 

EL340). The results are displayed as percentage of viable cells.  

 

Nanocrystal cellular uptake CT26 and 3LL 

 
In vitro TEM imaging studies were performed to observe the internalization of the ETO NCs 

inside the cells. ETO NCs/ F-127 0.083% w/v, ETO NCs/F-127 0.083 w/v + Alb 0.2% w/v 

were tested on CT26 and 3LL cancer cells. Cells (2.105 cells/mL) were put in 25 cm3 culture 

flask for 24 h until confluence. Then, CT26 cells were incubated with each ETO NCs 

formulations for only 2 h. After this period, cells were trypsinized (Trypsin-EDTA 0.5%) and 

recovered in Falcon® tubes. Cells were water washed and fixed with paraformaldehyde 2% + 

glutaraldehyde 2.5% + Na cacodylate 0.1 M (pH 7.3) + CaCl2 5mM, samples were postfixed in 

1% OsO4 and stained with filtered (0.22 µm) uranyl acetate 1%. Then, specimens were rinsed 

in 0.1M phosphate buffer and dehydrated in an escalating streak of ethanol at 30, 50, 70, 95 and 

100% (3 × 10 min. for each) and passed on with propylene oxide and ethanol (50/50 v/v 

mixture) for 10 min. Followed by polymerization in Epon at 60 °C for 72 h. Samples were 

sliced (80 nm) using a Leica ultracut S ultramicrotome fitted with a diamond knife.241 The 

selected cell sheets were not additionally stained to avoid precipitates that could be confound 

with ETO NCs. Specimens were studied under a transmission electron microscope (JEM-100S, 

JEOL, Tokyo, Japan) at accelerating voltage of 80 kV. 
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Plasma and tissues pharmacokinetics of etoposide 

 
Seventy-two BALB/c female (6 weeks) mice were used for the determination of the ETO NCs 

concentration overtime in the plasma and selected tissues (liver, rate, kidney, lungs). Four 

formulations were tested, ETO NCs/ F-127 0.2% w/v, ETO NCs/ F-127 0.2% w/v + Alb 0.48% 

w/v, free ETO and Toposar®. Each formulation was given intravenously at 10 mg/kg ETO. 

Then, retro-orbital blood sample were realized (200 µL) at different time, 1, 15, 30, 45, 60 and 

120 min. and add in an Eppendorf tube containing 20 µL of EDTA. Plasma was collected by 

centrifugation at 2000 rpm for 15 min. and frozen at -20 °C for further high- performance liquid 

chromatography (HPLC) analysis. Tissues samples were taken after mice sacrifice at 45, 60 

and 120 min. in order to have enough drug accumulation in the selected organs and frozen at -

80 °C for further HPLC analysis. ETO contained in organs were recuperated by grinding organs 

in chloroform using Precellys® tubes. Liver and kidneys were crushed in 5 mL of chloroform 

in a 7 mL capacity Precellys® tubes, lungs and spleen in 1.2 mL of chloroform in a 2 mL 

capacity Precellys® tubes. Samples were centrifuged and chloroform was totally evaporated in 

glass vials, dry residues were redispersed in 130 µL of water: methanol mixture as a mobile 

phase (50/50 v/v) and ready for analysis. The HPLC was set as reversed phase (RP-HPLC, 1260 

Infinity, Agilent®) with isocratic conditions. The analytical column was standard with a 

reversed phase C18 (250 mm × 4.6 mm, 5 μm, Waters). The injected volume was 50 μL for all 

samples. 

 

Antitumoral efficacy 

Sixty BALB/c female mice (Janvier, St Genest de Lisle, France) aged of 6 weeks were divided 

into 5 groups (5*nmice=12), four groups received four different ETO formulations, ETO NCs 

/F-127 0.2% w/v, ETO NCs /F-127 0.2% w/v + Alb 0.48% w/v, free ETO, Toposar® and one 

group were used as control. The first 4 groups have received 4 injections of ETO at 10 mg/kg, 

an injection daily for two consecutive days, a day for rest, followed by an injection daily for 

two days in a row. The untreated control group was used as comparison for tumor volume. 

Murine carcinoma tumors CT26 were subcutaneous confined on day 1 using a 12-gauge trocar 

(38 mm) into the mouse flank previously disinfected with alcohol. After 8 days, mice were 

separated in groups in order to have homogeneous tumors volumes. The anticancer treatment 

started the same day as described above. 
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The anticancer treatment started on day 8 as described above to have homogeneous tumor 

growth in each group. Tumor size and body weight were evaluated using a digital caliper every 

two days until day 17. Tumors volume (V) were calculated as followed: V = (Length × Width 

*2)/2.242 For the survival study, weight loss superior to 10% or tumors size > 10% of the mice 

body weight were established as endpoints. All mice were anesthetized before ETO injection. 

in an induction chamber under a flow of oxygen/isoflurane (30/70) (Tec 7, Minerve, Carnaxide, 

USA). 

Hematological Toxicity 

 

Thirty BALB/c female mice (Janvier, St Genest de Lisle, France) aged of 6 weeks were divided 

into 5 groups (5*nmice=6), four groups received four different ETO formulations, ETO NCs /F-

127 0.2% w/v, ETO NCs /F-127 0.2% w/v + Alb 0.48% w/v, free ETO, Toposar® and one 

group were used as control. The drug schedule protocol was equivalent to the anticancer 

efficacy study. Blood samples were taken in the mice tail vein at 1, 12, 15, 17 and 22 days and 

transferred to Eppendorf tube containing 2 µL of EDTA for white blood cell (WBC) numbering 

using a MS9-5 (MS Pharmaceuticals, France). All mice were anesthetized before ETO injection 

in an induction chamber under a flow of oxygen/isoflurane (30/70) (Tec 7, Minerve, Carnaxide, 

USA). 

Statistical analysis  

The plasma and tissues pharmacokinetics, anticancer efficacy, hematological toxicity and in 

vitro data are shown as mean ± standard deviation (SD). Statistical investigation was done by 

two-way ANOVA with Bonferroni correction with GraphPad Prism version 7. More precisely, 

plasma and tissues pharmacokinetics analysis were fit to a one phase decay and a 

gaussian model respectively. Anticancer efficacy, hematological toxicity analysis was fit to a 

baseline corrected model. In vitro studies were fit to a one phase decay model and submitted to 

a Student’s t test examination. 
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Results and discussion 
 

In vitro CT26 and 3LL  

 

In vitro tests were performed to evaluate the efficiency of ETO NCs and the influence of the 

amount of surfactant on cytotoxicity. ETO NCs were compared to marketed product Toposar® 

and free ETO. The viability of CT26 cells has been evaluated after 48 and 72 h. The related 

results are presented in Figure 24 and the corresponding data are gathered in Table 8. The IC50 

after 48 h of ETO NCs on CT26 cells with and without albumin were 13.73 ± 5.52 and 20.06 ± 

6.09 µM, respectively. At 72 h, these values are 4.66 ± 0.91 and 4.40 ± 1.20 µM, respectively 

(Fig. 24). The latter results clearly prove ETO NCs efficiency to inhibit cell growth. ETO NC 

formulations show similar results with and without albumin association after 48 h (p > 0.05) 

and 72 h (p > 0.05). Interestingly, the additional coating of albumin did not significantly 

improve the sustained release and cytotoxicity of ETO. However, the cytotoxicity of ETO NCs 

slightly outperformed the free ETO, for which the IC50 at 72 h was 5.60 ± 0.10 µM. Essentially, 

the ETO NCs were not more efficient than Toposar® (p > 0.05), having an IC50 at 48 and 72 h 

of 16.71 ± 9.95 and 4.55 ± 0.50 µM respectively.  

 

Lia et al.52 also expected a better internalization of the drug formulated as NCs, but PTX NCs 

did not have better cytotoxicity than Taxol®. Regarding 3LL cells line (Fig. 25, Table 8), all 

formulations tested were notably more efficient (p < 0.05) in comparison with the IC50 obtained 

for the CT26 cell lines. ETO is known to be very effective against lungs cancer cells as their 

genomic factors are limited (e.g. mutation or down regulation) decreasing drug resistance.243,244 
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 Figure 25 – 3LL cells viability after 48 h (A, C) and 72 h (B, D) for ETO NCs F-127 0.083% w/v, ETO NCs F-127 0.083% w/v + 

Alb 0.2 % w/v, ToposarⓇ and free ETO 

Figure 24 - CT26 cells viability after 48 h (A, C) and 72 h (B, D) for ETO NCs F-127 0.083 w/v, ETO NCs F-127 0.083 w/v + Alb 0.2 

% w/v, ToposarⓇ and free ETO. 
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Table 8 - CT26 and 3LL viability (IC50) after 48 and 72 hours for ETO NCs F-127 0.083% w/v, ETO NCs F-127 0.083% w/v 
+ Alb 0.2% w/v, Toposar® and free ETO. For each formulation, the related excipients were separately tested for the cell 
viability values normalization 

 
 
Nanocrystal cellular uptake on CT26 and 3LL 

 

Cancer frequently acquires resistance to several drugs which is labelled as multidrug resistance 

(MDR) and represent a major drawbacks for cancer therapy, thus deliver a drug as nanoparticle 

to cancer cells could overcome MDR mechanisms.245 The mechanism of drug NC 

internalization has been evidenced to be among endocytosis pathways.246,247 In vitro cells 

imaging was performed with CT26 (Fig. 26A-C) and 3LL cells line (Fig. 26D-F) to evidence 

whether ETO NC could be internalized into the cells as NC or solubilized drug; since the 

phagocyte mechanism is completely different according to the size, shape, charge surface and 

nature of the drug, it could have been caveolae or clathrin mediated endocytosis, pinocytosis or 

phagocytosis pathway.248 

 

After two hours, TEM pictures displayed that NCs can be internalized inside cells as single 

particle in the cell perinuclear area (Fig. 26B, C, E, F). Also, despite the NC shape diversity it 

seems that it does not influence the nanoparticle internalization as diverse shapes can be 

detected. For in vivo evaluation it reinforces the idea that ETO NC could be transported as 

nanoparticles to the cancer cells in the blood stream at 37 °C and will not be immediately 

solubilized after i.v. injection, hence changing the in vivo fate of NCs. In addition, the cell 

apoptosis beginning can also be evidenced by the damaged membrane and the small size of the 

cells that were incubated with ETO NCs formulations (Fig. 26B, C, E, F). 

Formulations 
CT26 - IC50 

at 48 h (µM) 

CT26- IC50 

at 72 h (µM) 

3LL - IC 50 

at 48 h (µM) 

3LL - IC 50 

at 72 h (µM) 

ETO NCs/F-127 0.083% w/v 13.73 ± 5.52 4.66 ± 0.91 1.17 ± 0.12 1.01 ± 0.24 

ETO NCs/F-127 0.083% w/v 
+ Alb 0.2% w/v 20.06 ± 6.09 4.40 ± 1.20 1.31 ± 0.26 1.00 ± 0.20 

Free ETO 11.28 ± 1.40 5.60 ± 0.10 1.66 ± 0.13 1.05 ± 0.02 

Toposar® 16.71 ± 9.95 4.55 ± 0.50 1.43 ± 0.13 0.75 ± 0.10 
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Plasma and tissues pharmacokinetics of etoposide 

The ETO plasma concentration profile in mice was assessed for the two ETO NCs formulation, 

the marketed product Toposar® and the free ETO. The pharmacokinetic results are presented in 

Figure 27 and Tables 9 - 10. They showed that both ETO NCs formulation have significantly 

higher ETO plasma concentration than the free ETO and the Toposar® with an AUC0-120min 

almost 2-fold greater and a higher mean residence time (p < 0.05). This is not the first time that 

NCs drug form were proved to have a better long-life time in C57BL/6 mice plasma than its 

solubilized analog.249 Ganta et al. intravenously injected asulacrine NCs and also perceived a 

2.7-fold lifespan augmentation in the plasma compared to the asulacrine solution.117 Besides 

the solid form of NCs increasing the plasma life time,250 the use of stabilizer comprising PEG 

is known to reduce protein binding and therefore extend the particle's plasma 

concentration.251,252 Regarding specifically ETO NCs/F-127 0.2% w/v + Alb 0.48% w/v, it was 

expected to have a significant better blood stream lifespan in comparison with ETO NCs/F-127 

0.2% w/v. Nanoparticles coated with albumin are well known to have an prolonged lifespan in 

blood as albumin has the ability to bind to the FcRn receptor protecting it from degradation, 

more specifically from endothelial catabolism.253 But in our study, ETO NCs with albumin had 

A B C

D E F

Control CT26

Control 3LL

Figure 26 - TEM images for control CT26 (A), ETO NCs/F-127 0.083% w/v CT26 (B), ETO NCs/F-127 0.083 w/v + albumin 

0.2% w/v CT26 (C), control 3LL (D, ETO NCs/F-127 0.083% w/v (E) 3LL , ETO NC/F-127 0.083 w/v+ albumin 0.2% w/v 3LL 
(F). White Arrows show ETO NCs. 
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equivalent AUC0-120min (550 ± 37.33 µg.min/mL) and MRT (2.75 ± 0.19 min) than ETO NCs 

(p > 0.05) stabilized with simply F-127. This result could be hypothetically justified by the poor 

albumin interaction with the F-127 hampering the NC stability and therefore its clearance from 

blood. It could be also explained by the fact that albumin does not prevent the interaction of 

circulating protein more than F-127 which has a long PEG moiety. 

 

Figure 27- Amount of ETO (µg) in total mice plasma as a function of time after i.v. injection in the mice tail vein. Data shown 

are means ± SD (Standard Deviation), nmice = 6, injected dose = 10 mg/kg = 200 µg). Analysis was fit to a one phase decay 

model. 

 
Table 9 – Pharmacokinetic parameters of etoposide for ETO NCs F-127 0.083% w/v, ETO NCs F-127 0.083% w/v + Alb 0.2% 

w/v, Toposar® and free ETO: maximum amount (µg/mL) in total mice plasma ± SD (n=6), area under the curve (AUC ± SD 

(n=6)), half time (t1/2), and mean residence time (MRT ± SD (n=6)) based on Ctheo=0=200 µg. *, pETO NC-Toposar < 0.05,**, 

pETO NC-Free ETO <0.05 

Formulations 

Maximum amount in 

total mice plasma 

(µg/mL)  

                             

AUC0-120min 

(µg.min/mL)  

 

t1/2 (min) MRT (min)  

ETO NCs/ F-127 0.2% w/v 58.22 ± 1.92 608 ± 66.84*, ** 5.52 3.04 ± 0.33 

ETO NCs/ F-127 0.2% w/v + 
Alb 0.48% w/v 

48.22 ± 0.98 550 ± 37.33 5.70 2.75 ± 0.19 

Free ETO 37.62 ± 0.85 378 ± 29.24 4.89 1.89 ± 0.15 

Toposar® 37.22 ± 1.05 436 ± 42.59 5.51 2.18 ± 0.21 
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Table 10 - Drug distribution in liver and lungs for ETO NCs F-127 0.083% w/v, ETO NCs F-127 0.083% w/v + Alb 0.2% w/v, 

Toposar® and free ETO after an i.v. injection at 10 mg/kg in mice. Data were collected 45, 60 and 120 minutes after the 

injection and are presented as followed µg of ETO per g of organ ± SD (n=6). Analysis was fit to a gaussian model 

 

 

Table 11 – AUC0-120min comparison for ETO NCs F-127 0.083% w/v, ETO NCs F-127 0.083% w/v + Alb 0.2% w/v, Toposar® 

and free ETO in liver and lungs. Data are presented as followed AUC0-120min (µg.min/g) ± SD (n=6). *, pETO NC -Toposar < 0.05, 

** pETO NC-Free ETO < 0.05, *’, pETO NC-Toposar < 0.05 

 

Tissues biodistribution analysis was performed after mice sacrifice at 45 min. The main 

recovery of ETO was found in the lungs and liver for all formulations. ETO was not detected 

in the kidneys or spleen at any time whatever the ETO formulation, thus data for these organs 

are not shown. ETO NCs /F-127 0.2% w/v + Alb 0.48% w/v exhibits significantly higher 

AUC0-120min (p < 0.05) and lower clearance rate for the liver compared to Toposar®, free ETO 

and ETO NCs /F-127 0.2% w/v (Table 11). Commonly, albumin coated drug were found to 

have lower clearance rate, as mentioned above, the albumin interacts with the hepatic FcRn 

receptor accountable for upholding its lifespan.253,254 For the three previous formulation, the 

AUC0-120min in the liver were not significantly different (p > 0.05), therefore the biodistribution 

can be considered equivalent after 120 min. The ETO accumulation in the liver is explained by 

the physical state (e.g. size) of the nanoparticles but additionally by its recognition by the cells 

of the mononuclear phagocyte system (MPS) that uptake and remove exogenous agents.255  

 Etoposide distribution (µg/g) 

Formulations 
Liver Lungs 

45 min 60 min 120 min 45 min 60 min 120 min 

ETO NCs/F-127 0.2% w/v 10.50 ± 9.2 4.33 ± 4.9 – 51.29 ± 19.9 21.80 ± 11.3 – 

ETO NCs/F-127 0.2% w/v 
+ Alb 0.48% w/v 

13.59 ± 3.9 12.13 ± 7.3 9.41 ± 9.6 16.68 ± 9.1 – – 

Free ETO 7.46 ± 6.4 7.29 ± 6.5 0.46 ±1.1 15.23 ± 1.2 – – 

Toposar® 5.86 ± 4.7 6.41 ± 2.3 – 86.92 ± 6.9 8.94 ± 5.4 – 

 Etoposide AUC0-120min (µg.min/g) 

Tissues Toposar® Free ETO 
ETO NCs/F-127 

0.2% w/v 

ETO NCs/F-127 0.2% 

w/v + Alb 0.48% w/v 

Liver 416.0 ± 131.1 497.0 ± 250.1 517.3 ± 283.3 1145 ± 376.8*, ** 

Lungs 2943 ± 2304 457 ± 28.62 2577 ± 671.3 500.4 ± 214.9*’ 
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Regarding the lungs, the AUC0-120min for Toposar® was notably greater (p > 0.05), 2943 

µg.min/g, in comparison with free ETO and ETO NCs /F-127 0.2% w/v + Alb 0.48% w/v 

having an AUC0-120min of 457 and 500 µg.min/g, respectively (Table 11). Indeed, for IV, rod-

shaped nanoparticles between 20 up to 150 nm, like ETO NCs, were proved to end up in organs 

as the lungs and the liver, in contrary bigger spherical-shaped particles, as Toposar® finish up 

essentially in the lungs.256 Hence, the drug accumulation in the lungs could be elucidated by 

the size of NCs comprised between 100 - 300 nm, undeniably particles size and shape change 

the nanoparticle biodistribution, the circulation lifespan related to the recognition by the MPS, 

and the particle extravasation in the blood stream.257 In addition, free ETO (10% v/v DMSO), 

despite its solubilized form were also detected in the lungs as much as ETO NCs/F-127 0.2% 

w/v + Alb 0.48% w/v with an AUC0-120min of 457 µg.min/g, hypothetically, it could be 

elucidated by a partial precipitation of the ETO right after i.v. injection and accumulation in the 

lungs.258 In conclusion, it is interesting to notice that ETO NC formulations have similar 

elimination properties than Toposar®. 

 

Anticancer Efficacy and Hematological Toxicity 

 

The therapeutic efficacy following 4 different ETO treatment was evaluated on BALB/c female 

mice (Fig. 28A). Mice received 4 injections of ETO at 10 mg/kg, an injection daily for two 

consecutive days, a day for rest, followed by an injection daily for two days in a row. The 

treatment started after 8 days. Tumor growth inhibition was compared for ETO NCs F-127 0.2 

w/v, ETO NCs F-127 0.2 w/v + Alb 0.48 % w/v, Toposar® and free ETO. Figure 28B shows 

the tumor growth inhibition of the applying formulations. As can be seen in Figure 28B, for all 

the formulation tested, tumor inhibition was equivalent up to 12 days (p > 0.05). However, after 

15 days, ETO NCs/F-127 0.2% w/v were significantly more profitable than the marketed 

product Toposar® (p < 0.05). The tumor volume was even more decreased after 17 days (3 days 

after the last ETO injection) in comparison with the Toposar® (p < 0.05). Similar results were 

obtained by Liu et al. with a taxane chemotherapy, tumor inhibition effect of PTX NCs was 

better than Taxol® injected intravenously at a concentration of 10 mg/kg.52 Hypothetically, this 

could be justified by the size and the solid form of NCs that are EPR-shaped and have a longer 

blood stream lifespan. It has also been proven that nanoparticles have a better penetration into 

the surrounding interstitium of the tumor leading to a better bioavailability and thus anticancer 
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efficacy.259,260 ETO NCs formulations were competed with different excipient composition to 

observe whether the effect on the tumor inhibition was major or not. At day 17, ETO NCs /F-

127 0.2% w/v was significantly better than ETO NCs /F-127 0.2% w/v + Alb 0.48% w/v (p < 

0.05), indicating that low concentration of surfactant is more favorable for cancer treatment, 

and assuming that the nature of interactions and the force of the adsorptive bindings to the ETO 

NCs are dissimilar with the excipient composition and its concentration. 261,262 For ETO NCs/F-

127 0.2% w/v, the time to reach the median tumor volume in comparison with Control was 

delayed of 5.31 days, slightly lower 3.27 days for ETO NCs/F-127 0.2% w/v + Alb 0.48% w/v 

respectively (Table 11). Toposar® and free ETO have barely postponed the median tumor 

volume of about half a day revealing a poor treatment response for these two formulations 

(Table 12). Regarding, the mice weight loss (Fig. 28C) throughout the investigation, ETO NCs 

/F-127 0.2% w/v had a slight weight loss of -0.83% proving that this treatment is well tolerated. 

Nevertheless, for the other two ETO NCs, for Toposar® and free ETO formulations a decrease 

is observed that can be primarily explained by a poor targeting of the ETO to the tumor and 

therefore to healthy organs. Also, a higher concentration of toxic excipients could foster 

unwanted side effect causing loss of appetite and thus the mice weight loss.263  

 

Blood samples were taken at day 1 as control, then at 12, 15, 17 and 22 days (Fig. 28A). The 

leukocyte count and red blood cells (RBC) nadir were identified the last day of treatment for 

all groups (Tables 13 and 14). ETO NC formulations and Toposar® had a notable leukocyte and 

RBC decrease compared to the control (p < 0.05) after 12 days (Fig. 29). No hematological 

significant change was observed for both NC formulations in comparison with Toposar® (p < 

0.05) the same day. The recovery of RBC and WBC from day 12 to day 22 was also equivalent 

for both ETO NC formulations in opposition with the Toposar® (p > 0.05). In contrast, Liu et 

al injected solubilized ETO at 5 mg/kg in Balb/c mice two days consecutively and observed a 

leucocyte decrease from 11 to 8 109 /L (18% loss) that is in accordance with our protocol where 

ETO NCs were injected at 10 mg/kg four times and a leucocyte decrease from 11 to 2 109 /L 

was observed (82% loss).264 

Mice that did not receive treatment and Toposar® reached the final stage at day 17, expressing 

the virulence of the CT26 colon tumors (Fig. 28D). ETO NCs/F-127 0.2% w/v + Alb 0.48% 

w/v and ETO NCs/F-127 0.2% w/v prolonged the median survival time (MRT) in comparison 

to Toposar® to 9 and 7 days respectively (p < 0.05 vs. Toposar® by Log-rank test).265 This 

outcome strengthens that ETO NCs formulation had a better antitumor efficiency that perdured 
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longer than Toposar®, probably enlightened by a extend blood life time and enhanced 

accumulation in CT26 tumor.  

 

 

Figure 28 – (A) Schedule treatment for Balb/c female mice implanted with CT26 subcutaneous tumor. (B) Tumor growth 

inhibition for ETO NCs F-127 0.2% w/v, ETO NCs F-127 0.2% w/v + Alb 0.48 % w/v, Toposar®, free ETO and control. Blue 

arrows show the days of i.v. administration. *, pETO NC-Toposar < 0.05. (C) Percent of weight loss of Balb/c mice induced by the 

ETO anticancer treatment. Weight was estimated every two days and expressed as a percentage of weight at day 8 of the 

experimentation. (D) Kaplan–Meier survival curve for Control, Toposar®, ETO NCs F-127 0.2% w/v, ETO NCs F-127 0.2% 

w/v + Alb 0.48 % w/v. *, pETO NC-Toposar < 0.05, **, pETO NC-Toposar < 0.05. 
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Table 12 - Antitumoral effect of ETO NCs F-127 0.2% w/v, ETO NCs F-127 0.2% w/v + Alb 0.48% w/v, Toposar®, free ETO 

and Control. ETO dosage: 10 mg/kg. Administration schedule: d8, d9, d11, and d12. Tumor growth inhibition ratio (T/C) = 

((MTVcontrol - MTVtreated groups) * MTVcontrol) *100. Tumor growth inhibition delay in comparison to control (T-C) 

Formulations 

Body weight 

variation in % 

(day of nadir) 

Median tumor 

volume (mm3 on 

day 12) 

T/C 

(%) 

Time for 

median tumor 

to reach 50 

mm3 (day) 

T-C 

(day) 

Control – 104 – 8.9 – 

ETO NCs/ F-127 0.2% w/v 
-0.83 (d9) 

+4.79 (d17) 
30 71.2 14.21 5.31 

ETO NCs/ F-127 0.2% + 
Alb 0.48% 

-2.49 (d9) 

+2.31 (d17) 
40 61.5 12.8 3.9 

Free ETO 
-3.40 (d10) 

+3.85 (d17) 
69 33.7 9.5 0.6 

Toposar® 
-2.86 (d13) 

+0.41 (d17) 
105 -1 9.5 0.6 

 

 

Figure 29 - White (left) and red (right) blood cell counts of BALB/c mice implanted with CT26 colorectal adenocarcinoma 

cancer. No hematological changes were observed for ETO NCs F-127 0.2% w/v and ETO NCs F-127 0.2% w/v + Alb 0.48% 

w/v in comparison with the Toposar®. *, pETO NC-Toposar > 0.05, **, pETO NC-Toposar > 0.05. 

  

0 2 4 6 8 10 12 14 16 18 20 22 24
0

2

4

6

8

10

12

14

Time (days)

W
B

C
 1

0
9
/L

0 2 4 6 8 10 12 14 16 18 20 22 24
-100

-50

0

50

100

Time (day)

P
er

ce
n

t 
o
f 

W
B

C
 L

o
ss

0 2 4 6 8 10 12 14 16 18 20 22 24
0

2

4

6

8

10

12

14

Time (days)

R
B

C
 1

0
9
/L

0 2 4 6 8 10 12 14 16 18 20 22 24

-50

0

50

Time (day)

P
er

ce
n

t 
o
f 

R
B

C
 L

o
ss

Free ETO

ETO NCs/ F-127 0.2%

ETO NCs/ F-127 0.2% + 

Alb 0.48%

Toposar

Control

*

**



Chapter IV – Etoposide nanocrystals as new delivery to treat colon tumor in mice  

 113 

Table 13 – White Blood Cell (WBC) data recovered at days 1, 12, 15 17, and 22 from adult female BALB/c mice (n = 6). The 

i.v. injections (10 mg/kg) of ETO NCs F-127 0.2% w/v, ETO NCs F-127 0.2% w/v + Alb 0.48% w/v, Toposar®, and free ETO 

were performed at days 8, 9, 11 and 12. WBCs normality range 4 - 15×109 per liter 

 White blood cell count (109 cells/L) 

Formulations Day 1 Day 12 Day 15 Day 17 Day 22 

Control  11.1 ± 2.1 6.0 ± 2.2 8.7 ± 2.1 10.6 ± 2.3 10.2 ± 3.1 

ETO NCs/ F-127 0.2% w/v  10.2 ± 0.9 
 

2.0 ± 1.8 5.7 ± 3.7 10.8 ± 2.3 10.0 ± 3.6 

ETO NCs/ F-127 0.2% w/v 
+ Alb 0.48% w/v 

11.1 ± 3.2 2.8 ± 1.0 8.2 ± 4.3 9.4 ± 3.3 8.3 ± 1.5 

Free ETO 8.9 ± 2.3 6.5 ± 4.4 11.6 ± 0.9 10.4 ± 1.3 11.3 ± 3.4 

Toposar® 8.7 ± 1.9 2.3 ± 1.1 8.9 ± 0.6 6.4 ± 0.8 9.8 ± 0.5 

 

Table 14 - Red Blood Cell (RBC) data recovered at days 1, 12, 15 17, and 22 from adult female BALB/c mice (n = 6). The i.v. 

injections (10 mg/kg) of ETO NCs F-127 0.2% w/v, ETO NCs F-127 0.2% w/v + Alb 0.48% w/v, Toposar®, and free ETO were 

performed at days 8, 9, 11 and 12. RBCs normality range 6 - 11×109 per liter 

 Red blood cell count (109 cells/L) 

Formulations Day 1 Day 12 Day 15 Day 17 Day 22 

Control  10.5 ± 0.6 8.8 ± 0.9 11.2 ± 0.9 11.5 ± 1.8 9.6 ± 1.4 

ETO NCs/ F-127 0.2% w/v 10.1 ± 1.5 
 

5.1 ± 3.6 7.2 ± 3.9 8.3 ± 0.18 10.0 ± 3.7 

ETO NCs/ F-127 0.2% w/v 
+ Alb 0.48% w/v 

9.6 ± 1.6 
 

7.2 ± 3.0 5.3 ± 2.5 6.8 ± 2.1 10.0 ± 1.3 

Free ETO 8.5 ± 1.5 8.6 ± 0.5 8.5 ± 0.6 9.3 ± 0.5  9.4 ± 1.8 

Toposar® 9.8 ± 1.8 4.8 ± 2.8 5.3 ± 2.5 6.7 ± 2.1 10.1 ± 1.4 

 

 
Conclusion 

 

The ETO topoisomerase II inhibitor was formulated as aqueous solution dispersed nanocrystals 

which efficacy was tested in vitro on CT26 and 3LL cells. These nanoparticles with a size 

around 150 nm were adapted for in vivo studies and could be intravenously administered as 

healing agent to treat murine subcutaneous carcinoma model. It was established that ETO NCs 

could be more effective and safer than the conventional marketed product Toposar®. Polymer-

coated and/or Polymer/protein-coated NCs delivery offered better blood stream life span, better 

targeted ability versus murine carcinoma cancer and better drug tolerance characterized by 

lower weight lost after treatment. All these conclusions highlight the benefit of NCs technology 

of poorly soluble compounds for i.v. dosage forms and should orientate laboratory towards 

further development and production of such pharmaceutical forms. 
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Conclusion and perspectives 
 

In medicine, it is common to think that this science alleviates the effect of discomfort, anxiety 

or pain. Nevertheless, it is true and admitted that medicine can be also accountable for a lot of 

violence throughout the entire patient treatment in and out of the hospital. The violence of 

treatment, such as chemotherapy, does not take into account the inconvenience for the patient 

and is mainly focuses on the biological answer of cancer, frequently low. In consequence, there 

is a strong need to improve the efficacy of treatment while using safer therapeutic formulations 

involving fewer toxic drug final product components, better bioavailability and targeted 

payload delivery. For public judgement, the nanotechnology can be seen as a thriving 

breakthrough technology for medicine, but also dreaded as its impact on human health is often 

misunderstood. The society demands to be informed regarding the potential risks of 

nanotechnology and want to instore legal measures and frameworks in order to control and 

understand the fate of nanotechnologies. So far nanomedicine technologies are poorly ruled, 

offering flexibility for researchers and companies, but it is crucial to guarantee that the potential 

hazards related to the commercial and research application of nanomedicines do not outshine 

its potential welfares of a brand-new therapeutic formulation. Thus, the nanomedicines are 

subject to intensive researches for their optimization and future marketing development. Often, 

in the applicable product specifications, complex or simple nanoparticles have to provide a 

targeted and/or controlled release of the pharmaceutical payload while offering a significative 

clinical benefit. Moreover, nanoparticles production also has to meet precise requirements for 

a safe production of the nanomedicines. These limitations shrink the scope of nanomedicines 

and compel to discover brand new technologies in accordance with the current necessities. 

Hence, a better monitoring, nanoparticle architecture and improvement of biological 

mechanisms from the nano-range level has to be performed to reach medical breakthroughs. 

Moreover, it is important to notice that pharmaceutic companies aim to acquire new knowledge 

and abilities in order to develop new products or services, or to bring about a major 

enhancement in existing products. The requirements to achieve these goals are often not take 

into account throughout an academic project, questioning the interest of the diverse routes taken 

during the thesis, therefore limiting the scope of the scientific discovery. Another crucial point 

when it comes down to nanomedicines development, is the correlation between in vitro and in 

vivo experiments that cannot be taken for granted, in vitro assays must be more reliable to 

improve further in vivo testing, reducing the drug development phase, saving resources and 

therefore a better final product quality. 
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The present thesis reflects the R&D preparation and application of ETO NCs as topoisomerase 

II inhibitor for the treatment of the colon carcinoma cancer. The co-precipitation was used over 

milling and high-pressure techniques to engineer the EPR-adapted NCs, as it is an applicable 

process to industrial scale at low cost, also a low temperature process with no external residual 

content and no drug degradation. Another striking point is the yielding, with this technique, it 

can be up to 100%, whereas with milling and HPH techniques NC yield is often below 80 % or 

worse. 266,267 

It has been proved that ETO NCs offer numerous benefits including, high drug loading, 

sustained released, prolonged bloodstream lifespan and were specifically efficient against 

cancer cells both in vitro and in vivo. These features are mainly due to the physical state of the 

nanoparticle and their steadiness overtime thanks to the utilization of the surfactant F-127. In 

most of studies, unfortunately, the NC stability is often chosen over in vitro and in vivo NC 

performances, yet, it might have been more valuable to employ different surfactants to assess 

the influence on the cell internalization, on the nanoparticle biodistribution and on the cancer 

cell or tumor activity. As ETO NCs were redispersed extemporaneously, the overtime stability 

was not a striking parameter for in vivo studies, but the excipient nature and its concentration 

are crucial, as evidenced in this thesis and by Aroujo et al.261  

 

All the results achieved throughout the present thesis, emphase the potentiality of the nano-size 

ETO drug crystal formulation, giving new possibilities to treat cancer while decreasing side-

effects. All of these could boost the clinical activity of ETO that is mainly focused on the 

scheduling treatment of the marketed product Toposar®. It is noteworthy that ETO NCs 

outperformed or at least was as efficient as Toposar® with a cheaper, easy made, and above all, 

a safer formulation. Drug nanocrystals synthesized using the anti-solvent precipitation could be 

successfully applied to numerous API and be effective to many therapies such as cancer 

treatments. NC technology represent a pronounced interest for pharmaceutical laboratories, 

where 70% of poorly soluble drugs are in development. Only 11 products based on NC 

technology are on market and none of them are prescribed for cancer treatment assuming a huge 

potential that needs to be explore in the coming years. 

For this project, NCs have been exclusively used via i.v. route since the latter is the most used 

for chemotherapy treatments. In that case, the drugs are injected straight into the patient’s vein, 

maximizing the active ingredient bioavailability in the bloodstream. Likewise, injected 
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intravenously, the dosage is precisely adjusted to patient pathology and is faster delivered, for 

minutes up to hours. However, there is a growing attention on the intratumoral injection of drug 

to the tumor, as pretreatment to common i.v. chemotherapy to ensure better overall efficiency. 

Intratumoral chemotherapy (i.e. non-systemic delivery) has lower toxicity compared to 

systemic anticancer treatment and has better bioavailability to the site of interest. Indeed, i.v. 

administration provides full drug bioavailability in the bloodstream, not to the site of interest, 

the EPR effect has been proven to be highly variable, considerably reducing the amount of drug 

to the cancer. Dai et al. quantified the cancer cell targeting efficacies of folic acid coated gold 

and silica nanoparticles in mice tumor models. Only 1.4×10-3% of the intravenously injected 

dose of both nanoparticles reached cancer cells, equivalent to only 2% of cancer cells 

interrelating with the nano-objects.268 The EPR effect is strongly fluctuating with the blood and 

interstitial fluid pressure in the tumor, their volume and the nature of vessels where the cancer 

is located.269 Wilhelm et al. also highlighted the poor delivery efficiency of nanomedicines that 

commonly achieve only 0.7% of the inoculated dose to the cancer.270 Consequently, developing 

intratumoral approaches to overcome the EPR variability is relevant as perspective of the 

present work. Incorporating NCs inside hydrogel for intratumoral application for curative 

treatment draw a lot of interest, as the sustained and stable release are better managed, it 

facilitates and enhances the antitumor treatment. A thermo-sensitive hydrogel with PTX NCs 

was made by Lin et al. to treat intratumorally 4T1 breast tumor murine model in comparison to 

Taxol®, it was evidenced that the hydrogel embedded PTX NCs released the API more 

gradually and uphold more drug content after an intratumoral injection for a superior efficacy 

than Taxol®.271 Thus, hydrogel as delivery matrix for ETO NCs encapsulation has to be 

explored. 
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State of the Art of Pharmaceutical Solid Forms: from
Crystal Property Issues to Nanocrystals Formulation

Brice Martin Couillaud, Philippe Espeau, Nathalie Mignet, and Yohann Corvis*[a]

1. Introduction

More than 80 percent of formulated drugs are in the solid

state, for reasons of stability from the handling and storage of

unprocessed material to the drug-development process. In

most cases, pharmaceutical solids have high melting points,

i.e. , low aqueous solubility. Therefore, the enhancement of

drug solubility is a primary challenge in pharmaceutical re-

search in order to ensure therapeutic efficiency, to minimize

toxicity, and to optimize the cost of production. In the solid

state, the various structural possibilities of a given active phar-

maceutical ingredient (API) can significantly influence its chem-

ical, physical, and biopharmaceutical properties.[1] Salt forma-

tion, co-crystallization techniques, amorphization, polymorphic

transition, and nanosizing can drastically modify the therapeu-

tic impact of an API. Thereby, the physicochemical characteri-

zation of each possible form allows a better assessment of its

pharmaceutical properties. Research into the most suitable

pharmaceutical forms of a given drug, also defined as solid-

form screening,[2] helps to ensure the quality and effectiveness

of the treatment, and in some cases, the comfort of patients.

Solid-form screening allows determination of the best pharma-

ceutical form and excipient. Finding the most suitable solid

form allows safer pharmacological and toxicological studies,

thereby saving time and thus benefiting the drug-develop-

ment process. The aim of this review is to provide a pharma-

ceutical outlook on various solid forms, namely, polymorphs,

co-crystals, salts, solvates, amorphous solids, and their eventual

combinations with an emphasis on nanocrystal formulations.

This is followed by a discussion on the advantages and disad-

vantages of each solid form from a pharmaceutical point of

view.

2. The Biopharmaceuticals Classification
System (BCS)

Solid-form screening for pharmaceutical development has

helped increase the bioavailability of poorly soluble drug can-

didates.[3–5] Currently, around 70% of drugs are classified as

poorly soluble.[6] The solubility of a drug affects its dissolution

rate, which strongly governs its in vivo performance. It is there-

fore crucial to identify drug candidates with the best solubility

properties suitable for pharmaceutical applications.

The Biopharmaceuticals Classification System (BCS), estab-

lished by Amidon et al. ,[7] is a tool for decision making in drug

development, based on two primary factors: solubility and per-

meability (Figure 1). These factors have proven themselves to

be crucial from drug design to its bioequivalence, taking into

account the dissolution rate.

The BCS classifies drugs into four classes :

Class I : high solubility/high permeability profiles (e.g. , meto-

prolol, diltiazem hydrochloride) ;

Class II : low solubility/high permeability profiles (e.g. , diclofe-

nac sodium, griseofulvin);

Class III : high solubility/low permeability profiles (e.g. , ateno-

lol, lisinopril) ;

Class IV: low solubility/low permeability profiles (e.g. , etravir-

ine, hydrochlorothiazide).

The US Food and Drug Administration (FDA) defines a

highly water-soluble drug as one that, at the drug product’s

The solid-form screening of active principal ingredients is a

challenge for pharmaceutical drug development, as more than

80% of marketed drugs are formulated in the solid form. A

broad and comprehensive study of the various solid forms of

drugs is needed to enhance their translation into the clinic.

Therefore, the most suitable solid form must be taken into

consideration regarding ex vivo and in vivo stability, targeting,

solubility, dissolution rate, and bioavailability. In this review,

techniques of solid-form screening are covered, including dif-

ferences in solid forms such as polymorphs, solvates, salts, co-

crystals, and amorphous particles. Moreover, solid drug size re-

duction is also discussed, with insight into the emergence of

drug nanocrystal formulations. An overview of the smallest

nanocrystals reported in the literature and on the market is

also provided, along with their applications and routes of ad-

ministration.
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highest strength, can be dissolved in 250 mL aqueous media

at most, in a pH range of 1–6.8; it is considered highly permea-

ble when the absorption in the human body is >90% relative

to the intravenous (i.v.) administered dose.[8] The expectations

from these four classes regarding in vivo and in vitro correla-

tions are described below, according to Amidon et al.[7]

BCS class I drugs dissolve and absorb quickly, and no rate-

limiting step is expected for oral absorption. For a drug disso-
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lution rate lower than that of gastric emptying, in vitro and in

vivo studies are correlated. BCS class II drugs dissolve slowly

and absorb rapidly, and thus dissolution is the rate-limiting

step. Bioavailability is controlled by dosage form and drug dis-

solution. Consequently, both oral and i.v. administration routes

are privileged. BCS class III drugs dissolve quickly, but their ab-

sorbance is limited, so no in vivo and in vitro correlation is ex-

pected with dissolution rate. In this case, both oral and i.v.

routes can be considered. BCS class IV drugs have low dissolu-

tion rates and low permeability, implying that in vitro and in

vivo correlation is not expected. This class of API is not pre-

ferred for oral administration, and i.v. administration is more

convenient.[7] However, in some cases, the oral administration

route can still be chosen for such BCS class IV APIs as etravir-

ine, by modifying their physicochemical properties.[9, 10] Indeed,

a list of mainly orally administered drugs according to the BCS

has been compiled by Lindenberg et al.[11]

The solid state of a drug can be adapted to optimize its

pharmaceutical properties. Selecting the suitable physical form

of a drug provides a strategic alternative for optimizing physi-

cochemical properties such as chemical and physical stability,

solubility, dissolution rate, and bioavailability. Those strategies

are mainly applied for drugs with low solubility such as BCS

class II drugs. In the pharmaceutical research field, polymorphs,

solvates, amorphous solids, salts, and co-crystals are good ap-

proaches toward increasing drug solubility, especially decreas-

ing the required dosage of API in question. Moreover, nano-

crystals may increase API loading in a given formulation with

enhanced solubility properties. This review details the various

solid forms encountered in the pharmaceutical sciences.

3. Solid Forms and Their Implications on Physi-
cal, Chemical, Pharmaceutical, and Biopharma-
ceutical Properties

When the external environment cannot provide sufficient

energy to a given system, translational movements of the mol-

ecules in the system are limited. As a result, particles tend to

organize themselves by forming a lattice in order to minimize

the internal energy of the system. The compound is then in

the crystalline state, which is the ordered form of matter,

whereas in the amorphous state, there is no explicit range

order. Various crystalline structures can be used in the pharma-

ceutical sciences to improve drug properties.[12]

Polymorphism, first introduced by McCrone in 1965,[13] then

by Lamy and Rosenstein in 1969,[14] is the ability of a given

compound to exist in several crystalline solid states.[15,16] There-

fore, polymorphs contain molecules of a single chemical

nature. The term packing polymorphism is used when differen-

ces in crystal packing are observed: molecules are in the same

molecular arrangement, but are grouped differently in three-di-

mensional space. Conformational polymorphism is used to de-

scribe crystal forms that consist of molecules with different

conformations packed in several arrangements.[17] In pharma-

ceutical sciences, most drugs exhibit polymorphism;[18] howev-

er, the most stable form is recommended to ensure reproduci-

bility of the product formulation and stability throughout its

lifespan.[19] Indeed, the polymorphism may have an influence

on powder flow, compactibility, physicochemical stability, and

the dissolution rate of raw material.[20] A well-known example

is ritonavir, an anti-retroviral drug used to treat HIV-1 infection.

Approved in 1996, it was removed from the market in 1998 be-

cause of its tendency toward polymorphism. Indeed, crystals of

a new polymorph were discovered in i.v. bags, and exhibited

lower solubility than the initially prepared form.[21] As a matter

of fact, the lower the stability of a given polymorph, the

higher its solubility.[22] Therefore, to enhance drug bioavailabil-

ity, one can increase its solubility by stabilizing the kinetically

metastable polymorph of a given API. However, such systems

are sensitive to external stimuli such as pH, temperature, radia-

tion, and pressure variations.

Solvates are solid crystals with solvent molecules (e.g. , etha-

nol, ethyl acetate) included in the lattice structure.[23] It has

been demonstrated that an organic compound with high poly-

morphism abilities also has a high propensity to form sol-

vates.[24] In the case of one or more water molecules as solvent,

solvates are known as hydrates, whereas compounds with no

water in crystallization are called anhydrates. Around 33% of

APIs form hydrates,[25] which can be mono- or poly-hydrated

according to the number of water molecules embedded in the

crystal lattice.[26] Hydrates can be divided into three categories:

crystalline hydrates based on their structure (Class I, when the

water molecule interacts only with the main molecule; class II,

when channels of water molecules are present throughout the

crystal structure; and class III, when metal ions of the crystal

structure are coordinated with water). Interestingly, a hydrate’s

solubility depends on its hydration state. With some drugs

such as azithromycin, hydrates are more soluble than the cor-

responding anhydrate, and with other drugs it is the reverse.[27]

Consequently, it is important to evaluate the capacity of a

pharmaceutical raw material to form hydrates during its manu-

facture or storage, and also to establish its relative stability

against relative humidity.[28]

Salt crystals are usually formed when drugs bear ionizable

groups. Salts have been used to modify the physical and

chemical properties of a drug. Formation of a salt improves

drug solubility and therefore bioavailability. The nature of the

host molecule (anions or cations) can alter salt solubility and

Figure 1. Biopharmaceuticals Classification System.
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overall properties. A study carried out by Jamaludin et al. com-

pared the solubility of various salts of quinine. Given its neutral

taste, the authors recommended the quinine ethyl carbonate

salt for treating children with malaria, as opposed to the

bitter-tasting quinine hydrochloride and quinine sulfate.[29]

Co-crystal formulation is a more recent approach to im-

prove drug physicochemical properties. This results in the

combination of two or more neutral substances tied together

in a unique crystal lattice.[30,31] Like the solid forms mentioned

above, co-crystals may improve solubility and bioavailability

according to the nature of their constituents.[32] Drozd et al.

studied the co-crystal structures of the anti-tuberculous drug

4-aminosalicylic acid (PASA), and observed that the solubility

increased twofold with PASA-pyrazinamide (PYR), PASA-nicoti-

namide (NAM), PASA-isonicotinamide (iNAM), PASA-isoniazid

(INH), and PASA-caffeine (CAF) co-crystal forms, in comparison

with the intrinsic solubility of the pure form.[33] Nevertheless,

co-crystal forms may also decrease pure drug solubility, as

PASA-theophylline (TPH) lowers PASA solubility by approxi-

mately twofold.[33] This has been also evidenced by, for exam-

ple, the work of Grossjohann et al. with the benzamide (BA)–

dibenzyl sulfoxide (DBSO) 1:1 co-crystal, embedding the poorly

water soluble DBSO with the more soluble BA. For both BA

and DBSO components, the co-crystal solubility was lower

than that of the pure components and to an equimolar physi-

cal mixture.[34]

Polymorphs, solvates, salts, or co-crystals (Figure 2) can be

the outcome of a design to enhance drug properties, but

under no circumstances can the solubility, dissolution rate, and

bioavailability be precisely predicted for drug combinations

with host molecules, counter-molecules and so forth. As men-

tioned above with some examples, such solid forms can jeop-

ardize drug quality owing to their relative stability in presence

or absence of eventual host molecules. To avoid these issues,

the approach of drug amorphization can be considered a

better way to enhance API bioavailability.

The solid state of amorphous drugs is thermodynamically

unstable, as amorphous compounds display a random organi-

zation of molecules. Due to the higher free energy of amor-

phous forms over crystalline forms, the former are more meta-

stable, implying better solubility of amorphous pharmaceuti-

cals.[35] Indeed, an amorphous form dissolves more rapidly than

the crystalline form because of stronger intermolecular forces

and a higher degree of molecular organization in the latter.[36]

Despite their advantages in solubility and dissolution rate,

amorphous forms have limited use in the pharmaceutical field

as it is difficult to prevent their crystallization. Vasanthavada

et al. studied the behavior in amorphous molecular dispersions

of trehalose–dextran and trehalose–poly(vinylpyrrolidone) from

returning to crystalline state in storage; the two dispersions

were exposed to storage conditions of 23, 40, and 50 8C at

75% relative humidity and 23 8C at 69% relative humidity, re-

spectively. It was found that neither of these two dispersions

crystallized over the course of six months in storage.[37] The

advent of novel techniques to enhance the stability of amor-

phous forms has improved the odds of their use in pharma-

ceutical formulations. The two following tables list some exam-

ples of marketed products for which the API (Table 1) and the

API/excipient mixture (Table 2) are in the amorphous state.[38]

Hence, other approaches are required to enhance drug proper-

ties for pharmaceutical purposes.

4. Decreasing Drug Size: an Approach to
Improve Bioavailability, Dissolution, and
Solubility

4.1. Large- and small-scale methods for decreasing solid

dispersion size

4.1.1. Spray drying

Spray drying is a technology for developing solid drug disper-

sions from a liquid by atomization through an atomizer into a

hot drying gas medium. This is followed by evaporation of the
Figure 2. Various solid-state crystal forms for compounds of pharmaceutical

interest.

Table 1. Non-exhaustive list of amorphous active pharmaceutical ingredi-

ents on the market.

Trade name Drug FDA approval

Accolate⇠ Zafirlukast 1999

Accupril⇠ Quinapril hydrochloride 1991

Ceftin⇠ Cefuroxime acetyl 1994

Crestor⇠ Rosuvastatin calcium 2003

Viracept⇠ Nelfinavir mesylate 1996

Table 2. Non-exhaustive list of amorphous solid dispersions[a] on the

market.

Trade name Drug FDA approval

Intelence⇠ Etravirine 2008

Fenoglide⇠ Fenofibrate 1993

Gris-PEG⇠ Griseofulvin 1959

Sporanox⇠ Itraconazole 2001

Kalydeco⇠ Ivacaftor 2012

Kaletra⇠ Lopinavir/Ritanovir 2000

Cesamet⇠ Nabilone 1985

Progral⇠ Tacrolimus 2000

Rezulin⇠ Troglitazone 1999

Isoptin⇠ Verapamil 1982

Zelboraf⇠ Verumafenib 2017

[a] Solid dispersion stands for solid mixtures of API/excipients (mostly

polymers).
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mist and appearance of the solid phase, which is separated

thanks to the moist air. The shape and size of the solid parti-

cles depend on the atomized product and the drying condi-

tions, such as temperature, pressure, and humidity.[39] Spray

drying imparts precise control of the solid particle characteris-

tics. Thanks to easy scale-up and an inexpensive process, this

solvent-based technology is one of the most frequently used

for amorphous solid dispersions.

4.1.2. Solvent evaporation vs. hot-melt extrusion

The solvent evaporation methods were developed for mixing

drugs and surfactants that can endure heating. This technique

consists of dissolving drug and surfactant in a solvent followed

by evaporation under vacuum or at standard pressure and

temperature, to recover a solid dispersion. The main drawback

of the solvent evaporation method is the use of organic sol-

vents, which can be found in the final solid dispersion. There-

fore, if the drug can resist the heat process, a hot-melt extru-

sion would be preferred over solvent evaporation. The latter

method is a likely source of cytotoxic residues in the final

product, which could, incidentally, change the properties of

the resulting solid dispersion. Indeed, for pharmaceutical appli-

cations, organic solvents should be nontoxic or avoided alto-

gether. The hot-melt extrusion technique is therefore a ’green’

technology that allows extrusion and melting of pharmaceuti-

cal materials under high temperature and pressure. This

method enables mixing of the ingredients in a new solid dis-

persion amorphous matrix, after cooling the system.[40]

4.1.3. Freeze drying

Freeze drying or lyophilization is another solvent-based

method; the only difference from solvent evaporation is that

the carrier/surfactant and the drug are dissolved in an organic

solvent, then frozen under a cold atmosphere, generally liquid

nitrogen. A major advantage of freeze drying is the minimal

exposure time of drug/carrier to heat; this minimizes thermal

stress and phase separation during the process. The main dis-

advantage is that volatile compounds can be removed under

vacuum.[41]

4.2. Micronization

Another way to improve drug properties without changing the

chemical nature of the systems, such as salts and solvates, is to

decrease the diameter of particles. The dissolution rate of a

compound increases with surface area.[42] Still, for drugs with

very low solubility, the micronization approach can promote

solubility and therefore drug bioavailability. Conventional me-

chanical technologies used to micronize particles are jet mill-

ing, ball milling, and high-pressure homogenization.

4.2.1. Jet milling

This principle is based on the fragmentation of particles by

high-speed collision in a pressurized medium. A high-pressure

fluid (N2, CO2, air) is forced through dispersion holes where its

expansion converts the pressure into kinetic energy, promoting

collisions between particles at very high speed, which produ-

ces the fragmentation. Djokić et al. investigated the influence

of the jet-milling approach on the physicochemical characteris-

tics of carbamazepine III. This survey highlighted the impact of

injector and ring nozzle diameters, as well as the applied pres-

sure on particles size. Although jet milling is effective at im-

proving dissolution rate, every parameter should be precisely

monitored to ensure the appropriate drug properties.[43]

4.2.2. Ball milling

Ball milling commonly consists of a cylindrical crushing system

that is used for size reduction of powders in a wet or dry envi-

ronment.[44] The rotating crushing cylinder is filled with ceramic

or stainless-steel balls falling on powders to produce a homo-

genous solid dispersion with enhanced bioavailability and dis-

solution rate. For powders, the minimum particle size that can

be realized with conventional milling is ~2–3 mm, otherwise,

wetting conditions are more suitable for scaling down particle

size to below these values. Tanaka et al. were able to achieve a

17.1 mm particle size for probucol powder.[45] Then, using wet-

milling with zirconia beads at a rotation speed of 12 msˇ1

combined with dispersing surfactants such as vitamin E-TPGS,

Poloxamer 338, Gelucire⇠, the probucol particle sizes decreased

to 77–176 nm to form a novel drug delivery system known as

nanocrystals.

5. Nanocrystal Physical Properties

The micronization approach is not efficient enough for drugs

that are highly hydrophobic, which represent 70% of new

drug candidates.[6] Therefore, a way to decrease particles fur-

ther to the nanometer scale is required. Nanocrystals are an

auspicious approach to enhance drug bioavailability by reduc-

ing particle size.[46] Nanocrystal technology can therefore be

considered either as an alternative to other solid-state prepara-

tion methods, or as a complementary approach for the solid

forms presented in Section 3 above, depending on the choice

of the nanocrystal production method.

5.1. Impact of particle size on solubility properties

The Kelvin equation [Eq. (1)] can be applied to the nanocrystal

dissolution pressure taking into consideration its surface ten-

sion in solution. Decreasing the nanocrystal size increases the

curvature, hence the dissolution pressure, Pr. As shown in the

equation, Pr becomes substantial when the particle size is

within the nanometer range:

ln
Pr

P1

✓ ◆

¼
4gM

dnpRT1

✓ ◆

ð1Þ

Here Pr and P1 are the dissolution pressures of the nanocrystal

and an infinitely large nanocrystal, respectively ; g is the surface
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tension in Nmˇ1, M is the molecular weight of the nanoparti-

cles in gmolˇ1, dnp is the particle diameter in m, R is the gas

constant in JKˇ1molˇ1, T is the temperature in Kelvin, and 1 is

the nanocrystal density in gmˇ3.

The saturation solubility is also governed by Ostwald–

Freundlich equation [Eq. (2)] , which highlights the difference in

solubility between different particle sizes. In particular, it im-

plies a greater saturation solubility as the radius of the particle

becomes smaller :

log
Cs

Ca

✓ ◆

¼
4sV

2:303⇥ RT1dnp

ð2Þ

Here Cs is the saturation solubility, Ca is the solubility of a large

particle, s is the interfacial tension, V is the molar volume of

the nanocrystal (mˇ3molˇ1), R is the gas constant (JKˇ1molˇ1),

T is the temperature (K), 1 is the particle density (gmˇ3), and

dnp is its diameter (m).

An enhancement in saturation solubility provides a high

concentration gradient, fostering permeation and absorption

through the gastrointestinal membrane and blood by passive

diffusion.[47]

5.2. Impact of particle size on dissolution rate

The dissolution rate can be determined by the Noyes–Whitney

and Prandtl equations [Eqs. (3) and (4), respectively] .

dm

dt
¼ S

D

d

✓ ◆

Csˇ Cpð Þ ð3Þ

Here dm/dt is the dissolution rate (kgm2 sˇ1), S defines the sur-

face area of the particle (m2), D is the coefficient of diffusion

(msˇ1), d is the thickness of the hydrodynamic boundary layer

(m), Cs is the saturation solubility (kg or molLˇ1), and Cp is the

concentration surrounding the particle (kg or molLˇ1).

Notably, the intrinsic dissolution rate is the dissolution rate

normalized to the specific surface of the system. Moreover, the

size reduction of nanocrystals leads to a decrease in the diffu-

sional distance d, as shown in Figure 3, and thus, according to

Equation (3), to a better dissolution of particles.

The diffusional distance d, related to the hydrodynamic

boundary layer h, is correlated to the nanoparticle size owing

to the Prandtl equation [Eq. (4)] .[48] Bisrat and Nystrçm used

the Prandtl boundary layer equation to clarify the effect of hy-

drodynamic boundary layer thickness h of flowing particles on

their dissolution rate. Their research showed that size diminu-

tion of solid dispersions in solution under stirring decreases

the particle surface in the flow direction, including a decrease

in the liquid flow velocity near the nanoparticles:[48,49]

h ¼ c
L

V

✓ ◆

1
=2 ð4Þ

Here, h is the thickness of the hydrodynamic boundary layer, c

is a constant parameter, L is the size of the particle surface in

the flow direction, V is the velocity of the flowing liquid neigh-

boring the particle.

Liversidge and Cundy revealed that nanocrystallization of

danazol improves its saturation solubility and bioavailability

properties.[50] Three formulations—danazol nanocrystals

(169 nm) produced by wet milling, a danazol–hydroxypropyl–

b-cyclodextrin (HPB) complex, and a conventional microcrystal

suspension of danazol (10 mm)—were orally administrated at a

dose of 3 mgkgˇ1 to fasted beagle dogs. The results showed

the following bioavailability values: 82.3⌃10.1% for danazol

nanocrystals, 106⌃12.3% for danazol nanocrystals–HPB com-

plex, and only 5.1⌃1.9% for danazol microcrystals, indicating

an improvement in nanocrystal uptake relative to the micro-

crystal suspensions of danazol.[50] Hecq and co-workers also in-

vestigated the dissolution rate of UCB-35440-3 nanocrystals

(600 nm) produced by HPH and UCB-35440-3 microcrystals

using dialysis bag methods. The results clearly showed an im-

provement in dissolution rate for the nanocrystal forms: more

than 95% of the drug was solubilized after one hour compared

with microcrystal forms, for which only 30% of the drug was

dissolved over the same period and complete dissolution was

not observed for the next 12 hours.[51] The same results were

obtained with fenofibrate nanocrystals relative to microcrys-

tals.[52]

6. Nanocrystals Production

The methods presented above in Section 4 can also be applied

to produce nanocrystals ; nevertheless, most of them are rarely

used compared to precipitation, HPH, and milling process-

es.[53–55] Moreover, each nanocrystal preparation technique is

specific for a given active ingredient.

6.1. Precipitation

This process is established on the dropwise addition, under

stirring, of a drug solubilized in a given solvent to another one

in which the drug is unable to be dissolved. The main draw-

back of this method is the irreproducibility, as many parame-

ters must be precisely supervised to obtain reproducible re-

sults, such as addition rate, temperature, solvent nature, and

agitation speed. For this technique the drug must also have

specific physicochemical features that fit the protocol to make

it successful.[56] However, an extended-parameter technique

gives diverse combinations and makes it possible to study the
Figure 3. Comparison of the diffusional distance d for micro- (dm) and nano-

crystals (dn).
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impact on the final material in terms of size and morphology.

With this bottom-up method, the particles obtained are often

smaller than those generated from the top-down approach, in

which a drug must be broken into smaller particles using me-

chanical energy.

6.2. High-pressure homogenization

The three most important technologies for HPH include the

microfluidizer method (DD-PTM technology), the piston-gap

homogenization method in water (Dissocubes⇠), and in-water

mixture (Nanopure⇠).[57] The Dissocubes⇠ tool, engineered by

M¸ller and co-workers at the end of the twentieth century,

was a breakthrough technology.[58] It involves the application

of high pressure (up to 400 MPa) to an aqueous solution in

which the drug is dispersed, creating a significant shear stress

force when the solution passes through a tight gap by means

of a homogenizer piston. The range of the gap homogeniza-

tion covers 5–20 mm and must be chosen according to the vis-

cosity of the solution, and obviously, the process pressure. The

decrease in the section from centimeter to micrometer increas-

es the dynamic pressure and decreases the static pressure

under the boiling point of the continuous medium at ambient

temperature. Gas bubbles are thus formed under pressure,

which then burst, generating a high shear force that allows

the decrease of particle size in solution.

The use of water as a dispersant solution may hydrolyze

water-sensitive drugs and create abundant foam.[57] Another

method that uses the piston-gap homogenizer is Nanopure⇠

technology. This consists of homogenization of the drug dis-

persed in non-aqueous medium at low temperature (close to

0 8C) and even below its freezing point. The applied pressure is

low, preventing cavitation phenomena. The particle size dimin-

ution is still acceptable, below 1 mm.[59,60] Only few studies in

synthesizing nanocrystals have been reported using piston-gap

homogenization technologies; generally microfluidizer technol-

ogy is preferred.[61,62] Microfluidizer technology uses a high-

pressure pump that generates pressures up to 250 MPa to

narrow the particles in suspension by frontal collision in an in-

teraction chamber, then the final solution is recovered in an

outlet reservoir. A high number of cycles (50–100) is recom-

mended in order to effect a sufficient decrease in particle size;

this also depends on the hardness of the particle. Indeed, the

disadvantage of this method is the high amount of heat re-

leased, that may chemically denature the formulation.[63]

6.3. Ball milling

As introduced in Section 4.2.2 above, ball-milling tools allow

one to decrease particle sizes to the micro- and nanometer

scales. For nanocrystal formulations, milling times longer than

the grinding time necessary for microcrystal preparation may

decrease the drug crystallinity due to partial or total amorphi-

zation. The latter phenomenon has been reported by Dai et al.

for meloxicam nanocrystals.[64]

7. Nanocrystal Overview

There are many published examples in which precipitation,

HPH, and ball-milling methods were used. Even if the defini-

tion of a nanocrystal is not well harmonized in the literature,

Table 3 shows an overview of the smallest drug nanocrystals

manufactured with these technologies using stabilizers. The

choice of stabilizer is essential, as it influences nanocrystal size

and shape. Once nanocrystal growth is stopped, the stabilizer

is strongly bound to the nanocrystal surface, giving it its solu-

bility in a wide range of solvents. Surfactants must be used for

both the synthesis of nanocrystals and long-term stability

during storage.

7.1. Drug nanocrystals on the market

Drug nanocrystals have been investigated since the 1990s. Cur-

rently, there are more nanocrystal formulations on the market

than in clinical trials (Tables 4 and 5). In October 2017, Endo

Pharmaceuticals achieved a phase 2 clinical trial of Megace ES⇠,

investigating weight gain in HIV-positive patients. Currently,

one phase 2 clinical trial is studying the pharmacokinetics of

various particle sizes of rilpivirine in healthy adults, despite the

fact that no studies have given clear evidence of the crystal

nature of rilpivirine in solution.

8. Administration Routes of Primary
Nanocrystals

8.1. Oral delivery

As mentioned above, a poorly water-soluble and highly perme-

able drug can be classified as a BCS class II drug. The low oral

bioavailability results in low concentrations of the drug in

blood, thus minimizing the odds of addressing the target

tissue or organ. Drug absorption in the gastrointestinal tract

(GIT), more precisely through the gastrointestinal epithelium, is

a challenge if the drug is not dissolved. To address this issue,

nanocrystal formulation has beneficial effects on oral drug de-

livery, such as imparting the same bioequivalence regarding

the fed or fasted state.[175] Moreover, Chen et al. showed that

the formulation of schisantherin A (SA) nanocrystals (160 nm),

orally administered to rats at 4 mgkgˇ1, improved its solubility

and pharmacokinetic profile. In that case, the concentration of

SA nanocrystals accumulated in the plasma was 6.7-fold higher

than the SA suspension alone after oral administration.[176] An-

other study conducted by Hanafy et al. arrived at a similar con-

clusion with a formulation of fenofibrate nanocrystals com-

pared with a fenofibrate microsuspension orally administered

at 100 mgkgˇ1 to rats. The fenofibrate nanocrystals showed

bioavailability enhancements (Cmax=222.7⌃21.9 mgmLˇ1) two-

fold than those of the microcrystals suspension (Cmax=96.9⌃

62.4 mgmLˇ1).[114] The efficacy of nanocrystal formulations can

be explained by better saturation solubility and dissolution

rate properties. When drugs are delivered in the nanocrystal

form, a significant drug concentration gradient between the

GIT and systemic circulation is present, enhancing drug bio-
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Table 3. Examples of pharmaceutical drug nanocrystals prepared by common wet ball milling (WBM), anti-solvent precipitation (ASP), high-pressure ho-

mogenization (HPH), and spray drying (SD).

Drug Type Technology Stabilizer Particle

size [nm]

Ref.

1,3-Dicyclohexylurea Anti-ischemic WBM Polysorbate 80 800 [65]

Acecoflenac Anti-inflammatory ASP PVP-K30/HPMC-E5/SLS 112–930 [66]

Albendazole Anthelmintic HPH Poloxamer 188 415 [67]

ALS-3 Treatment for amyotrophic lateral sclerosis WBM/SD Poloxamer 188/PVPK30/HPMC 300 [68]

Amoitone B Antitumor HPH Mannitol 275⌃8 [69]

Amphotericin B Antibiotic HPH None 528 [70]

Aprepitant (MK-069) Anti-nausea/Anti-vomiting WBM With surfactant 120 [71]

Aripripazole Antipsychotic ASP HPMC-E5/Poloxamer 188 450–500 [72]

Ascorbyl palmitate Antioxidant/Vitamin C derivative HPH Sodium dodecyl sulfate (SDS) 365 [73]

Polysorbate 80 348

Asulacrine Antitumor HPH Poloxamer 188 133⌃20 [74]

Avanafil Erectile dysfunction ASP Poloxamer 188/Polysorbate 80 128–4868 [75]

AZ68 Anti-schizophrenia WBM PVD/Disodium salt 125⌃30 [76]

Azithromycin Antibiotic HPH Poloxamer 188/Polysorbate 80/Lecithin 400 [77]

Baicalin Anxiolytic HPH Polysorbate 80/Poloxamer 188/Poloxamer 407/

TPGS

200–500 [78]

Bexarotene Antineoplastic ASP/HPH Poloxamer 188/Lecithin 200 [79]

Breviscapine Anti-inflammatory ASP/FD[a] Poly(lactic-co-glycolic acid) 239 [80]

Budenoside Anti-inflammatory ASP Mannitol 440 [81]

Poloxamer 188 259 [82]

HPH Lecithin/Polysorbate 85/Tyloxapol/Cetyl alcohol 599 [83]

/ 75 up to 300 [84]

/ <1 mm [85]

Bupravaquone Antibiotic HPH Poloxamer 188/Lecithin 601 [86]

Camptothecin Antitumor WBM Poloxamer 338 202⌃30 [87]

ASP / 250 [88]

Polydopamine 80–150 [89]

Candesartan cilexetil Anti-ischemic WBM Poloxamer 338 128 [90]

Celecoxib Anti-inflammatory HPH Polysorbate 80 320 [91]

PVP/SDS 360

Cilostazol Anti-platelet WBM Hydropropyl cellulose/Docusate sodium 260 [92]

HPH HPMC (Methocel E15) 500 up to

>1000

[93]

WBM Hydropropyl cellulose/Docusate sodium 220 [94]

Cinnarizine Antiallergic/Antihistaminic WBM TPGS 366⌃12 [95]

TPGS/HPMC 430 up to

<1000

Clofazimine Antibacterial HPH Poloxamer 188/Phospholipon/Sodium cholic acid/

Mannitol

650 [96]

/ 420 [97]

Curcumin Antitumor/Antioxidant WBM Polysorbate 80 924 [98]

ASP/HPH / 199 [99]

WBM Leucine 125 [100]

Cyclosporin Anti-inflammatory/Immunosuppressant WBM Poloxamer 188 213 [101]

WBM/HPH Sodium cholate 962 [102]

Danazol Anti-endometriosis HPH Poloxamer 407 300 [103]

WBM Polyvinyl pyrrolidone-K25 169 [50]

Darunavir Anti-HIV WBM/ES[b] Polysorbate 80/Poloxamer 188/Poloxamer 407/

TPGS

295–1327 [104]
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Table 3. (Continued)

Drug Type Technology Stabilizer Particle

size [nm]

Ref.

Dexamethanose Anti-inflammatory HPH Poloxamer F188 930 [105]

WBM 370 [106]

Diclofenac Anti-inflammatory HPH Poloxamer 188 <800 [107]

WBM 279⌃8 [108]

Docetaxel Antitumor HPH Lecithin/DSPE-PEG2000 204 [109]

Lecithin/DSPE-PEG2000/DSPE2000-FA 221

ASP Poloxamer 407 383 [110]

Doxorubicin Anticancer ASP DSPE-PEG200 5 [111]

Efavirenz HIV therapy ASP PVP K30/Lutrol F127 F128 161–5267 [112]

Fenofibrate Lowering triglycerides HPH Poloxamer 188/PVP K30 356 and 194 [113]

Vitamin E/TPGS 340 [114]

ASP Polysorbate 80/Polyethylene glycol/PVP K30/Traga-

canth

>1000 [115]

Hydrogel 200–400 [116]

Glibenclamide Antidiabetic ASP Poloxamer 188 429 [117]

Griseofulvin Antifungal WBM Tocopherol polyethylene glycol 1000 succinate 256⌃1 [118]

Hesperetin Antitumor HPH Polysorbate 80 346⌃30 [119]

Poloxamer 188 301⌃17

Plantacare 2000 304⌃30

Inutec SP1 304⌃40

WBM/HPH Polyethylene glycol 30 200 [120]

HPPH Antitumor ASP / 100⌃20 [121]

Hydrocamptothecin Antitumor PU[c] Fetal calf serum 168⌃3 [122]

HPH Lipoid S75/Poloxamer 188 283⌃5 [123]

Lipoid S75+Solutol⇠ 316⌃13

Poloxamer 188 345⌃17

Lipoid S75 365⌃3

Hydrocortisone Anti-inflammatory WBM PVP/HMPC/Polysorbate 80 295⌃32 [124]

HPH Poloxamer 338 539 [125]

Ibuprofen Anti-inflammatory ME[d] Polysorbate 80 175 [126]

Indomethacin Anti-inflammatory HPH Polyvinyl pyrrolidone-K25 80⌃10 [127]

Poloxamer 407 170⌃30

WBM Poloxamer 188 970⌃30 [128]

Itraconazole Antifungal WBM Poloxamer 407 550⌃20 [128]

Poloxamer 338 128 [90]

HPH Polysorbate 20 677⌃53 [129]

SF[e] Polysorbate 80/Poloxamer 407 200 up to

1000

[130]

ASP Poloxamer 407 267 [131]

Ketoconazole Antifungal WBM Poloxamer 188/PVP K-30/Hydroxypropyl methylcel-

lulose

164 [132]

Hydroxypropylcellulose/TPGS 147 [133]

Ketoprofen Anti-inflammatory WBM SDS 265 [134]

Loviride Antiviral WBM Polysorbate 80/Poloxamer 188 156 [135]

Tocopherol polyethylene glycol 1000 succinate 156⌃2 [118]

Lutein Prevention of age-related macular degener-

ation

ASP SDS/Soy phosphatidylcholine 377 [136]

Mebendazole Anthelmintic WBM Tocopherol polyethylene glycol 1000 succinate 190⌃2 [118]
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Table 3. (Continued)

Drug Type Technology Stabilizer Particle

size [nm]

Ref.

Mefenamic Anti-inflammatory ASP Hydroxypropylcellulose 106 [137]

DOSS 312 [138]

Meloxicam Anti-inflammatory ASP Polysorbate 80/Poloxamer 188/Poloxamer 407 180 [139]

Methyltryptophan Tryptophan-catabolizing enzyme inhibitor ASP Poloxamer 188/TGPS 150 up to

1400

[140]

Miconazole Antifungal WBM Poloxamer 188/Poloxamer 407 355 [141]

Monosodium urate Immune regulator ASP DMEM 10% 26–137 [142]

MTKi-327 WBM Antitumor WBM Poloxamer 338/Lipoid S75/Glucose 195⌃6 [143]

Naproxen Anti-inflammatory WBM Chitosan 250⌃60 [144]

Poloxamer 188 270 [145]

TPGS/HPMC 370⌃60 [95]

Nimodipine Anti-inflammatory/Anti-ischemic HPH Poloxamer 188/Sodium cholic acid/Mannitol 650 [146]

Mannitol/Maltose 159/503/833 [147]

Nisoldipine Calcium channel blocker WBM/JM[f] PVP-K30/HPMC-E5/SDS 240–1227 [148]

Olmesartan medoxo-

mil

Angiotensin II receptor antagonist ASP/HPH TPGS/Polysorbate 80 140 [149]

Omeprazole Anti-inflammatory HPH Poloxamer 188 500 [150]

Oridonin Antitumor HPH Polyvinyl pyrrolidone-K25/Lecithin 913 [151]

Poloxamer 188 897⌃14 [152]

HPH/WBM Poloxamer 188/Lecithin 103⌃2 [153]

Paclitaxel Antitumor ASP Transferrin 303 [154]

Polysorbate 80 5 [155]

Poloxamer 407/DOSS 194 [156]

Poloxamer 407 150 up to 200 [157]

Cyclodextrin 263 [140]

Poloxamer 127 200 [158]

3PNET[g] TPGS 150 [159]

Poloxamer 407 122 [160]

HPH DOTAP 160⌃10 [161]

EPAS[h] TPGS 135 [162]

WBM Chitosan 330⌃90 [144]

Poloxamer 407 279 [87]

PIK-75 Antitumor HPH Poloxamer 188 (nontargeted) 182 [163]

Poloxamer 188-folic acid (targeted) 161

Piposulfan Antineoplastic WBM Polysorbate 80 210⌃38 [105]

Prednisolone Anti-inflammatory HPH Poloxamer 188 211 [105]

Pueranin Antitumor HPH Lecithin/HPMC 481⌃23 [164]

PX-18 Neuroprotectant HPH Polysorbate 80 40–980 [165]

Resveratrol Antioxidant HPH Polysorbate 80 203⌃20 [166]

Poloxamer 188 153⌃40

Plantacare 2000 169⌃20

Inutec SP1 216⌃30

WBM Poloxamer 188 304⌃3 [167]

Polysorbate 80 225⌃35

Riccardin Antitumor EPAS[h] Poloxamer 188/PVPK30/HPMC 184 [168]

HPH Poloxamer 188/PVPK30/HPMC 815

RMKK98 Anti-inflammatory HPH Poloxamer 188/Polysorbate 80/Sodium cholate 913 [169]

RMKP22 Antitumor HPH Polysorbate 80/Glycerol 502 [58]

Rutin Antioxidant/Anti-inflammatory HPH Polysorbate 80/Poloxamer 188 721 [170]

Silybin Antitumor HPH Lecithin/Poloxamer 188 127 up to 642 [164]

Simvastin Lowering cholesterol HPH Polyvinyl pyrrolidone-K25 360⌃30 [127]

Poloxamer 407 1140⌃6
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availability in the bloodstream (Figure 4). This explains, for in-

stance, why the dose of fenofibrate can be decreased by 18%

in marketed tablets of nanocrystals for the same bioequiva-

lence of micronized fenofibrate.[57,177]

In addition to the capacity of nanocrystals to cross the gas-

trointestinal epithelium, other research has shown that the en-

hanced bioavailability of nanocrystals comes from inhibition of

P-glycoprotein (P-gp) in the apical membrane.[178, 179] More pre-

cisely, P-gp-mediated efflux is decreased by surfactants in the

nanocrystal formulations. P-gp-driven efflux across the apical

membrane can disrupt the rate and amount of drug traversing

the basolateral membrane and into the bloodstream. Apte

highlighted some common surfactants that impact P-gp-medi-

ated efflux and thus drug uptake; surfactants with an optimal

hydrophilic/lipophilic balance give better P-gp inhibition than

surfactants that are hydrophobic.[180] For drug nanocrystals,

studies are still required to determine the uptake pathway and

the main properties that affect it. However, many studies have

been carried out on metallic nanoparticles to understand the

Table 3. (Continued)

Drug Type Technology Stabilizer Particle

size [nm]

Ref.

Spironolactone Treatment of fluid retention HPH Polysorbate 80/Water 400 [171]

Tarazepide Antiplasmodial HPH Poloxamer 188/Polysorbate 80 400 [172]

UCB-35440-3 Antiallergenic/Anti-asthma HPH HPMC (Methocel E15) 182⌃7 [51]

Polyvinyl alcohol 262⌃54

Acacia gum 407⌃6

Poloxamer 407 183⌃3

UG558 / WBM HPMC (Methocel E15) 190 [173]

Ziprasidone Antipsychotic WBM Poloxamer 407 200–1000 [174]

[a] Freeze-drying. [b] Electrospraying. [c] Precipitation ultrasonication. [d] Melt-emulsification. [e] Spray freezing. [f] Jet milling. [g] Three-phase nanoparticle

engineering technology. [h] Evaporative precipitation into aqueous solution.

Table 4. List of marketed nanocrystals.

Trade name Drug Indication Form Route Company FDA approval

Emend⇠ Aprepitant Anti-emetic Pellets Oral Merck 2003

Invega Sustenna⇠ Paliperidone palmitate Antipsychotic Suspension i.v. Janssen 2009

Megace ES⇠ Megestrol Anti-anorexic Suspension Oral Par Pharmaceutical Companies 2005

Tricor⇠ Fenofibrate Hypercholesterolemia Pellets Oral Abbott 2004

Triglide⇠ Fenofibrate Hypercholesterolemia Pellets Oral Sciele Pharma Inc. 2005

Rapamune⇠ Rapamycin Immunosuppressant Pellets Oral Wyeth 2000

Table 5. List of nanocrystal formulations in clinical trials.

Drug Studies / [Status] Company Route Phase

Rilpivirine Pharmacokinetics of various particle diameters after administration

of long-acting parenteral formulation / [Ongoing]

Janssen R&D Intramuscular 1

Megestrol/Megace ES⇠ Weight gain in HIV-positive patients with weight loss associated

with AIDS-related wasting (anorexia/cachexia) / [Completed 2017]

Endo Pharmaceuticals Oral 2

Figure 4. Nanocrystals induce a higher drug concentration gradient in blood

vessels than microcrystals, leading better absorption of the active pharma-

ceutical ingredient.
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impact of particle size on intestinal epithelial cell internaliza-

tion.[181–183]

8.2. Parenteral delivery

Intravenous injection is recommended when a drug is not ab-

sorbed by the digestive tract or when disease treatments re-

quire i.v. delivery, such as chemotherapy. In oncology, i.v. ad-

ministration is preferred when oral forms present unpredicta-

ble bioavailability or side effects, and also in the case of target-

ed therapies.[184] Additionally, the effectiveness of self-adminis-

tered chemotherapy drugs depends highly on patient

compliance.[185] Given their nanoscale properties, crystal nano-

particles are suitable for parenteral (e.g. , intramuscular, trans-

dermal, intravenous), enteral, pulmonary, ocular, and transder-

mal administration with faster pharmaceutical effect. Indeed,

one of the other advantages of nanocrystal-based drug formu-

lations is that they can be delivered regardless of administra-

tion route, as they are much smaller than the smallest blood

vessel diameter in humans.

Regarding the i.v. route, the carrier system will not have to

pass through the gastrointestinal barrier resulting in higher

bioavailability and reduced dosing. Moreover, i.v. nanocrystal

delivery does not require excess excipient, which can be harm-

ful to the patient. For cases in which drug nanocrystals are

highly soluble in plasma, they can disband before hitting the

target ; thus the nanosuspension will mainly show a solution-

like behavior.[186] Otherwise, whether the nanocrystalline sus-

pension remains poorly soluble, biodistribution following i.v.

injection will be mainly governed by particle shape, size, and

surface properties.

9. Targeted Delivery for Cancer Therapy

A principal issue associated with nanocrystal drug delivery is

difficulty in reaching the target site without increasing nonspe-

cific toxicity. Because the body is composed of sequential barri-

ers, it is easy to understand how drug accumulation is not op-

timal to the target site, causing unwanted biodistribution to

healthy tissues. To address this issue, parameters such as size,

shape, and surface functionalization must be accurately man-

aged.

9.1. Passive delivery

It has been observed that non-functionalized nanoparticles in

the bloodstream cleared rapidly, as they are taken up by the

liver, lungs, spleen, and kidneys. For healthy tissues, the inter-

cellular junctions of the vascular endothelium are tight, which

prevents nanoparticles from entering. In contrast, when tumor

tissues develop, an inflammatory reaction occurs which is char-

acterized by an increase in vascular permeability. This dilation

of the endothelium allows nanoparticles to pass through and

reach cancer tissues by diffusion (Figure 5). This passive target-

ing effect, otherwise known as the enhanced permeability and

retention (EPR) effect, was initially proposed by Maeda and

et al. in 2000.[187]

Studies by Hollis et al. compared the EPR effect between

solubilized and nanocrystal formulations of paclitaxel (PTX)

using human HT-29 colon cancer xenografts in mice, and

found that PTX nanocrystals were as effective as the conven-

tional solubilized formulation, but with decreased toxic ef-

fects.[188] This result supports nanocrystal formulation as a

promising approach for cancer therapies.

However, it has been observed that once administered intra-

venously, nanoparticles gather essentially in the tissues of the

reticuloendothelial system (liver and spleen). This observation

can be explained by the large specific surface area of nanopar-

ticles on which many plasma proteins, especially opsonins, can

adhere. The formation of the protein corona surrounding

nanoparticles relies on size, shape, crystallinity, surface instabili-

ty, hydrophobicity, and electronic states.[189] Following protein

adsorption, nanoparticles are selectively recognized by macro-

phages, then internalized and carried to phagosomes and

fused with lysosomes.[190] Therefore, a balance between all

these parameters is crucial to increase nanoparticle lifespan in

the bloodstream to foster the EPR effect.

Another way to overcome recognition by the mononuclear

phagocyte system is to functionalize the nanoparticle surface

to repel these opsonins. Hence, there will be both a selective

targeting effect as well as an accumulation in the tumor tissues

due to the EPR effect.

9.2. Active delivery

Today, new nanoparticle formulations incorporate the ap-

proach of active targeting, which increases the specificity for a

given site. This strategy involves functionalizing the nanoparti-

cle surface with polymers, proteins, peptides, etc. , which can

be specifically recognized by receptors present on cancer cells.

To understand the impact of such functionalized nanocrys-

tals, Park et al. compared the ability of PTX-coated nanocrystals

with a conventional albumin-based PTX formulation (known as

Figure 5. Illustration of the EPR effect: nanoparticles can shed out into

tumor tissue via endothelial cell junctions.
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Abraxane⇠) to treat B16F10 melanoma in mice. They showed

that PTX nanocrystals with and without albumin have higher

antitumor efficacy than Abraxane⇠ at the same dose.[157] The

use of proteins as stabilizers is an encouraging approach,

given their added capacity to attach to membrane proteins on

tumor cells.[191]

Likewise, nanocrystals coated with selective surfactants or

polymers, such as sodium dodecyl sulfate, hydroxypropylmeth-

yl cellulose, or polyvidone are valuable for improving oral bio-

availability, and such surfactants offer steric hindrance, pre-

venting nanocrystal aggregation and growth.[192,193] In another

study, the surfaces of docetaxel (DTX) nanocrystals were modi-

fied with poly(ethylene glycol) (PEG) (pLNS-DTX) and folic acid

(tLNS-DTX). Wang and co-workers demonstrated that the cyto-

toxicity of tLNS-DTX against B16 cells (folate receptor positive)

was more efficient than pLNS-DTX, inferring that nanocrystal

surface modification is essential to specifically deliver a

drug.[109] Tuomela and co-workers investigated the selection of

suitable stabilizers, their stabilizing effect, their role in final for-

mulations, and difficulties in achieving in vitro and in vivo de-

livery. Their study presented some nanocrystal-API/stabilizer as-

sociation cases, and also looked into the stabilizer outcomes

for higher drug bioavailability.[194]

10. Conclusions

Solubility enhancement of poorly water-soluble drugs is a

major challenge in the pharmaceutical field, as 70% of drugs

exhibit low solubility. Modulation of the solid state of pharma-

ceutical ingredients as function of intermolecular interactions

(e.g. , co-crystallization, polymorphism), chemical modification

(e.g. , solvatomorphism, salt formation), or physical modifica-

tion (e.g. , amorphization, particle size reduction) has afforded

many opportunities to enhance the bioavailability of some

APIs. For a decade, research into nanocrystal preparations for

drug delivery has driven significant growth in the pharmaceuti-

cal field, as it offers several advantages and value. Nanocrystal

formulation is one of the recent techniques developed to im-

prove dissolution rate, solubility, and therefore the bioavailabil-

ity of active ingredients, while increasing drug-loading capaci-

ty. Moreover, nanocrystal formulations can be administrated

through all routes—pulmonary, ocular, transdermal, enteral

and parenteral—and provide better performance in terms of

safety, targeting efficiency, pharmacodynamics, and pharmaco-

kinetics than any other drug formulations. One of the main

drawbacks of nanomedicines is their persistence in the human

body, fostering the risk of toxicity. The outlook regarding the

development of nanocrystals should focus on such undesirable

toxicity, which could be avoided by improvements in targeted

delivery and clearance from the body. To do so, functionalized

nanocarriers may be conceptualized for nanocrystal encapsula-

tion. This would allow prevention of systemic administration of

the API by targeting the diseased tissues. Thus, the drug

would be released with a faster dissolution profile only after

opening of the nanocarrier is triggered. Furthermore, by com-

bining crystallization techniques at the nanoscale level to dif-

ferent solid-state organizations described in this review, we

may drastically improve the bioavailability of APIs for opti-

mized targeted delivery.
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