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Preparation of parenteral 
nanocrystal suspensions 
of etoposide from the excipient 
free dry state of the drug 
to enhance in vivo antitumoral 
properties
Brice Martin1,6, Johanne Seguin1, Maxime Annereau2, Thomas Fleury2, René Lai‑Kuen3, 
Giovanni Neri1, Anita Lam4, Marcel Bally5, Nathalie Mignet1 & Yohann Corvis1*

Nanoparticle technology in cancer chemotherapy is a promising approach to enhance active 
ingredient pharmacology and pharmacodynamics. Indeed, drug nanoparticles display various 
assets such as extended blood lifespan, high drug loading and reduced cytotoxicity leading to 
better drug compliance. In this context, organic nanocrystal suspensions for pharmaceutical use 
have been developed in the past ten years. Nanocrystals offer new possibilities by combining the 
nanoformulation features with the properties of solid dispersed therapeutic ingredients including 
(i) high loading of the active ingredient, (ii) its bioavailability improvement, and (iii) reduced drug 
systemic cytotoxicity. However, surprisingly, no antitumoral drug has been marketed as a nanocrystal 
suspension until now. Etoposide, which is largely used as an anti‑cancerous agent against testicular, 
ovarian, small cell lung, colon and breast cancer in its liquid dosage form, has been selected to develop 
injectable nanocrystal suspensions designed to be transferred to the clinic. The aim of the present 
work is to provide optimized formulations for nanostructured etoposide solutions and validate 
by means of in vitro and in vivo evaluations the efficiency of this multiphase system. Indeed, the 
etoposide formulated as a nanosuspension by a bottom‑up approach showed higher blood life span, 
reduced tumor growth and higher tolerance in a murine carcinoma cancer model. The results obtained 
are promising for future clinical evaluation of these etoposide nanosuspensions.

Nanomedicines have paved the way to new opportunities for therapeutic treatments since biocompatible nano-
size based particles may enhance the overall pharmacological properties of a given drug  substance1, such as 
improved bioavailability and  targeting2, extended  release3, decreased side  effects4, as well as expanding various 
administration  routes5. Since the last decade, parenteral nanocrystal (NC) suspensions of active pharmaceutical 
ingredients (APIs) have emerged for various therapies as it was published by our group as a review 1 year  ago6. 
As far as chemotherapy treatments are concerned, many researches lead to the proof of concept for NC prepa-
ration and stabilization (e.g.  doxorubicin7,  hesperetin8,9,  hydroxycamptothecin10,11,  oridonin12,  paclitaxel13–19, 
 puerarin20,  riccardin21,  silybin20). However, until the present work, no antitumoral drug has been marketed as a 
NC preparation for i.v. administration for cancer  treatments6,22–24. In this study, etoposide (ETO) was prepared 
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for the first time as nanocrystals, using the antisolvent precipitation process. This well-known chemotherapy 
agent is used against deadliest cancers such as lung, breast, colon or testicular  cancer25. ETO inhibits the enzyme 
topoisomerase II which is crucial in controlling the DNA conformational arrangement by generating double-
stranded breaks in the DNA  molecule26. Cell death is induced when sufficient covalent topoisomerase-split DNA 
complexes are formed and stabilized, giving durable DNA strand breaks, switching cells metabolic activity to 
 apoptosis27. In this investigation, agglomerates of ETO NCs were obtained for the first time in a dried powder 
after slow and complete evaporation of the solvent/antisolvent free of stabilizing agent. Then, the nanocrystals 
powder was dispersed and stabilized with Pluronic F-127 aqueous solution, allowing a reduction in the non-
specific interactions with the immune system, enhancing the in vivo performances. Indeed, as soon as NCs are 
injected, the proteins present in the bloodstream start binding to the NC surface to form a protein corona. These 
proteins are acknowledged by the mononuclear phagocyte system (MPS) with rapid clearance of the antigen 
from the blood. In the present study, stabilization of NCs with F-127 provided a PEG coating advantageous to 
reduce macrophage interactions and limit the activation of the immune system at least for a single  injection28–31.

Herein, we report the design, characterization, in vitro and in vivo efficiency of a widely used antitumoral 
drug substance, ETO, formulated as a NC suspension. For many applications, nanocrystallization main features 
have to be apprehended and controlled to properly design optimized NCs regarding morphology, size, thermal 
behavior, stability over time, physical state, dissolution rate and so  forth32. The effects of stabilizing polymer/
drug substance ratio, water/solvent ratio, drug substance concentration and nature of polymer are also discussed. 
Indeed, these parameters are crucial for optimizing NC formulation and  pharmacokinetics33–36. The results have 
been analyzed and compared in order to select the most suitable ETO NC formulation for in vitro and in vivo 
studies. The size and morphology of NCs were further characterized using scanning and transmission electron 
microscopies (SEM, TEM). Differential scanning calorimetry (DSC), Powder X-Ray Diffraction (PXRD) 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 as compared to the marketed product, i.e. 
Toposar. In vitro and in vivo cytotoxicity studies of ETO NCs formulation in comparison with Toposar were 
performed on two cell lines (Carcinoma colon CT26 and 3LL Lewis lung carcinoma cells). The plasma and tis-
sues pharmacokinetics of ETO were performed to determine the fate of the drug after administration in mice. 
Anticancer efficacy of the ETO NCs formulation and Toposar were tested after i.v. injection in a murine colon 
carcinoma model. Tumor volumes and mice survival were followed to determine the response to the anticancer 
treatment. The outcomes in this study evidenced that the delivery of ETO NC suspension, stabilized with merely 
F-127 0.2% w/v, achieved a better anticancer efficacy in comparison to the marketed product containing high 
quantities of ethanol and polymer, namely polyethylene glycol 300 (PEG 300; concentration: 3.25% w/v).

Results
Design and characterization of the nanocrystalline etoposide. The antisolvent precipitation tech-
nique has been adapted for ETO nucleation optimization (Fig. 1a). The solvent/antisolvent volume ratio, API/
excipient mass ratio, and the nature of the surfactant were studied to engineer an ideal NC preparation for in vivo 
evaluation following systemic injection (Figs. S1, S2 and Table S1 of Supplementary Information). Contrary to 
conventional NC preparations, the FDA-approved stabilizing agent Pluronic F-127, has been introduced after 
complete solvent evaporation (Fig. 1a). Physicochemical screening studies of the NC suspensions allowed fix-
ing the optimal ETO/F-127 molar ratio at 11.4 (i.e. 2.5 mg ETO, 5 mg F-127) with the lowest excipient quantity. 
The characterization by SEM and TEM of the size and morphology of ETO NCs were verified before and after 
redispersion in water. SEM images show raw ETO powder (Fig. 1b, scale bar 10 µm) compared to ETO powder 
after the solvent/antisolvent evaporation, i.e. before redispersion (Fig. 1c, scale bar 5 µm). As expected, raw ETO 
presented particles in the micrometer range (> 10 µm) in comparison with the ETO powder obtained prior to 
the redispersion which presented agglomerates of nanoparticles of 1 µm or lower confirming the size reduction 
of ETO after the antisolvent precipitation process. The accurate size of ETO NCs cannot be observed with SEM 
because of nanoparticle agglomeration. Agglomerates of nanoparticles were also observed with fenofibrate stud-
ied by Li et al.37. Regarding the morphology of ETO, NC agglomerates exhibited both rod and polyhedral shapes 
with a predominance for the polyhedral form. As for the raw ETO particles (Fig. 1b), most of them have a rod-
like shape with a length up to 30 µm and width up to 10 µm, which tag these particles as microcrystals (MCs). 
Notably, NCs were originally precipitated and dried without surfactant to obtain a free-stabilizer powder to open 
up possibilities concerning the NCs self-sheathing. We prioritized the use of a stabilizer during the redispersion 
only to (i) allow a long-term storage of the raw material as NCs API, and (ii) limit the amount of excipient in 
the final product formulation. Therefore, the coating of the NCs was obtained during the redispersion process 
to prevent the NCs from agglomeration for a convenient active delivery nanosystem for the in vivo experiments. 
Dry ETO NC obtained after redispersion in F-127 0.08% w/v aqueous solution (Fig. 1d) was then imaged by 
TEM to emphasize the difference between the ETO NC powder and the coated ETO NC. One can argue that in 
solution, the dispersed NCs are more uniformly reduced to nanosize particles in the range of ~ 100 nm (Fig. 1d); 
rod and polyhedral morphologies could still be observed. Liu et al. had similar shapes for indomethacin and 
itraconazole NCs obtained by wet milling and stabilized by F-127 or F-68 with a stabilizer concentration supe-
rior at 2% w/v38.

ETO crystalline structures were obtained by PXRD analysis for the ETO MC powder (Fig. 1e, blue line), 
ETO NC powder (Fig. 1e, black line) and ETO NC dispersion in solution with F-127 0.03% w/v (Fig. 1f). The 
objective was to evidence the crystallinity of ETO NC powder after the antisolvent precipitation process and also 
to verify that NCs are still in the crystal form after redispersion in water. The PXRD pattern obtained for ETO 
NC powder confirms the total crystallinity of the ETO after processing as sharp peaks can be  detected39. Even 
though ETO NC peak profiles can be assigned to the ETO MC powder, minor shifts are observed. This could be 
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possibly explained by a partial formation of another crystalline stacking of ETO. Also, peak intensity is affected 
by crystallinity, drug crystal size and also merely by the NC powder packing in the well sample holder, the latter 
is not a reliable parameter to understand the crystallinity of the  drug40. The diffraction pattern obtained for the 
ETO was comparable to those reported in the  literature41. If the ETO nanoparticles are definitely crystalline in 
the solid state, the redispersion in solution ought to not affect their crystallinity. Indeed, PXRD analysis of ETO 
NCs in solution was performed and clearly displayed sharp crystalline peaks out of a broad peak corresponding 
to the diffraction of amorphous matter, i.e. glass capillary and water (Fig. 1f). This result confirmed that ETO 
NCs kept their crystallinity after redispersion in solution. However, it is surprising that the ETO NCs displayed 
intense and sharp peaks according to their ~ 100 nm size, hence, the NCs coalescence in the glass capillary could 
have occurred to unveil such peaks 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.

Nevertheless, from the above results, we demonstrate for the first time that it is possible to obtain nanocrystals 
from etoposide using the bottom-up approach, without stabilizer using the antisolvent precipitation technique. 
The only attempt with nanosized crystals of ETO available in the literature was published by Merisko-Liversidge 
et al.42. In the latter work, the wet milling top-down approach was performed producing bigger nanoparticles 
(256.2 ± 53.0 nm), containing a 4 times higher ETO/F-127 molar ratio (45.6) compared to the present study 
(117 ± 28 nm and 11.4, respectively). Besides, the NCs suspensions prepared by Merisko-Liversidge and co-
workers were not stable over time, rendering in vivo applications unsuitable.

Dissolution study of etoposide nanocrystals. The objective was to compare ETO/F-127 suspensions, 
namely NCs and MCs as regard to the Toposar considered as the solubilized form of ETO due to its high ethanol 
and surfactant content. Dissolution study of ETO NCs with F-127 evidenced a reduced dissolution as regard to 
the marketed product Toposar (Fig. 1g). In contrast, the dissolution measured for ETO NCs was higher than for 
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Figure 1.  (a) Schematic representation of ETO NC preparation using the antisolvent precipitation process. 
(b) SEM image of ETO MC powder, scale bar 10 µm. (c) SEM image of ETO NC powder, scale bar 5 µm. (d) 
TEM image of ETO NCs/F-127 0.03% w/v, scale bar 0.5 µm. (e) PXRD patterns of ETO MC (blue) and ETO 
NC powder (black). (f) PXRD patterns of ETO NCs in F-127 aqueous solution. (g) Release kinetics profiles of 
Toposar, ETO NCs F-127 0.2% w/v, ETO MC F-127 0.2% w/v in HBS buffer incubating at 37 °C under constant 
agitation. *pETO NC-Toposar < 0.0, **pETO NC-ETO < 0.05.
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ETO MCs: 18% of the initial mass was released after 6 h for the MCs (AUC 0–6 h (µg.h/mL) = 45.6 ± 2.7), whereas 
for the NC formulations 35% was released (AUC 0–6 h (µg.h/mL) = 103.9 ± 4.0). This is consistent with the smaller 
size of ETO NCs which exhibit a higher specific area than ETO MC suspension where particles have low specific 
area (larger particles size > 3 µm) and thus present a lower dissolution  rate43. Liu et  al. comparing paclitaxel 
nanocrystals versus the paclitaxel commercialized form Taxol also showed a slower release of the NCs reaching 
less than 10% in 6 h while 20% of paclitaxel was released from  Taxol15. Han et al. witnessed comparable dialysis 
results with hydroxycamptothecin (HCPT) nanosuspension for hepatic cancer therapies. After 1.5 h, conven-
tional product released 100% of HCPT, HCPT MCs released 20% and the HCPT NCs released 40% at the same 
time, proving that these formulations would also display extended blood circulation lifetime. This is of interest in 
cancer therapy, as it has been reported that increasing the circulation time of nanoparticles results in an increased 
accumulation of the nanoparticles in vascularized tumors. Non-structured tumor endothelium underlying the 
tumor elicits an Enhanced Permeability Retention (EPR)  effect4,10,44,45. Indeed, when an abnormal tumor devel-
ops, an inflammatory response takes place which is defined by a hyper vascularization with poor permeability 
of surrounding  tissues46,47. This dilation of the endothelium eases the pathway of nanoparticles to better target 
cancer tissues by diffusion in some tumors, in particular fastly growing which are more  vascularized48,49. This 
reported effect initially allowed Doxil to reach the clinic even though it was later on contested as few stud-
ies did not result in significant improvement in human, and the amount of drug accumulated was lower than 
 expected50,51. Nevertheless, this contributed to the development of personalized nanomedicine, where patients 
should be detected for the ability of their tumor to be sufficiently vascularized and permeable to provide the EPR 
effect as earlier  suggested52. In the context of this personalized nanomedicine, obtaining anticancer drug under 
NC form is a key feature to improve drug accumulation within the tumor and optimize the treatment.

Thermal analysis. Thermal experiments have been performed to compare ETO crystallinity before and 
after 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 ETO MC powder (Fig. 2a) exhibited 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 NC powder without stabilizing agent F-127 exhibited two 
endothermic peaks with a precocious fusion peak at 252 °C (Fig. 2b). This can be explained by the size reduc-
tion of ETO NCs which shifts the melting temperature to a lower temperature. This phenomenon has been 
demonstrated for the first time in our group for organic compounds such as salicylic acid, benzophenone and 
 acetaminophen53. As expected, the degradation signal of ETO NCs takes place nearly at the same temperature as 
that of ETO MCs (Fig. 2a,b). 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 46 °C corresponding to the melting of F-127 and 
two other endothermic transformations (at about 97 °C and about 212 °C, cf. Fig. 2d). The depletion of 10 °C of 
the melting temperature of F-127 in the solid dispersion (Fig. 2d) compared to that of the raw polymer (Fig. 2c) 
evidences the API/excipient interactions. Indeed, the insertion of NC within the polymeric matrix induces lower 
polymer chains interactions compared to the raw F-127 compound. This implies a diminution of the tempera-
ture/energy needed to melt the polymer mixed with the ETO NCs. At this stage, the signal obtained for the solid 
dispersion around 97 °C cannot be explained (Fig. 2d). However, the latter signal might be related to the liquidus 
transition of a possible ETO/F-127 eutectic system. 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. 2d). As for the interpretation of the thermal behav-
ior of the polymer, the melting temperature depletion of the ETO NC proved that the NC/F-127 intermolecular 
interactions are favored over the NC/NC interactions. These overall differential scanning calorimetry interpreta-
tions were confirmed by thermal microscopy experiments, especially for the melting/dissolution process of the 
ETO NCs into the molten F-127, followed by degradation of the API (inset of Fig. 2d).

In vitro CT26 and 3LL cytotoxicity. 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. The viability of CT26 cells was evaluated after 48 and 72 h. The data obtained from the graphical repre-
sentation of percent viability as function of the ETO NC concentration (Fig. S5 of Supplementary Information) 
are gathered in Table 1. The inhibitory concentrations for 50% of cells (IC50) after 48 and 72 h for ETO NCs on 
CT26 cells were 13.73 ± 5.52 and 4.66 ± 0.91 µM, respectively. Essentially, the ETO NCs were as efficient as Topo-
sar (p > 0.05), having an IC50 at 48 and 72 h of 16.71 ± 9.95 and 4.55 ± 0.50 µM respectively. Correspondingly, Lia 
et al.15 showed a cytotoxicity comparable to Taxol when the paclitaxel drug was formulated as NCs. The 3LL cell 
line (Table 1) showed a higher sensitivity for all formulations tested in comparison with the IC50 obtained for 
the CT26 cell lines. ETO is known to be very effective against lung cancer cells as their genomic factors are lim-
ited (e.g. mutation or down regulation), decreasing drug  resistance54,55. Indeed, Toshiwo et al. evidenced that a 
reduced expression of topoisomerase II confers a resistance to ETO in lung cancer cell lines issues from a refrac-
tory  patient56. Therefore, an overexpression of topoisomerase II could explain a higher sensitivity to  etoposide57.

Nanocrystal cellular uptake in CT26 and 3LL cells. In vitro cell imaging was performed with CT26 
(Fig. 3a,b) and 3LL cell lines (Fig. 3c,d) to evidence that cells treated with ETO NCs could undergo apoptosis. 
Consistently with the toxicity results, we observed cell apoptosis, damaged membrane and smaller size of cells 
incubated with ETO NCs, indicating that ETO was internalized when formulated as NCs and could maintain 
its activity. This was expected as nanoparticles are known to be internalized by  cells58–60. Observation by TEM 
of black spots with amorphous shape or more definite shape in the hundreds of nanometers could refer to either 
the internalization of ETO NCs or ETO released from the NCs. Reprecipitation of ETO due to dehydration prior 
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TEM analysis could not be excluded, however ETO precipitates and ETO NCs can be clearly differentiated since 
needles of etoposide are obtained from precipitation of the solubilized ETO (Fig. S3 of Supplementary Informa-
tion). Nevertheless, a thorough study should be performed to better define the spots observed after incubation 
of the NCs with both CT26 and 3LL.

Plasma pharmacokinetics of etoposide. The ETO plasma concentration profile in mice was assessed 
for the ETO NCs formulation and Toposar. The pharmacokinetic results are presented in Fig. 3e,f and Table 2. 
Injection of ETO NC formulations induces significantly higher ETO plasma concentration than the Toposar 
with an AUC 0–120 min almost twofold greater and a higher mean residence time (p < 0.05). This is not the first time 
that a NC drug form was proved to have a longer lifespan in C57BL/6 mice plasma than its solubilized  analog61. 
Ganta et al. intravenously injected asulacrine NCs and also perceived a 2.7-fold lifespan enhancement in the 
plasma compared to the asulacrine  solution62. Besides the solid form of NCs increasing the plasma  lifetime63, the 
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Figure 2.  DSC curves for ETO MCs (a), free F-127 ETO NCs (b), F-127 (c), and ETO NCs/F-127 0.03% 
w/v solid dispersion obtained after evaporation of the continuous medium (d). All DSC thermograms are 
normalized to the total mass sample. Endothermic signals are pointing down. The inset shows the thermal 
microscopy micrographs as function of the temperature.

Table 1.  CT26 and 3LL viability (IC50) after 48 and 72 h for ETO NCs F-127 0.08% w/v, Toposar. For each 
formulation, the related excipients were separately tested for the cell viability normalization.

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 0.08% 
w/v 13.73 ± 5.52 4.66 ± 0.91 1.17 ± 0.12 1.01 ± 0.24

Toposar 16.71 ± 9.95 4.55 ± 0.50 1.43 ± 0.13 0.75 ± 0.10
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use of stabilizer comprising PEG is known to reduce protein binding and therefore extend the particle’s plasma 
 concentration64,65. Interestingly, the AUC 0–120 min for free etoposide is close to that of Toposar and NCs with the 
different stabilizer layers present close AUC 0–120 min (cf. Supplementary Information, Fig. S4 and Table S2). In 
addition, the y-axis intercept of the one-phase exponential decay at x = 0, namely  Y0, is 58.2 µg/mL for ETO/F-
127 while 37.2 and 37.6 µg/mL for Toposar and free ETO, respectively (Fig. S4 and Table S2). This proves that 
the complete nanocrystalline form of etoposide remains in the bloodstream several minutes after the injection, 
then may start slowly releasing free ETO. To complete such a study, tissues biodistribution analysis was also 
performed after injection of ETO NCs or Toposar and are detailed in the Supplementary Information (Tables S3 
and S4).

Anticancer efficacy. The tumor growth inhibition following ETO NCs and Toposar treatments was evalu-
ated on BALB/c female mice (Fig. 4a). Mice received 4 injections of ETO at 10 mg/kg, an injection daily for two 
consecutive days, a day of rest, followed by an injection daily for two days. The treatment started after 8 days 
and the tumor growth inhibition was compared for ETO NCs F-127 0.2% w/v and Toposar. The tumor growth 
inhibition is shown with the complete groups. As soon as one mouse had to be sacrificed due to ethical reasons 
(in particular, too high tumor volume in the control group), the tumor volume cannot be assessed anymore, and 
the survival rate is therefore determined. As can be seen in Fig. 4b, for both formulations 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 more effective 
than the marketed product Toposar (p < 0.05). The tumor volume was further 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 paclitaxel NCs was better than Taxol injected intrave-
nously at a concentration of 10 mg/kg15. Hypothetically, this could be justified by the size of the NCs which are 
suitable for blood vessels extravasation and provides a longer bloodstream lifespan. It has also been proven that 
nanoparticles have a better penetration into the surrounding interstitium of the tumor leading to a better bio-
availability and thus anticancer efficacy, in particular for hydrophobic drugs which will be able to enter the cells 
after  release66,67. For ETO NCs/F-127 0.2% w/v, the time to reach the median tumor volume in comparison with 

Figure. 3.  In vitro TEM images of control CT26 (a), CT26 after 2 h NCs incubation (b), control 3LL (c), and 
3LL after 2 h NCs incubation (d). White arrows show ETO NCs. (e) In vivo amount of ETO (µg/mL) in total 
mice plasma as a function of time after i.v. injection in the mice tail vein. Data shown are means ± SD,  nmice = 6, 
injected dose = 10 mg/kg, i.e. 200 µg per mice. Analysis was fit to a one-phase exponential decay model. (f) 
ETO plasma AUC 0–120 min (µg.min/mL). Multiple t-tests with Holm-Sidak method: symbol meaning: *P ≤ 0.05, 
**P ≤ 0.01, ***P ≤ 0.001. Lack of statistical marking: P > 0.05.

Table 2.  Pharmacokinetic parameters of etoposide for ETO NCs F-127 0.2% w/v, Toposar: 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.

Formulations
Maximum amount in total mice plasma 
(µg/mL) AUC 0–120 min (µg min/mL) Half-time (min) MRT (min)

ETO NCs/F-127 0.2% w/v 58.2 ± 1.9 608.0 ± 66.8* 5.5 3.04 ± 0.33

Toposar 37.2 ± 1.1 436.0 ± 42.6* 5.5 2.18 ± 0.21
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control was delayed by 5.3 days (Table 3). Toposar slightly postponed the median tumor volume of about half a 
day revealing a poor treatment response for this formulation (Table 3). Regarding the mice weight loss (Fig. 4c) 
throughout the investigation, ETO NCs /F-127 0.2% w/v induced a minor weight loss of 0.83% proving that this 
treatment was well tolerated. For Toposar, a decrease of 2.86% was measured, reflecting the systemic toxicity of 
the drug. Also, a higher concentration of toxic non-API constituents could foster unwanted side effects causing 
loss of appetite and inducing mice weight  loss68. Mice that did not receive treatment and the Toposar-treated 
cohort were sacrificed at day 17, expressing the virulence of the CT26 colon tumors and the inefficiency of Topo-
sar against that tumor (Fig. 4d). ETO NCs/F-127 0.2% w/v prolonged the median survival time in comparison 
to Toposar by 6 days (p < 0.05 vs. Toposar by Log-rank test)69. Despite a low pharmacokinetic improvement, 
we found that ETO NC formulation had a better antitumor efficiency than Toposar, probably explained by an 

Figure 4.  (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, Toposar and control. Blue arrows show the days 
of i.v. administration. (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, 
*pETO NC-Toposar < 0.05. (d) Kaplan–Meier survival curve for Control, Toposar, ETO NCs F-127 0.2% w/v. Multiple 
t-tests with Holm-Sidak method: symbol meaning: *P ≤ 0.05,**P ≤ 0.01, ***P ≤ 0.001. Lack of statistical marking: 
P > 0.05.

Table 3.  Antitumoral effect of ETO NCs F-127 0.2% w/v, Toposar and Control. ETO dosage: 10 mg/kg. 
Administration schedule: d8, d9, d11, and d12. Tumor growth inhibition ratio (T/C) =  MTVtreated groups/
MTVcontrol. Tumor growth inhibition delay in comparison to control (T − C) =  TMTtreated groups −  TMTcontrol. 
MTV, TMT and MST stand for median tumor volume, time for median tumor and median survival time, 
respectively.

Formulations
Body weight variation in % (day 
of nadir)

Median tumor volume  (mm3 on 
day 12) T/C (%)

Time for median tumor to reach 
100  mm3 (day) T-C (day) MST (day)

Control – 108 – 9.5 – 26

ETO NCs/F-127 0.2% w/v − 0.83 (d9)
+ 4.79 (d17) 47 44 20.6 11.1 29

Toposar − 2.86 (d13)
+ 0.41 (d17) 99 92 12.1 2.6 22
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enhanced accumulation of the NCs in the CT26 tumor. As regard to the etoposide form after administration, 
free etoposide is present in the blood stream from the NC formulation. The amount is equivalent at least to ETO 
solubility at neutral pH and 37 °C. The solubilized ETO in the plasma could explain why there is just a slight 
improvement of the pharmacokinetic. Nevertheless, it has also been demonstrated in this study that the complete 
nanocrystalline form of etoposide remains in the bloodstream several minute after the injection, inducing a dif-
ference in the therapeutic efficiency of the NC form compared to the Toposar and to the free ETO formulations 
(Fig. S4 and Table S2). This can be supported by the fact that etoposide amount injected in the mice (0.20 mg 
per mouse) was higher than the estimated etoposide solubility of 0.14 mg per mouse taking into consideration 
a mean volume of blood of 1.2 mL in mice. All these data are in accordance with the significant tumor delay 
noticed which can be attributed to the NC formulations of etoposide. Indeed, Ye and coworkers have demon-
strated that when the NCs are totally dissolved, the nanosuspension will mainly show a solution-like behavior for 
the release, the in vitro cytotoxicity and the in vivo pharmacokinetic  experiments70. Hence, the results obtained 
in the present study comfort a mixture of the ETO solubilized and NC forms, in the NC formulation, which is 
also consistent with the highest amount of ETO recovered in the liver 45 min after injection of the NC formula-
tion (Table S3 of Supplementary Information). As previously mentioned, the NC form was designed in order 
to increase the accumulation of etoposide within the tumor thanks to the enhanced permeability and retention 
effect observed with the CT26 which exhibit a higher  vascularization71. Enhanced antitumor efficacy was also 
shown in other studies reporting solubilized form versus NCs form of anticancer  drugs15,69,72.

Conclusion
In this study, a bottom-up approach for ETO nanocrystal-based technology has been developed for the first time 
to prepare a final product of pharmaceutical interest for parenteral administration and evaluate the therapeutic 
efficiency. The NC formulations have been optimized to offer better physical and chemical stabilities over time, 
high drug loading and safety compared to the conventional Toposar and the only reported top-down approach 
for ETO NC  formulation42. To engineer ETO NCs, a bottom up technique has been utilized, allowing the control 
of the crystallization process and achieving nanoparticle formulations with crucial features such as the size, for 
upcoming in vitro and in vivo studies. Indeed, the size of the NCs impacts their dissolution rate and therefore 
their in vivo performances. The drug nanoparticle size has to be managed in accordance with the application. 
Surfactants play an important role regarding etoposide release from the NCs according to their interaction with 
the nanoparticles surface; they also prevent the NCs coalescence and affect the drug recognition by the immune 
 system73. In the frame of this study, Pluronic F-127 was found as the best stabilizing and protecting agent for 
keeping ETO NC dispersions stable but also injectable in mice for therapeutic purpose. Interestingly, it has 
been demonstrated that ETO NCs can be directly obtained and stored for several months in the dry form prior 
to extemporaneous re-dispersion in Pluronic F-127 solution followed by i.v. administration. In this case, long-
term stability issues of the solid nanodispersions is consequently bypassed. As far as the therapeutic efficiency 
of the ETO NCs is concerned, it has been established that the validated formulation is more effective and safer 
than Toposar. Polymer-coated NC delivery offered better bloodstream lifespan and drug tolerance in a murine 
carcinoma cancer model. An improved tolerance and efficacy were obtained with ETO NCs (T/C = 44%, i.e. in 
the range of the minimum level for activity  threshold74 in comparison with Toposar (T/C = 92%), with the ben-
efit of using 4 times lower mole quantity of stabilizing polymers in comparison with Toposar for the same ETO 
administrated dose. All these conclusions highlight the benefit of NC strategy of poorly soluble compounds for 
i.v. dosage forms and provide an easy process to produce and conserve NCs. Furthermore, NC formulations may 
be adapted to numerous therapeutic matrices such as hydrogels, fibers, and lipidic carriers in order to broaden 
the nanomedicine development for cancer therapies.

Methods
Materials. ETO (> 99% purity, 33419-42-0) was purchased from Santa Cruz Biotechnology (United States 
of America) and 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). Topo-
sar was gifted from Gustave Roussy Hospital (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. Deionized water (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. 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 tech-
nologies), 100 μM of streptomycin, and 100 U/mL of penicillin. Isoflurane for anesthesia was purchased from 
Centravet (France).

Nanocrystal preparation. The ETO NCs were prepared by the method of antisolvent precipitation 
(Fig. 1a). Merely 2.5 mg of ETO was dissolved in 1.5 mL absolute methanol (MeOH) in a glass vial and slowly 
injected under agitation (1200 rpm) in 10 mL of water. The solubilized drug was precipitated by evaporating the 
entire solution using a rotavapor under vacuum in order to reach a 60 mbar pressure, followed by a decrease to 
10 mbar during 30 min. The resulting powder was kept under vacuum to remove any traces of solvent. Then, to 
engineer the NC suspension, the dry powder was hydrated with a F-127 aqueous solution upon 10 min. sonica-
tion. The final NC preparation always contained 2.5 mg ETO plus 5 mg F-127, that is to say an ETO/F-127 molar 
ratio of 11.4. The in vitro and in vivo experiments were thus performed with NC suspensions prepared with this 
API/stabilizer ratio, but with different water volumes of redispersion as a function of the application. This led to 
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formulations with 3 different weight volume percentages of F-127 (i.e. 0.03, 0.08 and 0.2% w/v, respectively). The 
size and shape of the NCs was equivalent for these 3 formulations and were conditioned during the precipita-
tion/evaporation process (cf. Supporting information). Noteworthy ETO concentrations for the related control 
experiments were properly adjusted.

Etoposide nanocrystals particle size and morphology. The morphological evaluation of NCs has 
been investigated by a scanning electron microscope (SEM) (Philips XL 30 microscope, Hillsboro, USA). Raw 
ETO MC powder and processed NC powder were placed on a double-sided tape, then coated with a 30 nm layer 
of gold under vacuum  (10–6 Pa) for 2 min, then observed using SEM at an accelerating voltage of 15 kV under 
vacuum. Also, transmission electron microscopy (TEM) was performed to understand the surface morphol-
ogy 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 PXRD patterns for ETO NC 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° with 300 s exposures and analyzed using the Bruker 
XRD2 Eval and Bruker EVA softwares. The PXRD examinations of ETO MC and NC powders were made using 
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 
scanned from 5 to 60° in 2θ with a step size of 0.03° and a counting time of 0.6 s per step. The data was evaluated 
using Bruker EVA software.

Dissolution study of etoposide nanocrystals. In vitro release analysis was performed to compare the 
dissolution rate of ETO NCs/F-127 0.2% 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 ETO solutions (4 mL) were placed 
in a cellulose dialysis bag (molecular weight cutoff of 12.4 kDa) and sealed at both ends using dialysis tubing clo-
sure. Then, the dialysis bag was immersed in a compartment containing 36 mL of HEPES buffered saline (HBS) 
medium (20 and 150 mM HEPES and NaCl, respectively), pH 7.4, which was stirred at 60 rpm and maintained 
at 37 °C for 6 h. 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 h, and the same volume of fresh HBS was added to 
the medium in order to maintain 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.

Differential scanning calorimetry and thermal microscopy. The thermal behavior of 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 a differential scanning calorimetry (DSC) technique using a DSC3 from Mettler-
Toledo (Greifensee, Switzerland). Each sample with a known mass was introduced in an aluminum pan that had 
been sealed afterward. An empty aluminum pan was used as reference. All experiments were performed in the 
temperature range from 0 to 300 °C at a 5 K/min scan rate under a 50 mL/min dry air flow in order to homog-
enize the temperature within the oven. ETO NCs/F-127 0.03% w/v solid dispersions were observed as a 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 ranged from 23 to 300 °C at 5 K/
min. The cooling system was achieved using a T95-HS Linkam device with liquid nitrogen automatically flowing 
through the cell. The pictures were taken each 5 s (~ 0.42 °C) with a Moticam 2500, 5.0 M pixels, from Motic.

In vitro CT26 and 3LL. In vitro studies were performed to assess the potential of ETO NCs on cancer cells 
and to lead future in vivo studies. Cytotoxicity studies of ETO NCs/ F-127 0.08% w/v and 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 is described for CT26, equivalent for 3LL. 
First, CT26 colon carcinoma cells were cultured in Dubelcco’s modified Eagle’s medium (DMEM) containing 
10% fetal 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 ETO NC formulation and 
Toposar. After 48 and 72 h, the tested formulations were removed from wells and cell viability was performed 
using the colorimetric MTT  test75. Absorbance was determined at 562 nm in a microplate reader (BioKinetics 
Reader, EL340). The results are displayed as a percentage of viable cells and the inhibitory concentration for 50% 
of cells (IC50) was calculated (Fig. S4 of Supporting information).

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 0.08% w/v was tested on CT26 and 3LL 
cancer cells. Cells (2.105 cells/mL) were put in a 25  cm3 culture flask for 24 h until confluence. Then, CT26 cells 
were incubated with each ETO NC formulation for only 2 h. After this period, cells were trypsinized (trypsin-
ethylenediaminetetraacetic acid (EDTA) 0.5%) and recovered in Falcon tubes. Cells were water washed and fixed 
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with paraformaldehyde 2% + glutaraldehyde 2.5% + Na cacodylate 0.1 M (pH 7.3) + CaCl2 5 mM. Samples were 
post-fixed in 1%  OsO4 and stained with filtered (0.22 µm) uranyl acetate 1%. Then, specimens were rinsed in 
0.1 M 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 polym-
erization in Epon at 60 °C for 72 h. Samples were sliced (80 nm) using a Leica ultracut S ultramicrotome fitted 
with a diamond  knife76. 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.

Animals. BALB/c female mice (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 weeks 
and provided food and water. All the experiments on rodents were performed in accordance with Guidelines for 
Care and Use of Laboratory Animals of European directive No. 2010-63, and national guidelines, French decree 
No. 2013-118. The experiments were also validated by Paris Descartes Ethics Committee for Animal Experimen-
tation, CEEA No. 34 at Paris University under the project number APAFiS #20869.

Plasma and tissues pharmacokinetics of etoposide. Twelve BALB/c female mice (6  weeks) were 
used for the determination of the ETO concentration over time in the plasma and selected tissues (liver, spleen, 
kidneys, lungs). Two formulations were tested, ETO NCs/ F-127 0.2% w/v and Toposar (n = 6 for each formu-
lation). Each formulation was given intravenously at 10 mg/kg ETO. Then, retro-orbital blood samples were 
performed (200 µL) at different times (1, 15, 30, 45, 60 and 120 min) and added in an Eppendorf tube contain-
ing 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. Samples were centrifuged and chloroform 
was totally evaporated in glass vials. Dry residues were redispersed in 130 µL of acetic acid 1% in water/methanol 
mixture as a mobile phase (58/42 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 
(150 mm × 4.6 mm, 2.7 μm, Macherey Nagel). The injected volume was 50 μL for all samples.

Antitumoral efficacy. Fifteen BALB/c female mice (Janvier, St Genest de Lisle, France) aged of 6 weeks 
were divided into 3 groups (3 × nmice = 5); 2 groups received 2 different ETO formulations, ETO NCs/F-127 0.2% 
w/v or Toposar and 1 group was used as control. The first 2 groups received 4 injections of ETO at 10 mg/kg, 
an injection daily for 2 consecutive days, a day for rest, followed by an injection daily for 2 days. The untreated 
control group was used as comparison for tumor volume. Murine carcinoma CT26 tumors were implanted sub-
cutaneously 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 tumor volumes. The anticancer treat-
ment 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. Tumor volume (V) was calculated 
as  followed77: V = (Length × Width2)/2. For the survival study, weight loss superior to 10% or tumor 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).

Statistical analysis. The plasma and tissues pharmacokinetics, as well as anticancer efficacy data are shown 
as mean ± standard deviation (SD). Statistical investigation was done by two-way analysis of variance (ANOVA) 
test with Bonferroni correction with GraphPad Prism version 7. More precisely, plasma and tissues pharmacoki-
netics analysis were fit to a one-phase exponential decay and a Gaussian model respectively. Anticancer efficacy 
analysis was fit to a baseline corrected model. In vitro cytotoxicity studies were fit to a sigmoidal dose response 
model and submitted to a one-way ANOVA test. Lack of statistical marking (*) for the in vitro and in vivo 
experiments indicates that no significance was found.

Received: 30 April 2020; Accepted: 5 October 2020

References
 1. Tyagi, P. & Subramony, J. A. Nanotherapeutics in oral and parenteral drug delivery: key learnings and future outlooks as we think 

small. J. Control. Release 272, 159–168 (2018).
 2. Borkowska, M. et al. Targeted crystallization of mixed-charge nanoparticles in lysosomes induces selective death of cancer cells. 

Nat. Nanotechnol. 15, 331–341 (2020).
 3. Peer, D. et al. Nanocarriers as an emerging platform for cancer therapy. Nat. Nanotechnol. 2, 751–760 (2007).
 4. Shi, J., Kantoff, P. W., Wooster, R. & Farokhzad, O. C. Cancer nanomedicine: progress, challenges and opportunities. Nat. Rev. 

Cancer 17, 20–37 (2017).
 5. van der Meel, R. et al. Smart cancer nanomedicine. Nat. Nanotechnol. 14, 1007–1017 (2019).
 6. Couillaud Martin, B., Espeau, P., Mignet, N. & Corvis, Y. State of the art of pharmaceutical solid forms: from crystal property issues 

to nanocrystals formulation. ChemMedChem 14, 8–23 (2019).
 7. Wang, X. et al. Novel doxorubicin loaded PEGylated cuprous telluride nanocrystals for combined photothermal-chemo cancer 

treatment. Colloids Surf. B 152, 449–458 (2017).
 8. Pelikh, O. et al. Nanocrystals for improved dermal drug delivery. Eur. J. Pharm. Biopharm. 128, 170–178 (2018).



11

Vol.:(0123456789)

Scientific Reports |        (2020) 10:18059  | https://doi.org/10.1038/s41598-020-74809-z

www.nature.com/scientificreports/

 9. Mishra, P. R., Shaal, L., Al Müller, R. H. & Keck, C. M. Production and characterization of Hesperetin nanosuspensions for dermal 
delivery. Int. J. Pharm. 371, 182–189 (2009).

 10. Han, M., Liu, X., Guo, Y., Wang, Y. & Wang, X. Preparation, characterization, biodistribution and antitumor efficacy of hydroxy-
camptothecin nanosuspensions. Int. J. Pharm. 455, 85–92 (2013).

 11. Zhao, Y. X. et al. Preparation and cytotoxic activity of hydroxycamptothecin nanosuspensions. Int. J. Pharm. 392, 64–71 (2010).
 12. Gao, L. et al. Studies on pharmacokinetics and tissue distribution of oridonin nanosuspensions. Int. J. Pharm. 355, 321–327 (2008).
 13. Li, W., Li, Z., Wei, L. & Zheng, A. Evaluation of paclitaxel nanocrystals in vitro and in vivo. Drug Res. 68, 205–212 (2018).
 14. Oh, S., Jeong, I. H., Shin, W.-S. & Lee, S. Growth inhibition activity of thioacetal artemisinin derivatives against human umbilical 

vein endothelial cells. Bioorg. Med. Chem. Lett. 13, 3665–3668 (2003).
 15. Liu, Y., Huang, L. & Liu, F. Paclitaxel nanocrystals for overcoming multidrug resistance in cancer. Mol. Pharm. 7, 863–869 (2010).
 16. Park, J., Sun, B. & Yeo, Y. Albumin-coated nanocrystals for carrier-free delivery of paclitaxel. J. Control. Release 263, 90–101 (2017).
 17. Gao, L. et al. Paclitaxel nanosuspensions coated with P-gp inhibitory surfactants: I. Acute toxicity and pharmacokinetics studies. 

Colloids Surf. B 111, 277–281 (2013).
 18. Deng, F. et al. Transmembrane pathways and mechanisms of rod-like paclitaxel nanocrystals through MDCK polarized monolayer. 

ACS Appl. Mater. Interfaces 9, 5803–5816 (2017).
 19. Liu, F. et al. Targeted cancer therapy with novel high drug-loading nanocrystals. J. Pharm. Sci. 99, 3542–3551 (2010).
 20. Wang, Y. et al. In vitro and in vivo anticancer activity of a novel puerarin nanosuspension against colon cancer, with high efficacy 

and low toxicity. Int. J. Pharm. 441, 728–735 (2013).
 21. Liu, G. et al. In vitro and in vivo evaluation of riccardin D nanosuspensions with different particle size. Colloids Surf. B 102, 620–626 

(2013).
 22. Liu, J., Tu, L., Cheng, M., Feng, J. & Jin, Y. Mechanisms for oral absorption enhancement of drugs by nanocrystals. J. Drug Deliv. 

Sci. Technol. 56, 101607 (2020).
 23. Junyaprasert, V. B. & Morakul, B. Nanocrystals for enhancement of oral bioavailability of poorly water-soluble drugs. Asian J. 

Pharm. Sci. 10, 13–23 (2015).
 24. Fontana, F. et al. Production of pure drug nanocrystals and nano co-crystals by confinement methods. Adv. Drug Deliv. Rev. 131, 

3–21 (2018).
 25. Pharmaceuticals. IARC Working Group on the Evaluation of Carcinogenic Risk to Humans (International Agency for Research on 

Cancer, Lyon, 2012).
 26. Nitiss, J. L. Targeting DNA topoisomerase II in cancer chemotherapy. Nat. Rev. Cancer 9, 338–350 (2009).
 27. Montecucco, A., Zanetta, F. & Biamonti, G. Molecular mechanisms of etoposide. Excli J. 14, 95–108 (2015).
 28. Suk, J. S., Xu, Q., Kim, N., Hanes, J. & Ensign, L. M. PEGylation as a strategy for improving nanoparticle-based drug and gene 

delivery. Adv. Drug Deliv. Rev. 99, 28–51 (2017).
 29. Pozzi, D. et al. Effect of polyethyleneglycol (PEG) chain length on the bio-nano- interactions between PEGylated lipid nanoparticles 

and biological fluids: from nanostructure to uptake in cancer cells. Nanoscale 6, 2782–2792 (2014).
 30. Jackson, J. K., Springate, C. M. K., Hunter, W. L. & Burt, H. M. Neutrophil activation by plasma opsonized polymeric microspheres: 

inhibitory effect of Pluronic F127. Biomaterials 21, 1483–1491 (2000).
 31. Ishida, T. et al. Accelerated clearance of a second injection of PEGylated liposomes in mice. Int. J. Pharm. 255, 167–174 (2003).
 32. Junghanns, J. U. A. H. & Müller, R. H. Nanocrystal technology, drug delivery and clinical applications. Int. J. Nanomed. 3, 295–309 

(2008).
 33. Gao, W., Chen, Y., Thompson, D. H., Park, K. & Li, T. Impact of surfactant treatment of paclitaxel nanocrystals on biodistribution 

and tumor accumulation in tumor-bearing mice. J. Control. Release 237, 168–176 (2016).
 34. Sharma, S., Issarani, R. & Nagori, B. P. Effect of solvents on particle size of aceclofenac. World J. Pharm. Pharm. Sci. 4, 1022–1034 

(2015).
 35. Mohamed, M. S., Abdelhafez, W. A., Zayed, G. & Samy, A. M. Optimization, in-vitro release and in-vivo evaluation of gliquidone 

nanoparticles. AAPS Pharm. Sci. Technol. 21, 35 (2020).
 36. Qian, F., Tao, J., Desikan, S., Hussain, M. & Smith, R. L. Mechanistic investigation of Pluronic® based nano-crystalline drug-polymer 

solid dispersions. Pharm. Res. 24, 1551–1560 (2007).
 37. Li, X., Gu, L., Xu, Y. & Wang, Y. Preparation of fenofibrate nanosuspension and study of its pharmacokinetic behavior in rats. Drug 

Dev. Ind. Pharm. 35, 827–833 (2009).
 38. Liu, P. et al. Nanosuspensions of poorly soluble drugs: preparation and development by wet milling. Int. J. Pharm. 411, 215–222 

(2011).
 39. Nanjwade, B. K., Derkar, G. K., Bechra, H. M., Nanjwade, V. K. & Manvi, F. V. Design and characterization of nanocrystals of 

lovastatin for solubility and dissolution enhancement nanomedicine & nanotechnology. J. Nanomed. Nanotechnol. 2, 1000107 
(2011).

 40. Gibson, M. in Pharmaceutical Preformulation and Formulation—A Practical Guide from Candidate Drug Selection to Commercial 
Dosage Form, 2nd Edition (2009).

 41. Thigarajan, A., Saravanabhavan, S. & Thangarasu, V. Preparation and biopharmaceutical evaluation of novel polymeric nanopar-
ticles containing etoposide for targeting cancer cells. Turk J. Pharm. Sci. 16, 132–140 (2019).

 42. Merisko-Liversidge, E. et al. Formulation and antitumor activity evaluation of nanocrystalline suspensions of poorly soluble 
anticancer drugs. Pharm. Res. 13, 272–278 (1996).

 43. Sun, J. et al. Effect of particle size on solubility, dissolution rate, and oral bioavailability: evaluation using coenzyme Q10 as naked 
nanocrystals. Int. J. Nanomed. 7, 5733–5744 (2012).

 44. Maeda, H., Matsumoto, T., Konno, T., Iwai, K. & Ueda, M. Tailor-making of protein drugs by polymer conjugation for tumor 
targeting: a brief review on smancs. J. Protein Chem. 3, 181–193 (1984).

 45. Maeda, H., Wu, J., Sawa, T., Matsumura, Y. & Hori, K. Tumor vascular permeability and the EPR effect in macromolecular thera-
peutics: a review. J. Control. Release 65, 271–284 (2000).

 46. Perrault, S. D., Walkey, C., Jennings, T., Fischer, H. C. & Chan, W. C. W. Mediating tumor targeting efficiency of nanoparticles 
through design. Nano Lett. 9, 1909–1915 (2009).

 47. Hollis, C. P. et al. Biodistribution and bioimaging studies of hybrid paclitaxel nanocrystals: Lessons learned of the EPR effect and 
image-guided drug delivery. J. Control. Release 172, 12–21 (2013).

 48. Wang, A. Z. EPR or no EPR? The billion-dollar question. Sci. Transl. Med. 7, 294112 (2015).
 49. Huynh, E. & Zheng, G. Cancer nanomedicine: addressing the dark side of the enhanced permeability and retention effect. Nano-

medicine 10, 1993–1995 (2015).
 50. Gabizon, A., Shmeeda, H. & Grenader, T. Pharmacological basis of pegylated liposomal doxorubicin: impact on cancer therapy. 

Eur. J. Pharm. Sci. 45, 388–398 (2012).
 51. Dai, Q. et al. Quantifying the ligand-coated nanoparticle delivery to cancer cells in solid tumors. ACS Nano 12, 8423–8435 (2018).
 52. Theek, B., Rizzo, L. Y., Ehling, J. & Kiessling, F. The theranostic path to personalized nanomedicine. Clin. Transl. Imaging 2, 66–76 

(2014).
 53. Rosa, F., Corvis, Y., Lai-Kuen, R., Charrueau, C. & Espeau, P. Influence of particle size on the melting characteristics of organic 

compounds. J Therm. Anal. Calorim. 120, 783–787 (2015).



12

Vol:.(1234567890)

Scientific Reports |        (2020) 10:18059  | https://doi.org/10.1038/s41598-020-74809-z

www.nature.com/scientificreports/

 54. Gupta, S. et al. Prioritization of anticancer drugs against a cancer using genomic features of cancer cells : a step towards personal-
ized medicine. Sci. Rep. 6, 23857 (2016).

 55. Longacre, M., Snyder, N. & Sarkar, S. Drug resistance in cancer: an overview. Cancer 6, 1769–1792 (2014).
 56. Toshiwo, A. et al. Reduced expression of DNA topoisomerase II confers resistance to etoposide (VP-16) in small cell lung cancer 

cell lines established from a refractory tumor of a patient and by in vitro selection. Oncol. Res. 8, 229–238 (1996).
 57. Giaccone, G. et al. Differential expression of DNA topoisomerases in non-small cell lung cancer and normal lung. Biochim. Biophys. 

Acta Gene Struct. Expr. 1264, 337–346 (1995).
 58. Chen, Y. & Li, T. Cellular uptake mechanism of paclitaxel nanocrystals determined by confocal imaging and kinetic measurement. 

AAPS J. 17, 1126–1134 (2015).
 59. Tian, B., Zhang, X., Yu, C., Zhou, M. & Zhang, X. Aspect ratio effect of drug nanocrystals on cellular internalization efficiencies, 

uptake mechanisms, in vitro and in vivo anticancer efficiencies. Nanoscale Res. Lett. 7, 3588–3593 (2015).
 60. Nuri, O. & Ji-Ho, P. Endocytosis and exocytosis of nanoparticles in mammalian cells. Int. J. Nanomed. 1, 51–63 (2014).
 61. Ige, P. P., Baria, R. K. & Gattani, S. G. Fabrication of fenofibrate nanocrystals by probe sonication method for enhancement of 

dissolution rate and oral bioavailability. Colloids Surf. B 108, 366–373 (2013).
 62. Ganta, S., Paxton, J. W., Baguley, B. C. & Garg, S. Formulation and pharmacokinetic evaluation of an asulacrine nanocrystalline 

suspension for intravenous delivery. Int. J. Pharm. 367, 179–186 (2009).
 63. Güncüm, E., Bakırel, T., Anlaş, C., Ekici, H. & Işıklan, N. Novel amoxicillin nanoparticles formulated as sustained release delivery 

system for poultry use. J. Vet. Pharmacol. Ther. 41, 588–598 (2018).
 64. Peracchia, M. T. et al. Visualization of in vitro protein-rejecting properties of PEGylated stealth polycyanoacrylate nanoparticles. 

Biomaterials 20, 1269–1275 (1999).
 65. Zahr, A. S. et al. Macrophage uptake of core–shell nanoparticles surface modified with poly(ethylene glycol). Langmuir 22, 8178–

8185 (2006).
 66. Matsumura, Y. & Maeda, H. A new concept for macromolecular therapeutics in cancer chemotherapy: mechanism of tumoritropic 

accumulation of proteins and the antitumor agent smancs. Cancer Res. 46, 6387–6392 (1986).
 67. Zhang, Y. et al. Strategies to improve tumor penetration of nanomedicines through nanoparticle design. Nanomed. Nanobiotechnol. 

11, e1519 (2018).
 68. Golightly, L. & Rumack, B. H. Pharmaceutical excipients adverse effects associated with inactive ingredients in drug products. 

Med. Toxicol. 3, 128–165 (1988).
 69. Park, J. et al. A comparative in vivo study of albumin-coated paclitaxel nanocrystals and abraxane. Small 14, e1703670 (2018).
 70. Ye, Y., Zhang, X., Zhang, T., Wang, H. & Wu, B. Design and evaluation of injectable niclosamide nanocrystals prepared by wet 

media milling technique. Drug Dev. Ind. Pharm. 41, 1416–1424 (2015).
 71. Seguin, J., Nicolazzi, C., Mignet, N., Scherman, D. & Chabot, G. G. Vascular density and endothelial cell expression of integrin 

alpha v beta 3 and E-selectin in murine tumours. Tumour Biol. 33, 1709–1717 (2012).
 72. Hao, L. et al. Research on the in vitro anticancer activity and in vivo tissue distribution of amoitone B nanocrystals. Colloids Surf. 

B 117, 258–266 (2014).
 73. Gigliobianco, M. R., Casadidio, C., Censi, R. & Di Martino, P. Nanocrystals of poorly soluble drugs:d bioavailability and physico-

chemical stability. Pharmaceutics 10, 134 (2018).
 74. Bissery, M. C. & Gueritte-Voegelein, F. Experimental antitumor activity of taxotere (RP 56976, NSC 628503), a taxol analogue. 

Cancer Res. 51, 4845–4852 (1991).
 75. Breton, M. et al. Comparative gene transfer between cationic and thiourea lipoplexes. J. Gene Med. 12, 45–54 (2010).
 76. Taib, T. et al. Neuroinflammation, myelin and behavior: temporal patterns following mild traumatic brain injury in mice. PLoS 

ONE 12, e0184811 (2017).
 77. Euhus, D. M., Hudd, C., Laregina, M. C. & Johnson, F. E. Tumor measurement in the nude mouse. J. Surg. Oncol. 31, 229–234 

(1986).

Acknowledgements
B.M. thanks the French Ministry of Higher Education, Research and Innovation and the Doctoral School MTCI 
(ED 563) for his PhD fellowship financial support. G.N is thankful to the European Union for supporting his 
exchange studies via the Erasmus program and thanks Drs. Hanh Dufat and Maria Cristina Gamberini from 
Paris University and Modena and Regio Emilia University, respectively, for their administrative involvement. 
The authors are grateful to Dr. Oluwaseyi Adeuyan for proofreading the manuscript.

Author contributions
Y.C. proposed the idea and supervised the work. B.M., J.S., M.A., T.F., R.L., G.N., A.L. and Y.C. performed the 
experiments. B.M. wrote the first draft of the manuscript and prepared all figures. J.S., M.A., A.L., M.B., N.M. 
and Y.C. assisted in interpreting analysis of the data, discussions and writing the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https ://doi.org/10.1038/s4159 8-020-74809 -z.

Correspondence and requests for materials should be addressed to Y.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1038/s41598-020-74809-z
www.nature.com/reprints


13

Vol.:(0123456789)

Scientific Reports |        (2020) 10:18059  | https://doi.org/10.1038/s41598-020-74809-z

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

http://creativecommons.org/licenses/by/4.0/

	Preparation of parenteral nanocrystal suspensions of etoposide from the excipient free dry state of the drug to enhance in vivo antitumoral properties
	Results
	Design and characterization of the nanocrystalline etoposide. 
	Dissolution study of etoposide nanocrystals. 
	Thermal analysis. 
	In vitro CT26 and 3LL cytotoxicity. 
	Nanocrystal cellular uptake in CT26 and 3LL cells. 
	Plasma pharmacokinetics of etoposide. 
	Anticancer efficacy. 

	Conclusion
	Methods
	Materials. 
	Nanocrystal preparation. 
	Etoposide nanocrystals particle size and morphology. 
	X Ray powder diffraction experiments. 
	Dissolution study of etoposide nanocrystals. 
	Differential scanning calorimetry and thermal microscopy. 
	In vitro CT26 and 3LL. 
	Nanocrystal cellular uptake CT26 and 3LL. 
	Animals. 
	Plasma and tissues pharmacokinetics of etoposide. 
	Antitumoral efficacy. 
	Statistical analysis. 

	References
	Acknowledgements


