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a b s t r a c t

Nanocrystals are of great value in delivering poorly soluble drugs as a technique enables enhanced dis-

solution and bioavailability. The bottom-up technique allows better control of particle properties. How-

ever, the commonly used organic solvents are hazardous to environment and operators, and always lead

to large particle size and wide size distribution due to failure on controlling the nucleation and crystal

growth. The situation is exacerbated in scale-up production. Therefore, in the proof-of-concept study, we

evaluated the feasibility of green and controllable fabrication of drug nanocrystals by using biocompatible

ionic liquids (ILs) as solvents. Choline based ILs (Ch-ILs) were synthesized via metathesis reactions. Pure

paclitaxel nanocrystals of high quality were obtained from Ch-ILs with surface tension higher than 42

mN/m. The sizes were below 250 nm, while the polydispersity indexes were lower than 0.25. Compared

with ethanol, choline lactate is superior in controlling the size of the nanocrystals in scale-up production,

where the drug concentration was increased by 6 times. The underlying mechanism may be due to the

high viscosity and low surface tension of the ILs, which are supposed to benefit homogeneous and burst

nucleation. Ch-ILs can be recycled from the process and recovery rate reached 91.1%. Moreover, the appli-

cability of the green technique was validated in a wider range of model drugs and Ch-ILs. In conclusion,

ILs are potent solvents in bottom-up technique for green and controllable fabrication of nanocrystals.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nanocrystals are crystalline drug particles with sizes falling in

the nanoscale range, which provide a universal solution for deliv-

ering poorly soluble drugs [1–3]. Controlling the particle size and

size distribution of nanocrystals is full of challenges. The bottom-

up method grows nanocrystals from solution. A burst nucleation

and a slow growth of crystals are crucial to obtain uniform and

high-quality nanocrystals [4,5]. It is ideal that nucleation is not

triggered off during the mixing of solvent and anti-solvent un-

til homogeneous mixture [6,7]. Otherwise, successive nucleation

along the mixing progress of solvent and antisolvent streams leads

to particles of different size and eventually, fewer and larger crys-

tals (due to Ostwald’s Ripening). The scale-up further exacerbates

the situation.

Ionic liquids (ILs) are salts with melting points below 100 °C
[8,9]. Due to the non-flammability, low volatility, high tailorabil-

ity, and excellent solvability, ILs are well known green solvents

substituting for conventional volatile organic compounds (VOCs) in

chemical industry [10–12]. Albeit being good solvent for poorly sol-

uble drugs, ILs lose the solubilizing capability upon mixing with

water due to ionic dissociation. Thus, ILs and water can be adopted
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as solvent and anti-solvent, respectively, to prepare nanocrystals.

ILs form aggregates, ion triplets, and contact pairs upon mixing

with water [13]. The structures may keep solubilization of active

pharmaceutical ingredients (APIs) till infinite dilution (complete

dissociation to free ions). The viscous properties of ILs may delay

the progress to infinite dilution, which is advantageous to allevi-

ate successive nucleation during the mixing process. Therefore, the

feasibility of using choline (Ch)-based ILs (Ch-ILs) as green alterna-

tives to VOCs in nanocrystal fabrications is investigated.

Scheme 1 shows the process. Drugs are firstly dissolved in ILs.

Upon introduction of water, the anti-solvent, into the solution, ILs

lose the solubilizing capability due to ionic dissociation and lead

to precipitation of the drug. The resulted nanocrystals are collected

by filtration. The ILs are recovered by evaporating water from the

ionic solution.

Organic acids used in the synthesis of Ch-ILs are all from nat-

ural sources and indexed in GRAS (generally recognized as safe)

by FDA, including acetic acid (Ace), lactic acid (Lac), malonic acid

(Mal), n-butyric acid (n-Bu), succinic acid (Suc), malic acid (Mala),

n-hexanoic acid (n-Hx), and citric acid (Cit). Metathesis reaction

was used to synthesize the ILs [14,15]. The obtained Ch-ILs were

transparent and viscous liquids at room temperature (Fig. S1 in

Supporting information). The structure and composition of Ch-ILs
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Scheme 1. Schematic diagram of the Ch-ILs based fabrication of nanocrystals.

Fig. 1. Effect of Ch-ILs on particle size and PDI of PTX nanocrystals utilizing Ch-ILs

and ethanol.

were confirmed by proton nuclear magnetic resonance (1H NMR)

(Figs. S2-S9 in Supporting information). Table S1 (Supporting infor-

mation) shows physicochemical properties of Ch-ILs. The viscosity

of synthesized Ch-ILs varied from 38.9 mPa s to 2840.6 mPa s,

being much higher than conventional VOCs; the surface tension

ranged from 27.17 mN/m to 62.48 mN/m. It was obvious that the

structure of anions had effects on physicochemical properties of

Ch-ILs. Generally, increase in the chain length, number of polar

substituents, and unsaturation could lead to the growth in viscos-

ity of Ch-ILs. This might be due to the increased van der Waals or

hydrogen bond interactions in ion network [16]. The surface ten-

sion decreased with the increase of the chain length, probably due

to the reduced order and enriched nonpolar structure of surface

composition [17].

Fig. 1 shows the size and polydispersity index (PDI) of prepared

paclitaxel (PTX) nanocrystals. PDI value less than 0.25 is believed

to be a uniform distribution of nanoparticles [18]. When ethanol

was used as the solvent, the PTX nanocrystals presented the size

of 250 nm with PDI value of 0.18. The composition of Ch-ILs af-

fected the size and PDI of PTX nanocrystals. Due to the poor solu-

bility in [Ch][Mal] (2:1) and [Ch][Cit] (3:1), e.g., less than 1 mg/g,

PTX tended to precipitate during the mixing process, leading to

larger particle size and PDI than nanocrystals made from ethanol.

Nanocrystals prepared from [Ch][Ace], [Ch][Lac] (1:2), [Ch][Mala]

(2:1), and [Ch][Suc] were similar to that from ethanol, which were

150–300 nm in the average particle size with PDI value below 0.2

(Fig. 1). However, the size and PDI of PTX nanocrystals increased

with the chain length of anions in ILs. Both the size and PDI in-

creased to 496.8 ± 27.01 nm and 0.34 ± 0.01 for [Ch][n-Bu], and

869.0 ± 91.70 nm and 0.62 ± 0.20 for [Ch][n-Hx] (1:2), respectively

(Fig. 1).

Fig. 2. Characterization of PTX nanocrystals. (A) Morphology before filtration and

after resuspension. (B) Differential scanning calorimetry (DSC) patterns of PTX

nanocrystals prepared from either [Ch][Lac] (1:2) or ethanol, and PTX raw materials.

(C) Powder X-Ray diffraction (PXRD) patterns of PTX nanocrystals that are prepared

from either [Ch][Lac] (1:2) or ethanol, and PTX raw materials. Scale bar: 1 μm.

The direct change associated with the increase in chain length

of fatty acids was reduced surface tension of corresponding ILs.

It was generally acknowledged that low surface tension promoted

nucleation according to the classical nucleation equation [7,19,20].

However, only the ILs with surface tension higher than 42 mN/m

(e.g., [Ch][Ace], [Ch][Lac] (1:2), [Ch][Mala] (2:1), and [Ch][Suc])

could lead to high quality PTX nanocrystals. As far as [Ch][n-

Bu] and [Ch][n-Hx] (1:2) were concerned, although they presented

even lower surface tension, the resulted PTX nanocrystals were

larger. The reason might be due to molecular interactions between

PTX and ILs. Surface tension decreased with the increase in logP

of anions (Table S1 in Supporting information). Due to the hy-

drophobic interaction, PTX had stronger affinity to [Ch][n-Bu] and

[Ch][n-Hx] (1:2). Nucleation of PTX during solvent/antisolvent mix-

ing was thus retarded, leading to larger nanocrystals [20]. On the

contrary, Ch-ILs with surface tension larger than 42 mN/m were

composed of hydrophilic anions. Molecular interactions between

PTX and these ILs were supposed to be weaker in comparison with

[Ch][n-Bu] and [Ch][n-Hx] (1:2). In addition, the surface tensions

of these Ch-ILs were lower than that of water (approximately 72

mN/m, 298.15 K) [21], which was advantageous to burst nucleation

of PTX and consequently the control on size and size distribution

of nanocrystals.

Viscosity is another important property affecting the bottom-up

process. Unlike the surface tension, we did not find clear viscosity

boundary to distinguish ILs that enable production of high quality

PTX nanocrystals. However, all the ILs were far viscous than VOCs

and water due to the continuous network formed by ions. The vis-

cous network was not easily broken apart along invasion of water

but was divided into smaller clusters [13,22]. We assume that the

viscous ILs could be temporarily dispersed in water to form ultra-

fine droplets, which prevented the diffusion of PTX molecules from

the ILs phase into the aqueous phase [20,23]. Following a thor-

ough mixing, the ILs lost solubilizing capability due to dissociation

of ion pairs, leading to instantaneous and synchronous nucleation

of PTX. Consequently, small and uniform PTX nanocrystals were

obtained.

Besides the surface tension and the viscosity, factors such as the

concentration of the drug, volume ratio of ILs to water, the stirring

speed during mixing, the temperature, and others may affect the

size and size distribution of nanocrystals [20]. Since the purpose
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Fig. 3. DLS results of particle size and PDI of products prepared by (A) [Ch][Lac] (1:2) and (B) ethanol under different drug concentration (∗ , Dx50 value measured by

Mastersizer 3000); SEM photographs of products prepared at drug concentration of (C) 5 mg/g, (D) 8 mg/g, (E) 10 mg/g, (F) 13 mg/g, and (G) 18 mg/g in [Ch][Lac] (1:2), and

products prepared at drug concentration of (H) 3 mg/mL, (I) 5 mg/mL, (J) 8 mg/mL, (K) 10 mg/mL and (L) 13 mg/mL in ethanol, respectively. Scale bar: 1 μm.

of the study is to validate the feasibility of ILs in the preparation

of nanocrystals, we didn’t optimize these factors. The formula and

process parameters were directly adopted from literature. The in-

fluence of these factors on the size should be investigated if the

technique is applied to unknown drugs.

Based on the particle size and PDI, PTX nanocrystals prepared

from [Ch][Lac] (1:2) were chosen for characterization. Fig. 2A

shows SEM photographs of PTX nanocrystals before filtration and

after resuspension. PTX nanocrystals were rod-shaped with uni-

form size distribution. The filtration was essential to remove the

ions and concentrate the product. The process did not affect the

quality of the PTX nanocrystals.

DSC patterns of PTX raw materials and two nanocrystals were

shown in Fig. 2B. The endothermic peak at 220.8 °C of PTX

raw materials referred to its melting point, which disappeared in

the spectra of nanocrystals. Similar results were reported previ-

ously that thermodynamic behaviors of nanocrystals were size-

dependent [6,24]. Specifically, the latent heat of fusion and melting

temperature of nanoparticles decreased with the decrease of par-

ticle size. Such size dependence was ascribed to the structurally

perturbed layer and excess Gibbs free energy at the particle sur-

face [25]. Therefore, endothermic phenomena of PTX nanocrys-

tals at the melting point was significantly weakened in compar-

ison with bulk drugs. Exothermic peak around 240 °C referred

to drug decomposition, which was similar for PTX raw materials

and nanocrystals. Moreover, since crystallization occurred in water,

PTX•2H2O instead of dehydrated PTX precipitation was obtained.

Endothermic peaks below 100 °C in the DSC pattern of nanocrys-

tals were due to dehydration. Another thermal event taking place

at 164.6 °C revealed transition of dehydrated PTX from a crystalline

into semicrystalline state [26].

PXRD patterns are shown in Fig. 2C, illustrating the crystallinity

of the products. PTX raw materials showed 2θ peaks at 5.6°, 8.9°,
10.1°, 11.2°, 12.4°, 13.9°, 14.5°, 15.6°, 17.1°, 19.6°, and 22.0°, belong-
ing to the dehydrated PTX crystals. Both two nanocrystals showed

similar 2θ peaks at 5.2°, 6.1°, 9.6°, 10.9°, 12.2°, 12.4°, 13.6°, 13.9°,
15.3°, 16.4°, and 20.2°, belonging to PTX•2H2O [26]. Compared with

ethanol, [Ch][Lac] (1:2) did not change the crystal form of PTX

nanocrystals.

We tried to prepare nanocrystals at higher PTX concentra-

tion. The solubility of PTX in [Ch][Lac] (1:2) was measured to be

9.74 ± 0.64 mg/g at 25 °C and 18.13 ± 0.15 mg/g at 50 °C, re-

spectively. Therefore, [Ch][Lac] (1:2) was heated to 50 °C to get

PTX concentration larger than 10 mg/g, while 18 mg/g was set

as the maximum concentration. Both the particle size and PDI of

PTX nanocrystals slightly increased at higher PTX concentration in

[Ch][Lac] (1:2), which were all below 300 nm and 0.20, respec-

tively (Fig. 3A). Even when the concentration of PTX was close

to the saturation solubility in [Ch][Lac] (1:2), uniform nanocrys-

tals with size of 278.5 ± 1.504 nm can be prepared. SEM pho-

tographs (Figs. 3C-G) confirmed the results. On the contrary, when

ethanol was adopted as the solvent, sharp increase on size and PDI

of products was observed at higher PTX concentration (Figs. 3B and

H-L). When PTX concentration exceeded 8 mg/mL in ethanol, the

size of nanocrystals reached 479.0 ± 14.63 nm with PDI value as

high as 0.424 ± 0.037. Further increase in concentration even led

to PTX crystals of micrometers. Similar results were obtained when

ethanol was adopted as the solvent in other bottom-up processes

[27,28].

Although ILs were advantageous in controlling the size and

size distribution of PTX nanocrystals, the batch size in technique

screening was limited. Therefore, we studied the scale-up capabil-
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ity of the technique. Firstly, the amount of each component was

increased by 10 times or 20 times in proportion. The size and

PDI values of PTX nanocrystals were not significantly increased

comparing with the products in small batch (Table S2 in Sup-

porting information). Then, at 20-fold level of magnification, we

further increased the concentration of PTX in [Ch][Lac] (1:2) to

8 mg/g and 18 mg/g, respectively. Only slight increase in particle

size and PDI value was found when the PTX concentration was

increased to 18 mg/g (Table S2 in Supporting information), which

were 301.9 ± 53.92 nm and 0.250 ± 0.069, respectively. The mor-

phology of the PTX nanocrystals is shown in Fig. S10A (Supporting

information). They were uniformly dispersed rod-like crystals with

clear boundaries, indicating a high level of quality. The results also

confirmed the strong capability of ILs in the bottom-up process to

control the size of nanocrystals.

Due to the absence of stabilizers and the insolubility of PTX in

water, it was rational to recycle ILs used in the technique. In ad-

dition, the adopted ILs consisted of hydrophilic ions. The ionic so-

lution could be completely separated from PTX nanocrystals by fil-

tration. Then removal of water via evaporation enabled recovery of

ILs. The maximum recovery of [Ch][Lac] (1:2) was 91.1%, while the

average recovery amounted to 81.9% in 3 consecutive cycles (Ta-

ble S3 in Supporting information). Fig. S10B (Supporting informa-

tion) shows the 1H NMR spectrum of the recycled [Ch][Lac] (1:2),

which was coincident with the fresh one. Neither deviation of pro-

ton chemical shifts nor additional sharp signals was observed, in-

dicating no residuals of PTX [29]. The ratio of lactate to choline in

recycled solvent (1.7:1) was similar to that of the fresh one (1.8:1).

However, a broad peak emerged at around 4.75 ppm, which could

be ascribed to signals of active hydrogens in choline and lactate.

We evaluated the size and PDI of PTX nanocrystals prepared from

the recycled [Ch][Lac] (1:2). The size was all below 250 nm, while

the PDI values was less than 0.2 (Table S3 in Supporting informa-

tion). The results further supported the green conception of the

technique.

The applicability of the technique was validated in a wider

range of model drugs and using [Ch][Ace] as a model Ch-ILs.

[Ch][Ace] did not change the size and PDI of the nanosuspensions,

being similar to that from the VOCs (Table S4 in Supporting in-

formation). Of note is that we did not optimize the preparation

process, instead, the VOCs were directly substituted by an equal

amount of [Ch][Ace]. [Ch][Ace] did not change the morphology

of the nanosuspensions (Fig. 4), although different morphologies

of nanosuspensions were obtained. The reason is due to the spe-

cific crystal habit of the individual API. Moreover, the solid-states

were the same for the nanosuspensions prepared from [Ch][Ace]

and VOCs (Figs. S11-S13 in Supporting information). Confirmed by

DSC and PXRD evaluation, simvastatin and quercetin maintained

the crystalline nature following antisolvent precipitation, but ur-

sodeoxycholic acid was transformed to amorphous.

In conclusion, a series of Ch-ILs with different properties were

synthesized by metathesis reactions. Ch-ILs with surface tension

larger than 42 mN/m could be adopted as solvents to prepare pure

PTX nanocrystals of high quality by using a bottom-up approach.

PTX nanocrystals with size below 250 nm and PDI less than 0.25

were obtained. The nanocrystals made from [Ch][Lac] (1:2) were

similar to that from ethanol in size, PDI, and solid-state proper-

ties. [Ch][Lac] (1:2) seemed to be superior to ethanol in controlling

the size of PTX nanocrystals in scale-up production. The underly-

ing mechanism was probably related to the high viscosity of ILs

to prevent inhomogeneous nucleation as well as the low surface

tension to promote nucleation. Moreover, [Ch][Lac] (1:2) could be

recovered for cyclic utilization without compromise on the quality

of PTX nanocrystals. Besides PTX and [Ch][Lac] (1:2), nanosuspen-

sions of a wider range of model drugs have also been obtained

from [Ch][Ace], indicating a good applicability of the technique. In

Fig. 4. Morphologies of simvastatin nanosuspensions prepared from (A) methanol

and (B) [Ch][Ace], quercetin nanosuspensions prepared from (C) ethanol and (D)

[Ch][Ace], ursodeoxycholic acid nanosuspensions prepared through (E) alkali-acid

neutralization and from (F) [Ch][Ace]. Scale bar: 100 nm.

conclusion, ILs are likely to be a potent solution for green and con-

trollable fabrication of drug nanocrystals.
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