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A B S T R A C T   

We report an intriguing example of enantioselectivity in the formation of new multicomponent crystalline solid 
containing vinpocetine and malic acid. Several experimental data sets confirmed that the multicomponent sys-
tem presents a clear enantiospecific crystallisation behaviour both in the solid-state and in solution: only the 
system consisting of vinpocetine and L-malic acid produces a free-flowing solid consisting of a new crystalline 
form, while the experiments with D-malic acid produced an amorphous and often deliquescent material. The new 
vinpocetine-L-malic system crystallizes in the monoclinic space group of P21 and in a 1:1 molar ratio, where the 
two molecules are linked through intermolecular hydrogen bonds in the asymmetric unit. The vinpocetine-DL- 
malic system was partially crystalline (with also traces of unreacted vinpocetine) with diffraction peaks corre-
sponding to those of vinpocetine-L-malic acid. Solid-state NMR experiments revealed strong ionic interactions in 
all the three systems. However, while vinpocetine-L-malic acid system was a pure and crystalline phase, the other 
two systems persistently showed the presence of unreacted vinpocetine. This resulted in a significant worsening 
of the dissolution profile with respect to the pure vinpocetine-L-malic crystalline salt, whose dissolution kinetics 
appeared superior.   

1. Introduction 

Chirality has recently been one of the most active topics in phar-
maceutical materials science as it represents a distinctive feature found 
in many modern drugs [1,2]. The chirality of pharmaceutical com-
pounds often governs medical treatments, directly affecting pharmaco-
kinetic and pharmacodynamic parameters of drugs, thus having an 
impact on their potency and selectivity [2–7]. 

Multicomponent crystals containing chiral pharmaceutical com-
pounds have been central for the understanding of enantiomer selec-
tivity and regulation of the physicochemical properties of crystalline 
materials [8–11]. Since chirality represents a geometrical property, 

several chiral molecules often present difficulty on forming multicom-
ponent crystalline solids with chiral coformers, thus showing an enan-
tiospecific behaviour during crystallisation [12,13]. The 
enantiospecificity can be explained by the rather low stabilising energies 
present in these systems, which makes them particularly sensitive to 
changes in steric interactions and losses of stabilising secondary in-
teractions that occur when chirality is reversed. In fact, a chirality 
inversion of the compounds to be crystallised usually leads to a variation 
of steric interactions and an alteration or loss of stabilising secondary 
interactions [14]. In this context, Springuel et al. reported that over 85 
% of cocrystal systems found in the Cambridge Structural Database 
(CSD) show enantiospecificity. This statement comes from a meticulous 

Abbreviations: VINPO, (S,S)-vinpocetine; L-MAL, L-malic acid; D-MAL, D-malic acid; DL-MAL, DL-malic acid; EA, ethyl acetate; EtOH, ethanol; AcT, acetone; ACN, 
acetonitrile; HXN, hexane; DSC, differential scanning calorimetry; PXRD, powder X-ray diffraction; SSNMR, solid-state NMR; SXRD, single-crystal X-ray diffraction; 
HSM, hot-stage microscopy; NG, neat grinding; LAG, liquid-assisted grinding, POLAG, polymer-assisted grinding; PEG, polyethylene glycol; VINPO-L-MAL, vinpo-
cetine:L-malic acid; VINPO-L-MAL-NG, amorphous vinpocetine:L-malic acid obtained through neat grinding; VINPO-D-MAL, vinpocetine:D-malic acid; VINPO-DL- 
MAL, vinpocetine:DL-malic acid; VINPO-D-L-MAL PM, vinpocetine:DL-malic acid as physical mixtures of both enantiomers; ASU, asymmetric unit; Tg, glass tran-
sition; AUC, area under the curve. 

* Corresponding authors. 
E-mail addresses: bperissutti@units.it (B. Perissutti), dhasa@units.it (D. Hasa).  

Contents lists available at ScienceDirect 

European Journal of Pharmaceutics and Biopharmaceutics 

journal homepage: www.elsevier.com/locate/ejpb 

https://doi.org/10.1016/j.ejpb.2024.114344 
Received 9 April 2024; Received in revised form 16 May 2024; Accepted 26 May 2024   

mailto:bperissutti@units.it
mailto:dhasa@units.it
www.sciencedirect.com/science/journal/09396411
https://www.elsevier.com/locate/ejpb
https://doi.org/10.1016/j.ejpb.2024.114344
https://doi.org/10.1016/j.ejpb.2024.114344
https://doi.org/10.1016/j.ejpb.2024.114344
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejpb.2024.114344&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


European Journal of Pharmaceutics and Biopharmaceutics 201 (2024) 114344

2

search in the CSD and from a cocrystal screening of chiral compounds (i. 
e., levetiracetam, fasoracetam, dyprophylline, S-oxiracetam, 2R,3R-/ 
2S,3S-tartaric acid, R-/S-mandelic acid, S-ibuprofen, S-3-phenyllactic 
acid, R-3-phenyllactic acid, S-phenylsuccinic acid, R-flurbiprofen, R-2- 
(4-hydroxyphenoxy)propionic acid, 1R,3S-camphoric acid, R-/S-meth-
ylsuccinic acid and stanozolol), which demonstrated that 11 out of 13 
new cocrystals discovered exhibit enantiospecificity [14]. 

On this basis, our study explores the propensity of the chiral drug 
vinpocetine (14-ethoxycabonyl-(3α,16α-ethyl)-14,15-eburnamine) 
(Fig. 1a) to form multicomponent crystalline solids in the presence of a 
chiral coformer. Specifically, vinpocetine presents two stereogenic 
centers (C3 and C16) and is commercially available as (S,S)-vinpocetine 
(herein after referred to as VINPO) [15]. The drug is a synthetic deriv-
ative of vincamine (one of the main alkaloid molecules found in the 
vinca minor plant [16]), which is used for the treatment of cerebral 
disorders and diseases. It also increases the cerebral flow in the ischemic 
areas thus showing a neuroprotective effect against brain ischemia in 
patients with cerebrovascular diseases [17,18]. 

Pure VINPO, however, presents important biopharmaceutical limi-
tations including a limited aqueous solubility and, consequently, a very 
low oral bioavailability [19]. It is therefore desirable producing a 
multicomponent system of such molecule with an improved dissolution 
profile. 

In this work, malic acid (MAL) (1-hydroxy-1,2-ethanedicarboxylic 
acid) (Fig. 1b-c) was chosen as a salt forming agent [20], due to the low 
toxicity and because its common use as an excipient in the pharma-
ceutical and food industry [21,22]. 

Importantly, since both VINPO and MAL are chiral compounds, it 
was also possible to investigate the crystallisation of VINPO in the 
presence of each enantiomer (D-MAL and L-MAL) and the racemic form 
(DL-MAL). 

The crystallisation tendency of these three systems (i.e., VINPO-L- 
MAL, VINPO-D-MAL, VINPO-DL-MAL) was investigated using both 
solution-based and solid-state techniques, to understand if a change in 
the type of process and involved energies could lead to different out-
comes in the formation of the multicomponent system. 

As for the solution-based techniques, slow-evaporation crystal-
lisation was used and, based on VINPO and MAL solubility values, 
different solvents were investigated. As for the solid-state techniques, 
three mechanochemical methods were used, namely neat grinding (NG), 
liquid-assisted grinding (LAG), and polymer-assisted grinding (POLAG). 
The crystal structure of VINPO-L-MAL system obtained through solution 
crystallisation was solved by single crystal X-ray diffraction (SXRD). 

Furthermore, solid-state NMR (SSNMR) was performed to check the 
protonation state of VINPO in the three investigated systems as well as 

their crystallinity and purity. Finally, dissolution tests in non− sink 
conditions were performed at 37 C using a pH 7.4 phosphate buffer for 
the three VINPO-L-MAL, VINPO-D-MAL and VINPO-DL-MAL systems. 

2. Materials and methods 

2.1. Materials 

VINPO of Ph. Eur. grade was purchased from Linnea (Locarno, 
Switzerland), while L-MAL, D-MAL, DL-MAL were provided from Sigma- 
Aldrich (St. Louis, USA). Hexane (HXN), ethyl acetate (EA), ethanol 
(EtOH), acetone (AcT), acetonitrile (ACN) and polyethylene glycol 3000 
(PEG 3000) were purchased from Sigma-Aldrich (Milan, Italy). All the 
actives and chemicals were used as received. 

2.2. Methods 

2.2.1. Sample preparation 

2.2.1.1. Solution crystallisation. Solution crystallisation experiments 
were performed at room temperature using four solvents namely, EA, 
EtOH, AcT and ACN. For each solvent, three vials consisting of a 1:1 M 
ratio of VINPO and the MAL enantiomer or the racemic compound were 
prepared. The approximate solubility values of VINPO and MAL and 
some chemical properties of the crystallisation solvents are reported in 
Table S1 in the Supplementary Information (SI) file. In the case of so-
lution crystallisation in EA, 7.5 mg (0.021 mmol) of VINPO and 2.8 mg 
(0.021 mmol) of L-MAL/D-MAL/DL-MAL were transferred in a lidded 
vial (having an internal volume of 7 ml) and dissolved in 4 mL of solvent 
under continuous mixing with a magnetic stirrer for 45 min at room 
temperature. For the other three solvents (i.e., EtOH, AcT, ACN), 20 mg 
(0.057 mmol) of VINPO and 7.6 mg (0.057 mmol) of the coformer were 
added and stirred for 45 min. Subsequently, the vials were pierced to 
enable slow solvent evaporation. 

2.2.1.2. Mechanochemical screening experiments. The mechanochemical 
screening experiments were performed in Retsch MM200 vibrational 
mill (Retsch, Germany). The materials were processed using two 15 mL 
stainless steel jars containing two milling spheres with a diameter of 7 
mm. Specifically, three mechanochemical methods were used, NG, LAG 
and POLAG [23]. 

NG experiments were performed by milling 200 mg of a mixture of 
VINPO and a coformer in a 1:1 M ratio for 60 min at 25 Hz. As for LAG, 
the drug-to-drug molar ratio, milling time and the milling frequency 
were kept fixed as NG experiments, while the same solvents of solution- 

Fig. 1. (a) VINPO, (b) L-MAL and (c) D-MAL molecular structures with atom numbers (assigned for the solid-state NMR analysis).  
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based crystallisation processes (i.e., EA, EtOH, AcT, ACN), plus hexane 
(HXN), were used in 4 different η values [24] ranging from 0.1 (μL mg− 1) 
to a maximum of 0.4 (μL mg− 1) since it is known from literature that for 
some systems different amounts of the same liquid can lead to different 
polymorphic forms [25] or can promote the amorphisation/crystal-
lisation processes [26]. 

POLAG experiments were also performed, as polymers are known to 
accelerate and facilitate mechanochemical transformations [27]. Also, 
for such screening experiments, the drug-to-drug molar ratio, milling 
time and the frequency were kept fixed and used the same as those in NG 
and LAG experiments, while four δ values [28] ranging from 0.01 to 0.2 
of PEG 3000 were tested. 

The solid products were characterised by PXRD and DSC within 24 h 
after their preparation. 

2.2.2. DSC analysis 
The thermal behaviour of each system was characterised using a 

Mettler-Toledo DSC822e (Greifensee, Switzerland) connected to a cell 
Mettler DSC20 calorimeter, and operated with the STARe software. For 
each experiment, 2–4 mg of sample was weighed and introduced into an 
aluminium sealed and pierced crucible (internal volume of 40 μL). 
Samples were heated in the range 30–185 ◦C under an air atmosphere, 
using a heating rate of 10 ◦C min-1. 

DSC was also used to determine the glass transition (Tg) of amor-
phous materials. Specifically, Tg was obtained by heating each sample at 
10 ◦C min-1 from 30 to 185 ◦C, quenching up to − 20 ◦C at 50 ◦C min-1 

and then re-heating, under nitrogen (N2) flow. The Tg values were re-
ported as inflection point of the curves. 

2.2.3. PXRD analysis 
PXRD experiments were carried out in a Bruker-AXS (Siemens), using 

CuKα source (λ = 1.5418 Å) with a voltage of 40 kV and an amperage of 
30 mA. All the measurements were conducted at room temperature, in a 
2θ range of 5-35◦ with a step-size of 0.05◦ and a time-step of 2 s. 

2.2.4. Single crystal X-ray diffraction and crystal structure solution 
The diffraction data for VINPO-L-MAL was collected on a four-circle 

Agilent SuperNova (Dual Source) single crystal X-ray diffractometer using 
a micro-focus CuKα X-ray beam (λ = 1.54184 Å) and a HyPix-Arc 100 
hybrid pixel array detector. The sample temperatures were controlled 
with an Oxford Instruments cryojet. All data were processed using the 
CrysAlisPro programme package from Rigaku Oxford Diffraction [29]. The 
crystal structures were solved with the SHELXT programme [30], used 
within the Olex2 software suite [31], and refined by least squares on the 
basis of F2 with the SHELXL programme [32] using the ShelXle graphical 
user interface [33]. All non-hydrogen atoms were refined anisotropi-
cally by the full-matrix least-squares method. Hydrogen atoms associ-
ated with carbon atoms were refined isotropically in geometrically 
constrained positions [Uiso(HC) = 1.2•Ueq(C), while hydrogen atoms 
affiliated with oxygen and nitrogen atoms were refined isotropically 
after being located in the difference map [Uiso(HN,O) = 1.5•Ueq(N,O)]. 
Crystallographic and refinement parameters are reported in Table S2 in 
the SI file. An ORTEP plot of the content of the asymmetric unit is shown 
in Figure S5 in the same document. 

2.2.5. Optical and hot-stage microscopy 
Images of different VINPO-L-MAL single crystals were acquired 

through a ZEISS optical microscope equipped with long working dis-
tance objectives. Hot-stage microscopy (HSM) was also performed to 
confirm the melting temperature of the new system obtained: selected 
single crystals were heated from 30 ◦C to 170 ◦C with a heating rate of 
10 ◦C min-1, using a Mettler-Toledo Ltd. hot-stage microscopy apparatus 
(Greifensee, Switzerland). 

2.2.6. SSNMR analysis 
Solid-state NMR spectra were acquired with a Bruker Avance II 400 

Ultra Shield instrument, operating at 400.23, 100.63 and 40.56 MHz for 
1H, 13C and 15N nuclei, respectively. 

Powdered samples were packed into cylindrical zirconia rotors with 
a 4 mm o.d. and a 90 μL volume. A certain amount of sample was 
collected from each batch and used without further preparation to fill 
the rotor. 13C CPMAS spectra were acquired at a spinning speed of 12 
kHz, using a ramp cross-polarisation pulse sequence with a 90◦ 1H pulse 
of 3.60 μs, a contact time of 3 ms, optimised recycle delays between 2.5 
and 4.2 s, a number of scans in the range 600–2220, depending on the 
sample. 15N CPMAS spectra were acquired at a spinning speed of 9 kHz 
using a ramp cross-polarisation pulse sequence with a 90◦ 1H pulse of 
3.60 μs, a contact time of 4 ms, optimised recycle delays between 2.5 and 
4.2 s, a number of scans in the range 53880–115620, depending on the 
sample. For every spectrum, a two-pulse phase modulation (TPPM) 
decoupling scheme was used, with a radiofrequency field of 69.4 kHz. 
The 13C and 15N chemical shift scales were calibrated through the signals 
of γ-glycine (13C methylenic peak at 43.7 ppm and 15N peak at 33.4 ppm 
with reference to NH3) as an external standard. 

2.2.7. In vitro dissolution tests 
In vitro dissolution kinetics of pure VINPO, VINPO-L-MAL, VINPO-D- 

MAL and VINPO-DL-MAL were carried out under non-sink conditions (C 
> 0.2 Cs). Each experiment was performed using 150 mL of pH 7.4 
phosphate buffer solution in a vessel directly connected to a thermo-
static bath (37 ◦C), with a constant agitation provided by a magnetic 
stirrer. Under such conditions the solubility of pure VINPO is 1.6 mg L-1 

[34]. Therefore, the equivalent of 5 mg of VINPO (maximum theoretical 
concentration of 33.3 mg L-1) was added to the dissolution medium and 
the absorbance was measured in-situ through a fiber optic apparatus 
(HELLMA, Italy) connected to a spectrophotometer (ZEISS, Germany). 
The absorbance values were recorded at the maximum wavelength of 
the drug (270 nm) [35]. A Tyndall − Rayleigh scattering correction was 
applied to the recorded spectra to exclude the scattering occurring at 
every wavelength of undissolved particles. The results are reported as 
the average of three replicates. 

3. Results and discussion 

The crystallisation tendency of VINPO in the presence of L-MAL, D- 
MAL and DL-MAL was investigated both through solution crystal-
lisations (slow evaporation) and mechanochemistry. In the case of 
VINPO-L-MAL system, single crystals (of different quality, depending on 
the type of solvent) appeared in all experiments after 15 days. On the 
contrary, VINPO-D-MAL and VINPO-DL-MAL never crystallised, and 
only gel-like products appeared on the bottom of the vials (Figures S1-S4 
in the SI document). Fig. 2 reports the optical images of VINPO-L-MAL 
single crystals obtained in different solvents. The microscopic images 
showed that the single crystals obtained in EA were generally of the 
highest quality, thus they were used for single-crystal structure analysis. 

Single crystal X-ray diffraction studies revealed that VINPO-L-MAL 
crystallises in the monoclinic space group P21 with one VINPO+ cation 
and one L-MAL− anion in the asymmetric unit (Figure S5 in the SI 
document). The L-MAL− anions form two-dimensional molecular sheets 
via O − H•••O− hydrogen bonds. The VINPO+ cations link to the mo-
lecular sheets through bifurcated N+− H•••O− /O hydrogen bonds 
(Fig. 3). 

The thermal behaviour of VINPO-L-MAL (crystallised from EA) was 
subsequently investigated through DSC. The results are presented in 
Fig. 4 together with the DSC thermograms of the starting materials. 
Specifically, the DSC curve of the new system showed a single endo-
thermic peak at 149.65 ◦C, with an enthalpy of 94.45 J g-1, which was 
attributed to its melting. Interestingly, the melting point of VINPO-L- 
MAL single crystal is close to that of raw VINPO detected at 
150.32 ◦C, while far from that of pure L-MAL that occurred at 103.52 ◦C. 
The DSC curves of other single crystals obtained in different solvents 
were comparable (Figure S6 in the SI document). 
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Hot-stage microscopy was also used for the in-situ observation of the 
samples upon heating. The results confirmed the DSC results: upon 
heating VINPO-L-MAL single crystals showed a unique thermal event 
corresponding to melting at about 149 ◦C (see the multimedia file in the 
SI document). 

Mechanochemistry was subsequently used to understand if VINPO-L- 
MAL multicomponent crystalline system could also be obtained in the 
solid-state. As previously mentioned, different mechanochemical 
methods such as NG, LAG and POLAG were employed. The same tech-
niques were also tested for VINPO-D-MAL and VINPO-DL-MAL. 

NG led to the formation of an amorphous phase and traces of 
unreacted VINPO in all the three systems (Fig. 5). The literature has 
shown that NG can generate amorphous systems, while LAG, i.e. 
grinding in the presence of small amounts of catalytic liquids, usually 
brings to crystalline materials [36–38]. 

Interestingly, the amorphous solid consisting of VINPO-L-MAL 

obtained through NG (hereinafter VINPO-L-MAL-NG) spontaneously 
recrystallised after 2 months, while VINPO-D-MAL remained amorphous 
for the whole investigated period (48 months). VINPO-DL-MAL system 
showed a partial recrystallisation that was slower (12 months) than that 
observed in the enantiomerically-pure VINPO-L-MAL system (Figure S7 
in the SI document). Additionally, DSC thermograms of the three sam-
ples confirmed the stability results: the thermogram of VINPO-L-MAL- 
NG showed a recrystallisation exothermic event at 122.15 ◦C followed 
by an endothermic event at 149.65 ◦C corresponding to the melting 
(Figure S8 in the SI document). 

To better understand the above-mentioned physical stability results, 
the glass transition (Tg) values of the pure compounds and of the 
multicomponent systems were determined (see paragraph 2.2.2) and 
compared to the theoretical Tgs calculated by the Flory-Fox equation 
[39]. As reported in Table 1, melt quenched pure VINPO has a Tg of 
22.31 ◦C, individual L-MAL or D-MAL enantiomers exhibit a Tg of 

Fig. 2. Optical images of single crystals obtained in (a) EA, (b) EtOH, (c) AcT and (d) ACN at a magnification of 10x.  

Fig. 3. VINPO+: L-MAL− assemblies in the crystal structure of VINPO-L-MAL, as determined by single crystal X-ray diffraction analyses.  
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− 5.86 ◦C, while DL-MAL racemic compound a Tg of − 13.11 ◦C, in 
accordance with the Tg values reported in literature [40]. Tg values of 
the three VINPO-MAL systems clearly differ from those of the pure 
compounds (Table 1). It is worth mentioning that the experimental Tgs of 
the multicomponent systems are not in accordance with the theoretical 
values, being the experimental Tgs approximately 30 ◦C higher than 
respective theoretical Tgs obtained through the Flory-Fox equation. Such 
differences were already reported for salt forming systems, that typically 
show significantly higher Tg values than the theoretical ones, attribut-
able to the strong ionic interactions occurring in acid-base systems 
[41–44]. The experimental Tgs of the VINPO-L-MAL-NG and VINPO-D- 
MAL systems are identical. The different physical stability of the 
VINPO-L-MAL-NG and VINPO-D-MAL systems, therefore, cannot be 
related to the Tg values, but it rather depends on the enantiomer ster-
eoselectivity. It is likely that only the L-enantiomer of MAL has the 
appropriate conformation to create a crystalline multicomponent solid 
with VINPO, while being the D-enantiomer not favourable from a steric 

Fig. 4. DSC experimental curves of new VINPO-L-MAL multicomponent system (black), raw VINPO (red) and L-MAL (blue). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. PXRD patterns of NG mechanochemically prepared VINPO-L-MAL, VINPO-D-MAL, VINPO DL-MAL samples, plus VINPO-L-MAL single crystal and raw VINPO 
and MAL. Grey dotted lines highlight VINPO reflections. 

Table 1 
Experimental Tg values for raw materials and VINPO-L-MAL-NG, VINPO-D-MAL 
and VINPO-DL-MAL systems, compared (when possible) to the theoretical Tg 
according to the Flory-Fox equation.  

Sample Experimental Tg (◦C) Theoretical Tg 

according to Fox equation (◦C) 

VINPO  22.31 N/Aa 

L-MAL  − 5.86 N/Aa 

D-MAL  − 5.86 N/Aa 

DL-MAL  − 13.11 N/Aa 

VINPO-L-MAL  59.92 13.93 
VINPO-D-MAL  59.09 13.93 
VINPO-DL-MAL  62.58 11.58  

a Single compound, not applicable to calculate a theoretical Tg through the 
Flory-Fox equation [39]. 
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point of view for crystallisation, it forces the system towards an amor-
phous solid. Finally, the VINPO-DL-MAL system exhibits a slightly 
higher experimental Tg compared to those of VINPO-L-MAL and VINPO- 
D-MAL compounds, that can possibly explain the slower recrystallisa-
tion process (12 months) [45] than that observed for the 
enantiomerically-pure VINPO-L-MAL system (2 months). 

In addition to NG, LAG experiments were also performed. The main 
aim of these experiments was to understand if it was possible to obtain a 
crystalline multicomponent system of VINPO in the presence of the 
other enantiomer D-MAL. The solvents were selected among those used 
for the solution crystallisations, with the addition of a non-polar liquid 
such as HXN (not previously used, since MAL is insoluble in such liquid). 

As it is known from literature that for some multicomponent systems 
different amounts of the same liquid can lead to different polymorphs of 
the same system [20] or can promote the amorphization/crystallisation 
processes [21], in this case for each liquid, 4 different η values [24] 
ranging from a minimum of 0.1 to a maximum of 0.4 were used. 

For the sake of brevity, in Fig. 6 PXRD results of LAG experiments 
with HXN are reported, while DSC results are presented in Figure S9 in 
the SI file. 

As expected, LAG of VINPO-L-MAL in the presence of different 
amounts of HXN led to highly crystalline powdered solids (Fig. 6a). 
Similar results were obtained with all other liquids, and no evidence of 
different polymorphic forms of the new multicomponent system could 
be detected (Figure S10 in the SI file). 

Interestingly, LAG of VINPO and D-MAL in the presence of HXN 
produced solids with a clear presence of unreacted VINPO (Fig. 6c). 
Although we did not perform quantitative analysis, it is evident from the 
PXRD pattern reported in Fig. 6c that the amount of unreacted VINPO 
increases at higher η values. 

LAG experiments with VINPO and DL-MAL in the presence of 
different amounts of HXN led to the formation of solid products with 
different characteristics. Specifically, the solid obtained by LAG using an 
η value of 0.1 appeared mainly amorphous with traces of unreacted 
VINPO and it was very similar to the PXRD pattern of the VINPO-DL- 
MAL solid obtained by NG. At higher η values, a partially crystalline 
solid showing diffraction peaks corresponding to those of VINPO-L-MAL 
(plus some unreacted VINPO) were observed (Fig. 6b). It is likely that 
DL-MAL racemic compound, initially forms a conglomerate upon mill-
ing in the presence of enantiomerically pure VINPO. After that, VINPO 
separately interacts with each enantiomer forming a crystalline salt with 
the L-MAL enantiomer, and an amorphous salt with the opposite 
enantiomer. 

A confirmation of this hypothesis was given by another LAG exper-
iment (1 h of LAG HXN at 25 Hz) in which VINPO was milled in the 

presence of a physical mixture of L-MAL and D-MAL (hereinafter 
referred to as VINPO-D-L-MAL PM). VINPO-D-L-MAL PM – through 
PXRD characterization − showed a partially crystalline pattern perfectly 
superimposable to that of VINPO-DL-MAL, presenting diffraction peaks 
corresponding to those of VINPO-L-MAL plus signals due to unreacted 
VINPO. Since grinding VINPO in the presence of DL-MAL as racemic 
compound or as physical mixture gave the same result, we could 
strongly support the thesis that a transition from DL-MAL racemic 
compound to a conglomerate occurs upon LAG in the presence of 
enantiomerically pure VINPO, allowing VINPO to separately interact 
with each enantiomer, finally coming to the preferential crystallization 
with the L-MAL enantiomer. Figure S11 in the SI document shows a 
PXRD comparison of VINPO-D-L-MAL PM and VINPO-DL-MAL. 

A summary of all LAG results is reported in Table S3 in the SI file. 
Generally, when VINPO is processed in the presence of L-MAL, a new 
crystalline product is consistently produced, regardless of the type and 
amount of liquid used. When VINPO is processed in the presence of D- 
MAL a completely different scenario appears: the material appeared 
deliquescent immediately after the LAG process finished (with all liq-
uids, except for HXN) (Fig. 7). 

The mechanochemical formation of deliquescent materials is not 
new and has been observed even when no intentional water is added 
into the milling jar, but simply due to the humidity in the air [46]. 
Clearly, such phenomenon depends on the experimental conditions and 
on the propensity of specific multicomponent systems of being hygro-
scopic [47]. However, the formation of deliquescent materials in the 
case of VINPO-D-MAL system cannot be related to the humidity since NG 
of the system produced a free-flowing amorphous solid, but such phe-
nomenon became particularly evident when liquids with a certain po-
larity (including low polar liquids such as EA) were added [48]. 

Additionally, POLAG experiments of VINPO-D-MAL also produced 
free-flowing (yet amorphous) solids (see Figures S13 and S14 in the SI 
document), and we have previously observed that specific polymers can 
dehydrate hydrated solids [49,50]. It is therefore reasonable to think 
that the deliquescence observed in the case of VINPO-D-MAL can be 
related, due to the amorphous nature of the system, to a possible partial 
absorption or interaction with the molecules of the added liquid. 

The behaviour of the system consisting of VINPO and DL-MAL was in 
between the two enantiomerically pure systems; only with HXN, free- 
flowing products were obtained, being amorphous at low η values and 
producing a partially crystalline solid with diffraction peaks corre-
sponding to the VINPO-L-MAL system at higher η values (see Fig. 6). LAG 
experiments with the other tested liquids on VINPO-DL-MAL always 
gave a deliquescent material (see Figure S14 in the SI document). 

Subsequently, SSNMR analyses were performed to confirm the 

Fig. 6. PXRD results of LAG experiments with 0.1, 0.2, 0.3, 0.4 η of HXN for (a) VINPO-L-MAL, (b) VINPO-DL-MAL and (c) VINPO-D-MAL three systems. Grey dotted 
lines highlight VINPO reflections. 
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protonation state of VINPO in the different VINPO-MAL systems, i.e., the 
formation of salts or cocrystals. From literature it is well-known that the 
empirical ΔpKa rule (pKa (protonated base) − pKa (acid)) can be 
generally used for predicting salt from cocrystal formation. According to 
such rule, when the ΔpKa is greater than 3, a complete proton transfer 
occurs leading to a salt, while when lower than − 1 often brings to the 
formation of neutral cocrystal system [51,52]. On the other hand, be-
tween − 1 and 3 the prediction is no longer possible [53]. However, 
although the predictive accuracy of the pKa is generally high, the pro-
tonation state must be always supported by experimental spectroscopic 
data [54]. 

In the case of VINPO and MAL, they interact with each other via a 
N⋅⋅⋅H⋅⋅⋅O contact between N11 of VINPO and a carboxylic group of MAL, 
as observed in the crystal structure and for similar systems [34,35]. For 
such interaction, the ΔpKa is equal to 3.80 (pKa (protonated VINPO) 
7.31 – pKa1(MAL) 3.51) [55,56], suggesting a higher probability of 
obtaining molecular salts, i.e. characterized by ionic interactions be-
tween the two molecules. 

The 13C CPMAS spectrum recorded for VINPO-L-MAL is shown in 
Fig. 8a, where it is compared with those of pure VINPO and L-MAL. In 
the VINPO-L-MAL spectrum, only one set of resonances appears for both 
VINPO and L-MAL, at different chemical shift than in the starting ma-
terials, confirming that a new crystal form with a 1:1 stoichiometry is 
obtained. Importantly, VINPO-L-MAL does not contain detectable traces 
of unreacted starting materials. It is widely recognised that a comparison 
of the chemical shifts of the carboxyl groups of the pure coformer with 
the same signals of the multicomponent systems could provide infor-
mation on the protonation state of the API, i.e. whether the hydrogen 
bond interaction is assisted by a proton transfer from the carboxyl group 
of the coformer to the basic N11 of the VINPO [52]. In these particular 
case, the shifts with respect to pure L-MAL are not very indicative for 
two reasons: a) pure L-MAL contains two independent molecules in the 
unit cell, as evinced by the splitting of almost all peaks (CSD identifier: 
COFRUK10), thus it is not easy to correlate the shifts to the correct 
signals; b) in pure L-MAL all (4) carboxylic groups are involved in 
COOH-HOOC homosynthons to form the R2

2(8) motif which is well 
known to shift the COOH signal at higher frequencies similar to that of 
carboxylate groups [57]. However, the carboxylic carbon C1′ and C4′ 
signals resonate at 173.6 and 180.1 ppm and their difference in chemical 
shift suggests the presence of two carboxylic groups having different 
protonation state: a carboxylic acid (173.6 ppm) and a carboxylate 
(180.1 ppm), in agreement with shift values reported in literature [52]. 

Fig. 8b displays an analogous comparison between the 15N CPMAS 
spectra of VINPO-L-MAL and pure VINPO. The presence of only two 
signals in the spectrum of the new system confirms the 1:1 stoichiometry 
surmised by the 13C CPMAS spectrum. Moreover, the shift of the N11 
signal at higher frequencies, from 29.3 ppm in pure VINPO to 42.9 ppm 
in VINPO-L-MAL (Δδ = 13.6 ppm), is such to justify its protonation with 
formation of a charge-assisted N+-H⋅⋅⋅O- interaction with the carboxylic 
group of L-MAL. Similar shifts were observed in the case of salts VINPO- 

boric acid, VINPO-citrate and VINPO-oxalic acid [26,34]. 
A comparison among 13C CPMAS spectra of crystalline VINPO-L- 

MAL, VINPO-L-MAL-NG and VINPO-D-MAL is presented in Fig. 9. The 
signals in the spectra exhibit an average full width at half maximum 
value of ~ 70 Hz for crystalline VINPO-L-MAL, ~330 Hz for VINPO-L- 
MAL-NG and ~ 280 Hz for VINPO-D-MAL. These values agree with 
the crystalline and amorphous nature of the three analysed powders. It is 
important to highlight the presence of traces of unreacted VINPO in 
VINPO-L-MAL-NG and VINPO-D-MAL, mainly observable in the shoul-
ders at 21.4, 59.4, 64.6 and 164.3 ppm. On the other hand, no signals of 
unreacted D-MAL are observed in VINPO-D-MAL (see Figure S15 in the 
SI document). 

Fig. 7. Images of opened jars showing VINPO-D-MAL deliquescent material after LAG experiments with (a) EA, (b) AcT, (c) EtOH and (d) ACN.  

Fig. 8. (a) 13C (100.6 MHz) CPMAS spectra of VINPO-L-MAL, pure L-MAL and 
pure VINPO acquired at a spinning speed of 12 kHz at room temperature. The 
red box highlights signals related to L-MAL carboxylic carbons. (b) 15N (40.6 
MHz) CPMAS spectra of VINPO-L-MAL and pure VINPO acquired at a spinning 
speed of 9 kHz at room temperature. The blue box highlights signals related to 
the VINPO N11 atom. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

I. D’Abbrunzo et al.                                                                                                                                                                                                                            



European Journal of Pharmaceutics and Biopharmaceutics 201 (2024) 114344

8

The considerations drawn for VINPO-L-MAL regarding the carbox-
ylic and N11 protonation state are also valid for VINPO-L-MAL-NG, 
although the signals are much broader in accordance with the syn-
thetic technique used for the sample preparation. The 13C (Fig. 9) and 
15N CPMAS (Figure S16 in the SI document) spectra mostly reproduce 
very similar chemical shifts for the resonances associated to C1′, C4′ and 
N11 with respect to the crystalline VINPO-L-MAL. Indeed, the 13C C1′ 
and C4′ peaks are centred at about 179.0 and 174.4 ppm ascribable to a 
COO– and a COOH environments, respectively, while the 15N N11 signal 
falls at 44.6 ppm typical of a N+-H group. The same applies for VINPO-D- 
MAL, which has carboxyl signals very similar to VINPO-L-MAL-NG 
(Fig. 9) (178.9 and 175.3 ppm) but whose 15N CPMAS spectrum was 
not acquired because of the presence of a large amount of unreacted 
VINPO. The broadening and the presence of additional signals in the 
spectra reveal the amorphousness of these samples and a transition to-
wards the formation of a new, but not complete and pure, multicom-
ponent form. 

Finally, Fig. 10 shows the 13C CPMAS spectra of VINPO-DL-MAL 
(synthetised by LAG using HXN as liquid with a η value of 0.4) 
compared to pure VINPO and VINPO-L-MAL. The signal in VINPO-DL- 
MAL exhibits an average full width half maximum value of ~ 100 Hz; 
this confirms the crystalline nature of the sample, previously detected by 
PXRD. Furthermore, from the 13C CPMAS spectra, it is possible to clearly 
recognise the same crystalline form as VINPO-L-MAL. Indeed, most of 
the chemical shift values of the signals are perfectly superposable with 
those of VINPO-L-MAL. However, a significant amount of unreacted 
VINPO is present, as observed from the signals at 7.5, 51.2, 58.6, 63.8, 

108.0, 119.2, 132.5 and 164.2 ppm. The unreacted VINPO was esti-
mated to be approximately 20–25 %, by integration of relevant signals, 
and highlights the inability of the system to completely convert to a new 
pure crystalline form in the presence of the D-MAL enantiomer. This 
confirms the hypothesis of a preferential and selective crystallisation of 
VINPO with the L-MAL enantiomer. On the other hand, no signals of 
unreacted D- nor DL-MAL are observed (see Figure S17 in the SI 
document). 

Finally, the dissolution kinetic tests for the crystalline VINPO-L-MAL, 
VINPO-D-MAL and partially crystalline VINPO-DL-MAL salts were car-
ried out at 37 ◦C in a pH 7.4 phosphate buffer. As it is evident from 
Fig. 11, all three above-mentioned systems showed a remarkable 
improvement of the dissolving performance when compared to raw 
VINPO. The dissolution profile of the three products is typical of a salt, 
that is a rapid solubilisation reaching large supersaturation within the 
first 2 min of the test, followed by a precipitation phase. In all three 
products the concentration reaches a plateau value of about 2 mg L-1 

within the first 30 min of testing, which is in accordance with the 
equilibrium solubility, reported in the literature [35]. However, it is 
worth noticing that the dissolution profile of VINPO-L-MAL salt is 
higher, both in terms of maximum concentration reached and extent of 
the spring-parachute phenomenon [58–60], compared to those of 
VINPO-D-MAL and partially crystalline VINPO-DL-MAL salts, which is in 
contradiction with what is commonly known from literature [51,61,62]. 
Indeed, the mean area under the curve (AUC) for VINPO-L-MAL is 500.0 
± 14.1 mg L-1, while the mean AUC values for VINPO-D-MAL and 
VINPO-DL-MAL are 265.0 ± 34.7 and 307.8 ± 9.9, respectively 
(Table 2). 

A possible explanation of this phenomenon can be related to the fact 
that only the crystalline VINPO-L-MAL salt is a pure system with no 
traces of unreacted VINPO, while both VINPO-D-MAL and VINPO-DL- 
MAL systems present residues of unreacted VINPO, as attested by 
PXRD and SSNMR analyses. The presence of traces of the poorly soluble 
drug VINPO can affect the degree of solubilisation in these two systems, 
having therefore a significant impact on their dissolution profile. 
Potentially, the presence of suspended unreacted VINPO crystals can 
also accelerate the precipitation phenomenon, by acting as pre-formed 
seeds on which VINPO molecules precipitate from the solution and 
attach on their surface. This result highlights the fact that the physical 
status (amorphous or crystalline) but also the phase purity is an 
important factor necessary to better understand the dissolution behav-
iour of new solid forms. 

Fig. 9. 13C (100.6 MHz) CPMAS spectra of crystalline VINPO-L-MAL (red), 
VINPO-L-MAL-NG (black, up) and VINPO-D-MAL (black, down) acquired at a 
spinning speed of 12 kHz at room temperature. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version 
of this article.) 

Fig. 10. 13C (100 MHz) CPMAS spectra of VINPO-DL-MAL system, compared to 
pure VINPO and crystalline VINPO-L-MAL acquired at a spinning speed of 12 
kHz at room temperature. Yellow boxes highlight VINPO signals present in 
VINPO-DL-MAL. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 11. Dissolution profiles of pure VINPO (yellow triangles) compared to 
crystalline VINPO-L-MAL (green triangles), VINPO-D-MAL (red circles) and 
partially crystalline VINPO-DL-MAL (black circles). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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4. Conclusions 

The crystallisation tendency of VINPO in the presence of individual 
enantiomers and racemic form of MAL was investigated both in solution 
crystallisations and through mechanochemistry. Despite several tech-
niques, VINPO presented a preferential crystallization tendency with L- 
MAL, while experiments with D-MAL consistently generated amorphous 
and deliquescent materials. The new VINPO-L-MAL system crystallizes 
in the monoclinic P21 space group, showing one VINPO and one L-MAL 
molecule in the asymmetric unit. 

While 13C and 15N CPMAS SSNMR experiments confirmed the pro-
tonation state of VINPO in all three systems, only VINPO-L-MAL 
appeared a pure phase, while the VINPO-D-MAL amorphous salt still 
presented residual peaks of unreacted VINPO. The VINPO-DL-MAL 
system was partially crystalline (with also traces of unreacted VINPO) 
with diffraction peaks corresponding to those of VINPO-L-MAL. An 
explanation of this phenomenon could be found in a possible conversion 
of the racemic compound to a conglomerate during milling, which 
subsequently allows VINPO to separately interact with each MAL 
enantiomer, preferentially crystallizing with L-MAL, while giving an 
amorphous solid with D-MAL. 

Finally, dissolution tests were performed on the three VINPO-L-MAL, 
VINPO-D-MAL and VINPO-DL-MAL systems, to check whether an 
improvement of pure VINPO dissolution profile could occur: all the 
three systems showed a significant improvement of the dissolving per-
formance when compared to raw VINPO. It is noteworthy that the 
dissolution profile of crystalline VINPO-L-MAL salt is superior compared 
to those of VINPO-D-MAL and partially crystalline VINPO-DL-MAL salts, 
presumably due to the presence of significant traces of the poorly soluble 
drug VINPO which could greatly decrease the solubility values of 
VINPO-D-MAL and VINPO-DL-MAL systems. 

The system investigated in this study represents an interesting 
example of how chirality can significantly affect the solid-state proper-
ties of a compound, including the propensity to form a pure crystalline 
or amorphous system, with potential consequences both in the solid- 
state properties/stability and biopharmaceutical characteristics. 
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