Rivastigmine hydrogen tartrate polymorphs: solid-state characterisation of transition and polymorphic conversion via milling
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ABSTRACT
Rivastigmine (RHT) is an active pharmaceutical ingredient that is used for the treatment of mild to moderately severe dementia in Alzheimer’s disease, and is known to present two polymorphic forms and to amorphise upon granulation. To date there is no information in the scientific or patent literature on polymorphic transition and stability. Hence, the aim of the current study was to gain a fundamental understanding of the polymorphic forms by (1) evaluating RHT thermodynamic stability (monotropy or enantiotropy) and (2) investigating the potential for polymorphic transformation upon milling. The two polymorphic and amorphous forms were characterised using X-ray powder diffractometry, thermal analyses, infra-red spectroscopy and water sorption analysis. The polymorphic transition was found to be spontaneous (ΔG0<0) and exothermic (ΔH0<0), indicative of a monotropic polymorph pair. The kinetic studies showed a fast initial polymorphic transition characterised by a heterogeneous nucleation, followed by a slow crystal growth. Ball milling can be used to promote the polymorphic transition and for the production of RHT amorphous form.
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1. INTRODUCTION
Rivastigmine is currently a commonly used active pharmaceutical ingredient (API) for the symptomatic treatment of mild to moderately severe dementia in Alzheimer’s disease. It has been commercialised as capsules, an oral solution and patches (Exelon®, Exelon® Oral solution and Exelon®Patch by Novartis) since 2008. Some research has been undertaken on other forms of drug delivery: controlled release tablets [1]; buccoadhesive films [2]; liposomes for oral, intraperitoneal and intranasal administration [3–5]; nanoparticles for i.v. or intraperitoneal administration [6–11] - but none have been marketed to date
Rivastigmine hydrogen tartrate (RHT) is a carbamate derivative ((s)-N-ethyl-N-methyl-3-[1-1(dimethylamino)ethyl]-phenyl carbamate hydrogen-(2R,3R)-tartrate) (Figure 1) that reversibly and non-competitively inhibits the metabolism of acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE), preferentially in the central nervous system [12]. RHT, as a 3 mg oral dose, presents a pharmacokinetic half-life of 1.5 h and a bioavailability of 36%; however its pharmacodynamic half-life is approximately 10 h due to binding to the esteratic site of the AChE enzyme. The dissociation of the API from the esteratic site is slower than acetylcholine [12–14].
RHT is reported to be a white crystalline powder, very soluble in water, soluble in ethanol and acetonitrile, slightly soluble in n-octanol, and very slightly soluble in ethyl acetate [15]. The reported melting point is 123-125 °C [15,16]. Two polymorphic forms have been identified: Form I and Form II [15]. The amorphisation of RHT Form I and II upon granulation and freeze drying has also been reported [15,16]. 
Polymorphism is the ability of a compound in the solid-state to exist in different crystalline forms, having the same chemical composition [18]. Polymorphic forms are known to present different properties in the solid-state, such as: melting temperature, heat capacity, conductivity, volume, density, viscosity, crystal hardness and shape, refractive index, solubility, stability, etc., which can affect the “processability” and bioavailability of the API [18-20]. Hence, it is crucial to identify the different polymorphs of a compound, to determine the polymorph stability, and to assess the effect of processing conditions on polymorph generation or transition [17]. The thermodynamic and kinetic relationships between polymorphs and the physicochemical properties of the polymorphs are particularly relevant in aiding the formulator to determine the likely stability of the material at any given temperature [21, 23]. 
Currently it is accepted that the form for which the free enthalpy is lowest at a given temperature and pressure is the most thermodynamically stable; the other form is said to be in a metastable state – the metastable form [18]. Polymorphs are often categorised as being either enantiotropic or monotropic with regard to their thermodynamic behaviour/stability [18, 19, 21]. If each crystalline form is the most stable within a given temperature range, the change from one form to another is reversible and is said to be enantiotropic. However, if only one of the forms is stable over the entire temperature range, the change is irreversible or monotropic [18, 19, 21].  
Polymorphic transitions can be obtained by changes in temperature, pressure, or relative humidity, crystallisation from various organic solvents, and by comminution. These conditions are often encountered in processes such as drying, milling, granulation, spray drying, freeze drying and compression [19–21].
Published work on rivastigmine hydrogen tartrate has only identified the different polymorphic forms and how to attain them by crystallisation, with no reports on the thermodynamics and stability of the polymorphic transition nor on production by means of other processing techniques; all remaining work has focused on formulation, pharmacology and pharmacokinetics of dosage forms. As it is important for a formulator to fully comprehend the possible transformations an API can undergo, as well as being a requirement for the regulatory authorities, the present study aims to gain a novel and fundamental understanding of the polymorphic forms by (1) evaluating RHT thermodynamic stability in order to define whether the two polymorphic forms are monotropic or enantiotropic and (2) investigating the potential for polymorphic transformation of RHT on milling.

2. MATERIALS AND METHODS
2.1. Materials
Rivastigmine hydrogen tartrate was purchased from Jiuzhou Pharmaceutical (China) and ammonium phosphate from Sigma-Aldrich (Ireland). Methanol (MeOH) and Acetonitrile were purchased from Fisher Scientific (Ireland) and, deionised water was obtained from a Synergy® water purification system (Merck Millipore, US).

2.2. Methods
2.2.1. Recrystallisation of RHT 
Production of RHT polymorphic forms was performed by single-solvent recrystallization. “As supplied” RHT was dissolved in the smallest volume of hot solvent to make a saturated solution. The chosen solvents were ethanol, to produce Form II, and isopropanol, to produce Form I [15]. Once dissolved, the solution was placed in a water bath (4 °C) for 1 to 2 minutes to initiate nucleation, after which, the solution was left at room temperature to promote crystal growth. The slurry was then filtered and crystals dried at 30-40 °C for RHT Form I and 20-30 °C for Form II, as described by Benkic et al. [15] 
2.2.2. Milling studies
Ball milling experiments were performed in a Retsch planetary ball mill PM100 at room temperature. One gram of “as supplied” RHT was loaded into a 50 ml stainless steel jar, with 3 stainless steel balls of 20 mm diameter, resulting in a ball to powder mass ratio of 100:1. Rotation speed was set to 400 rpm and samples were collected at different time points (15 min, 30 min, 1h, 2h and 3h). Another set of experiments consisted of continuous milling of “as supplied” RHT for 1 h, 2h and 3h at the conditions described above. Experiments were performed in triplicate.
2.2.3. Scanning Electron Microscopy (SEM)
SEM micrographs of spray-dried materials were made using a Zeiss Ultra Plus (Germany). Sample preparation and visualisation was as described by Tewes et al. [24].
2.2.4. Powder X-Ray Diffraction (PXRD)
PXRD measurements were obtained using a Rigaku MiniFlex II desktop X-ray diffractometer (Rigaku, Japan) as described by Tewes et al. [24] . Measurements were taken from 3° to 40° on the two theta scale at a step size of 0.05 °/s. Analyses were performed in triplicate.
2.2.5. Differential Scanning Calorimetry (DSC) 
DSC scans were performed using a DSC Q200 (TA Instruments, United Kingdom) with nitrogen as the purge gas. Samples were loaded into sealed aluminium pans with one vent hole and scanned over a temperature range of 0–150 °C with different scanning rates: 1, 2.5, 5, and 10 °C/min. Each measurement was performed in triplicate.
2.2.6. Thermogravimetric analysis (TGA)
TGA was used to determine the amount of water content (defined as the weight loss in TGA between 25 and 100 °C) contained in RHT after continuous milling as described in 2.2.2. All measurements were performed with a Mettler TG 50 (Switzerland) module linked to a Mettler MT5 balance as previously described by Tewes et al. [24]. A temperature range of 25 – 200°C was employed with a heating rate of 10 °C/min. Presented results are the average of triplicate analyses.
2.2.7. Attenuated total reflection Fourier transform infra-red spectroscopy (ATR-FTIR)
Infrared spectra were recorded on a PerkinElmer Spectrum 1 FT-IR Spectrometer (USA), working under Spectrum v5.0.1 software as described by Tewes et al. [24]. Each measurement was performed in triplicate.
2.2.8. Helium pycnometry
True density was measured using an AccuPyc 1330 Pycnometer MicromeriticsTM  (USA). Samples were dried for 12 h prior to analysis using a vacuum oven (Gallenkamp, UK) operated at 25 °C and −600 mbar pressure. Each measurement was performed in triplicate.
2.2.9. Intrinsic dissolution
The intrinsic dissolution rates of rivastigmine polymorphic forms were determined following the pharmacopoeial rotating disk method (Wood’s apparatus) [22]. A suitable weight of powder, 300 mg, was taken and inserted into the Wood’s apparatus die cavity; after punch placement, the powder was compressed using a Perkin Elmer hydraulic press, for 1.5 min under 8 tonnes of pressure.
The dissolution studies were carried out in sink conditions using 500 ml of ultra-pure, degassed water at 37 °C, in a paddle apparatus (Apparatus 2, Ph. Eur.) at a rotation speed of 100 rpm. Aliquots (5 ml) were withdrawn at appropriate time intervals, filtered through 0.45 µm membrane filters (Millex-HP PES non-sterile, Merck Millipore, US) and analysed for content by HPLC. Assays were performed in triplicate.
2.2.9.1. High performance liquid chromatography (HPLC)
RHT in solution was quantified using a modified USP method [22]. A Waters Alliance HPLC system with a 2695 separation module and a Waters 2487 Dual λ Dual Absorbance UV–VIS-detector (Waters, USA) were used. The chromatographic system was set up with a Kromasil 100Å C8 column (Kromasil, USA). Measurement were conducted by injecting 20 μl of samples or standards in the mobile phase running at 1.2 ml/min and composed of 50% v/v of aqueous phase (8.6 mg/ml of ammonium phosphate dissolved in H2O), 25 % v/v of acetonitrile and 25 % v/v methanol. RHT was detected by measuring the absorbance at 215 nm. RHT concentration of the standards ranged from 0.02 µg/ml to 0.25 µg/ml and calibration curves were prepared in triplicate.
2.2.10. Dynamic Vapour Sorption (DVS) Studies
Vapour sorption of amorphous RHT was investigated by means of a DVS Advantage-1 (Surface Measurements Systems Ltd, UK). Amorphous RHT was prepared by ball milling supplied RHT at 400 rpm for 2 hours, as described in 2.2.2. For the DVS studies, samples (14-16 mg) were equilibrated at 0% RH/25 °C, followed by exposure to a linearly increasing relative humidity (RH) environment up to 90% RH. Ramp rates tested were: 2.5%, 10%, 15%, 20% and 40% RH/h. The glass transition RH (RHg) was taken as the inflection point between surface adsorption and absorption in the bulk structure of the material from change in mass versus RH plots as previously reported by Burnett et al. [23]. The crystallisation RH (RHc) was taken as the point where the sample mass decreased due to relaxation to the crystalline state [23]. The RHg and RHc from each ramp study were then plotted versus the ramp rate and the API RHg and RHc were extrapolated from the fitted curves [23]. The end material crystallinity was verified by PXRD. Experiments were performed in triplicate.

3. RESULTS AND  DISCUSSION
3.1. Physical characterisation of “as supplied” RHT and recrystallised RHT polymorphic forms
The powder X-ray diffractogram of “as supplied” RHT presented peaks at: 9.5°, 11.3°, 14.2°, 15.5°,19.1° and 20.0° 2θ that are characteristic of polymorph II (Figure 2(a)) [15,16]. DSC scans showed a first melting peak with onset at 97.5±0.01 °C (ΔHm = 45.9±0.64 J/g) followed by an exothermic peak at 105.5±0.28 °C (ΔHc = 13.3±0.25 J/g) and a second melting peak at 124.5±0.08 °C (ΔHm = 87.9±0.15 J/g) (Figure 3(a)). RHT polymorph Form II is known to melt at about 100 °C and Form I at about 125 °C [15,16]. The ATR-FTIR spectrum of the “as supplied” RHT was similar to that reported by Benkic et al. [15] and Overeem and Vinent [16] for polymorph II, with the carbamate band present at 1693 cm-1 (Figure 4(a)). “As supplied” RHT presented a true density (ρ) of 1.13±0.001 g.cm-3.  The data indicates that the supplied API was Form II.
The powder obtained by recrystallisation of RHT from ethanol presented comparable physical characteristics to the “as supplied” RHT (data not showed); thus crystalline polymorph II was obtained as intended.
The X-ray powder diffractogram of powder recrystallized from isopropanol presented peaks at: 5.1o, 14.7 o, 16.5 o, 17.6 o, 18.6 o, 20.4 o and 21.1 o 2θ that are characteristic of polymorph I (Figure 2(g)) [15,16]. DSC scans showed a single melting peak with onset at 123.5±0.10 °C (ΔHm = 74.1±3.00 J/g) (Figure 3(g)). The ATR-FTIR spectrum was similar to that reported by Benkic et al. [15] and Overeem and Vinent [16] for polymorph I, with the carbamate band present at 1725 cm-1 (Figure 4(g)). Polymorph I presented a true density (ρ) of 1.20±0.001 g.cm-3. Polymorph Form I was obtained as intended.
The morphology of “as supplied” RHT, polymorph I and II was evaluated by SEM and is presented in figure 4. Two types of crystal morphology could be identified: plate like shape for Form I (Figure 5a) and an elongated tetrahedrical/needle like shape for Form II and “as supplied” RHT (Figure 5b and 5c); therefore, the polymorphic forms present different morphologies, aiding in their identification and characterisation. In addition the crystals of the supplied API presented the same shape as those pertaining to polymorphic Form II, reinforcing the indication by XRPD, DSC and FTIR data that the “as supplied” RHT was in the Form II. 
3.2. Thermodynamic stability 
The identification of types of polymorphs is usually based on their thermodynamic properties or stability; Burger and Ramburger have developed useful rules to help in the identification of enantiotropic and monotropic systems [19, 21, 23]. According to Burger’s thermodynamic rules for polymorphic transitions, two polymorphs are monotropes if: the transition precedes the melting of the stable form; Form I (stable) has lower solubility than Form II (metastable); the transition of Form II to Form I is exothermic (Heat of Transition Rule); enthalpy of fusion and density of Form I is higher than Form II (Heat of Fusion and Density Rules); and the identifying IR band of Form I is at a higher wavenumber than Form II [19, 21, 23]. Table 1 presents the evaluation of the two RHT polymorphic forms in accordance with Burger-Ramburger rules.
Work by Yu [25] focused on determining the thermodynamic stability of polymorphs from melting data, where several equations were developed to determine the Gibbs free energy difference between two polymorphs and their temperature of transition (Eq. 1-5). This approach was also applied to the RHT polymorphs for further characterisation of the transition.
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Where  is Gibbs free energy transition (same as GI-GII, that is, the difference between the Gibbs free energy of each polymorph);  and  are the polymorphic transition enthalpy and entropy. The melting temperatures and melting enthalpies for both polymorphs are represented by  and , with the index I, II and A corresponding to RHT Form I, II and amorphous form.  is the heat capacity, with L corresponding to the supercooled liquid. Finally,  is the transition temperature.
The calculated transition temperature () was very high, 442.9±1.9 K (169.8±1.9 °C), well above either of the polymorph’s melting temperature (97.4±0.6 °C and 124.5±0.4 °C for RHT Form II and I respectively). Calculated transition enthalpy, entropy and Gibbs free energy were: -13.64±0.55 kJ/mol, -0.03±0.001 J/K and -2.23±0.04 kJ/mol respectively.
Following the Burger and Ramburger rules, the RHT polymorphic pair is monotropic. In this type of system it is known that the Gibbs free energy decreases with a decrease in temperature when the latter is below the melting temperature of polymorph II (lower melting point polymorph) [21,25]. In general a reaction is considered spontaneous if  and , resulting in . The calculated  was negative and the transition should be spontaneous; however the entropy was negative which means that at a certain temperature the transition II→I will no longer occur and polymorph II would then be more stable than polymorph I; this temperature corresponds to the calculated  (higher than ) and is often referred as the “virtual transition temperature” in the case of monotropic pairs [24]. In reality (at normal atmospheric pressure) it would not be possible to verify non-spontaneity of the transition, as both polymorphic forms would be in the supercooled liquid state at the “virtual transition temperature”. Therefore, the transition will, in general, be spontaneous.
3.3. Kinetics of RHT polymorphic transition
The kinetics of the polymorphic transition II → I (exothermic event) was evaluated by means of the Jeziorny-modified-Avrami method (Eq. 6) [25–27]. Jeziorny modified Avrami’s equation to take into account the influence of heating rate on the Avrami constant, allowing fitting of the equation to non-isothermal crystallisation. Hence, the degree of transition (α) is now a function of temperature (α(T)) [25–27].
  where   					(Eq. 6)
The corrected kinetic constant (k’) as a function of the Avrami kinetic constant (k) and the heating rate () is given by equation 7; the reaction half-life time (t1/2), that is, time for 50% transition completion, can be calculated from the corrected constant (k’) through the use of equation 8 [25–27].
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										(Eq. 8)
DSC data was obtained by running samples of “as supplied” RHT/polymorph II at different heating rates, as described in methodology section 2.2.4. After calculation of α(T) and time, the parameters n and k were determined from the slope and intercept of the linear plot of ln[-ln(1-α(T))] vs. ln (t).
Figure 5A presents the curves of transition degree (α(T)) as a function of transition time. All curves presented a sigmoid shape, indicating a fast transition (nucleation) during the initial stages, and slower transition (nuclear growth) during the latter stages, which was more evident for lower rates. Hence, transition at lower heating rates resulted in slower conversion of II→I.
Figure 6B shows the fitting of the Jeziorny-modified-Avrami equation and table 2 the kinetic parameters. In general the model presented a good fit, with increase of the reaction constant (k’) and decrease of conversion half-time (t1/2) as heating rate increased, as would be expected from results obtained (Table 2 and Figure 6B). The Avrami exponent n varied between 2.44-3.50 (or 2-4) which means the initial transition of Form II to Form I occurs by heterogeneous nucleation  [28].
The apparent activation energy (Ea) for the formation of polymorph I and II, and for the transition of polymorph II to I, could be determined from the correlation between peak temperature (Tp) and the heating rate () for more than four thermal analysis curves of derivative type, and by application of Kissinger equation (Eq. 9)
 									(Eq. 9)
Where Ea is the apparent activation energy and R is the gas constant, 8.314 Jmol-1K-1 [18,28,29]. The activation energy was obtained from the slope of the straight line fit to the relationship between -Iog(/Tp2) and 1/Tp. The required Ea to produce Form I is 496.9±88.5 kJ.mol-1, for Form II is 185.7±13.6 kJ.mol-1 and to promote the polymorphic transition II→I is 104.2±14.4 7 kJ.mol-1. These values define the energy barrier required to produce either form or to convert Form II to Form I.
3.4. Ball milling of “as supplied” RHT
The “as supplied” RHT (Form II) was ball milled and samples collected at different time points: 15 min, 30 min, 1 h, 2 h and 3 h, followed by PXRD, ATR-FTIR and DSC analysis. Figure 1 presents the PXRD patterns of milled RHT. 
At 15 min milling it was possible to see a reduction in peak intensity and broadening of peaks, that continued until time point 1 h, where peaks were very small and broad (Figure 2 (b)). At milling time of 2 hours, the diffractogram presented small broadened peaks at different angles to those seen for the previous time points and in the initial state/form of the sample (Figure 2(e)). After three hours of milling the PXRD pattern corresponded/overlaid with the polymorphic Form I pattern (Figure 1(f) and 1(g)). The characteristic peaks of the latter have been described in section 3.1. 
DSC scans (Figure 3) also showed the polymorphic transition upon milling as the melting peak attributed to Form II significantly reduced in enthalpy after 15 min milling (Figure 3(b)), with eventual disappearance at subsequent times, with only residual transitions detectable in the range of 70 to 100 °C for the ball milling time intervals 30 minutes to 2 h (Figure 3(c) to 3(e)). After 3 h milling, only an endothermic event at approximately 125 °C was detected.
ATR-FTIR scans (Figure 4) also showed the same trend as seen on PXRD analysis, with band broadening as milling time increased, and evidence of bands indicative of Form I at a milling time 2 h (Figure 4(e)). A shift of the carbamate band from 1694 cm-1 to a higher wavenumber, 1725 cm-1, was also seen. Finally it was observed that the absorbance of the amide region 3700-3500 cm-1 was also modified with the polymorphic transition.
Continuous ball milling of RHT was also performed for 1, 2 and 3 h. All three experiments resulted in the conversion of RHT to the amorphous form, as could be confirmed by PXRD and DSC (Figure 7). The glass transition temperature (Tg) was found to vary between 15.4±1.29 °C and 17.4±2.57 °C, followed by an exothermic event between 52.4±2.08 °C and 57.6±2.06 °C (ΔHc = 28.4-37.7 J/g). In the range 80-130°C endothermic events could be detected, probably due to molecular rearrangement and melting. 
The amorphous RHT presents a glass transition of 38.2±0.27 °C when obtained by melt quenching (data not shown). The Tg determined for the ball milled samples was very low, which suggested that water vapour was being absorbed and exerted a plasticizing effect on samples [23,30]. The residual water content by TGA was 0.98±0.03 % w/w, 1.39±0.04 % w/w and 1.29±0.06 % w/w for samples which were ball milled for 1, 2 and 3h respectively; this water content was 2 fold that of the “as supplied” RHT (0.54±0.02 % w/w), confirming the suggested water vapour absorption by the samples. Hence, DVS was used to study the critical relative humidity for moisture-induced recrystallization of amorphous RHT to RHT polymorphic Form I. 
The amorphous RHT was dried and exposed to a linearly increasing relative humidity environment up to 90% RH at ramp rates between 2.5-40% RH/h. The glass transition RH (RHg) was found to be 2.7±0.16 % RH and the (re)crystallisation RH was 34.4±0.02 %RH (Figure 8A). The (re)crystallisation was confirmed by PXRD, with all diffractograms showing the characteristic peaks of RHT Form I (Figure 8B). 
To confirm the RHc another DVS study was performed where the amorphous RHT was subjected to equilibration to a constant mass in the range 0-40% RH; recrystallization occurred in the step region 30-40% with a mass change of approximately of 3% (0.17 mol of H2O), confirming the initial studies (Figure 8A).
The determined RHg and RHc shows how sensitive to moisture and unstable the amorphous RHT is, with very small quantities of water vapour being required to plasticise and promote recrystallization into polymorphic Form I. High-energy ball milling (e.g. in planetary mills) can open new reaction paths. In fact ball milling is often used to induce cocrystallisation of APIs with coformers [31-33]. Ball milling is also known to promote small levels of disorder or amorphous material formation [34-40]. Therefore, the adsorption/absorption of water vapour at the powder surface at each collection time in the milling sequence, led to the observed transition to the crystalline Form I.

4. CONCLUSIONS
The current study presents for the first time the stability of rivastigmine hydrogen tartrate, with full thermodynamic characterisation of the polymorphic transition.  The event Form II → Form I is a spontaneous (ΔG0<0) and exothermic (ΔH0<0) process, indicating that the polymorphs comprise a monotropic pair. 
The kinetic studies showed a fast initial polymorphic transition characterised by a heterogeneous nucleation, followed by a slow crystal growth. The required energy for polymorphs formation was also calculated.
Different polymorphic forms presented different crystalline morphologies, which may facilitate polymorph identification alongside PXRD, DSC and FTIR.
The amorphous form of RHT can be produced via ball milling, however due to the low glass transition temperature RH and crystallisation RH, it is unstable and reverts to RHT polymorphic Form I. However, such low RHg and RHc can be useful to promote the transition of Form II to I via milling, by exposing the milled material to ambient RH at defined time points.
For future formulation development and in order to comply with the regulatory authorities, the identification of RHT polymorphic form is imperative.
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Table 1 Burger-Ramburger thermodynamic rules for RHT polymorphic transition.  – enthalpy of fusion, IDR – intrinsic dissolution rate, ρ – true density
	DSC
	· Transition of Form II →I shows an exothermic peak before melting of Form I 
· 

	IR
	Carbamate band: 
Form II: 1694 cm-1 → Form I: 1725 cm-1

	Solubility
	 

	True density
	 




Table 2 Non-isothermal polymorphic transition kinetic parameters based on Jeziorny-modified-Avrami method. n –Avrami exponent, k’ – reaction constant, t1/2 – conversion half-time
	Heating rate (°C/min)
	n
	k’(min-1)
	t1/2 (min)
	R2

	1
	3.22
	0.14
	1.66
	0.975

	2.5
	3.50
	0.81
	0.96
	0.975

	5
	2.66
	0.95
	0.89
	0.994

	10
	2.44
	1.09
	0.83
	0.997



