A New Low Melting-point Polymorph of Fenofibrate Prepared via Talc Induced Heterogeneous Nucleation
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ABSTRACT 
Fenofibrate is one of the most commonly prescribed hyperlipidemia agents. Despite its high lipophilicity and ultra-low aqueous solubility, most commercially available formulations are using micronized crystalline fenofibrate form I, which has low dissolution rate and poor oral bioavailability. Little is known about the crystallisation of other polymorphs from supercooled amorphous fenofibrate. This study reports a new fenofibrate polymorph (form III) obtained via a controlled heterogeneous nucleation method using low quantity (1% w/w) of the GRAS oral pharmaceutical excipient, talc. Form III has a low melting point of 50°C and crystallisation of form I immediately occurs after the melting of form III. The microscopic, thermal and spectroscopic characterisations of form III confirmed the distinct molecular packing difference between the new form and other known forms. The discovery of this new form will enrich the understanding of the molecular behaviour of fenofibrate and bring useful insights into the role pharmaceutical excipients in selective crystallisation of pharmaceutical active ingredients.  



Introduction
Fenofibrate is one of the best-known and most prescribed hyperlipidemia therapeutic agents, which was first commercialized in the 1970s. It reduces low density lipoprotein (LDL) and increases high density lipoprotein (HDL) by binding to peroxisome proliferator-activated (PPAR) α receptors.1 It is highly lipophilic with a water solubility of circa 0.8 µg/ml.2 Despite the ultra-low solubility, most current commercial products of fenofibrate contain micronized crystalline fenofibrate. This leads to poor oral absorption and low bioavailability with high inter- and intra- patient variation.3 The use of amorphous drug or a meta-stable form with higher solubility would improve the bioavailability of fenofibrate and consequently reduce the dose required.4 This would reduce undesired adverse effects, such as liver function damage.5 However, the crystallisation behaviour of amorphous fenofibrate is still largely unknown. This shortage of information on the crystallisation and polymorphic transformations of fenofibrate has limited the further exploration of alternative formulations for fenofibrate alone or in novel multi-drug formulations with other drugs such as statins, which has been often prescribed to patients taking fenofibrate. 
Up to now two polymorphic forms of fenofibrate have been reported in the literature, form I and form II with melting temperatures of 80°C and 74°C, respectively.6-8 Form I is the most stable polymorph, which has been used as an active pharmaceutical ingredient in tablet and capsule formulations. Pure crystalline fenofibrate form I can be obtained from the solvent evaporation method, while the metastable form II can be produced by recrystallisation of amorphous fenofibrate from the melt. 6, 8, 9 However, the literature on form II is rather confusing, as the X-ray diffraction results of the form II reported by different groups are not consistent. 8, 10 The PXRD and DSC data of the meta stable form II obtained using a melt quenching method was first reported by Di Martino and co-workers.8 Later, Hienz and co-workers revealed the Raman spectra of the metastable form II.6 Balendiran and co-workers reported the crystal structure of a new monoclinic form (identified by them as polymorph II), but the PXRD pattern calculated from this form is different from the one reported by other groups.10 In order to avoid confusion between these findings, we address the fenofibrate from II from Di Martino and Heinz as from IIa and the one from Balendrain as form IIb. 6, 8, 10 Fenofibrate form IIa usually presents as a minor component along with a dominant polymorph I. Melt-recrystallisation was reported as a method for the preparation of form IIa. Amorphous fenofibrate has a low glass transition temperature (Tg) at approximately -20°C. This indicates high molecular mobility at ambient temperature and contributes to the unpredictable crystallisation behaviour of the amorphous drug from melt. 6, 8, 11 Despite the sub-zero Tg, homogenous nucleation and crystallisation is rare for amorphous fenofibrate obtained from the melt-cool process and heterogeneous crystallisation can be easily induced by a mechanical trigger, such as surface disruption or addition of impurities.12 This significant difference between the homogenous and heterogeneous nucleation rates may be partially attributed to the lack of strong intermolecular bonds, such as hydrogen bonding between the drug molecules, as illustrated by the lack of hydrogen bond donors in the molecular structure  as shown in Figure 1. 
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[bookmark: _Ref417937220]Figure 1. (a) Structural formula of fenofibrate and (b) structure of the molecule in form III. Displacement ellipsoids are shown at the 50% probability level.
Heterogeneous nucleation and crystallisation induced by mechanical triggers is often extremely difficult to control, whereas the addition of impurity is a much more controllable approach for initiating heterogeneous nucleation and crystallisation. Impurities as small as single molecules can initiate heterogeneous nucleation.13 The surface interaction between the impurity and the drug molecules can often be used to control the crystallisation of a certain polymorph.14,15 Therefore recently there has been an increased number of reports on using heterogeneous nucleation as a novel means to selectively produce desirable polymorphic forms in the pharmaceutical industry. 16-19 In this study heterogeneous nucleation and crystallisation of fenofibrate from melt by adding a low quantity of a commonly used pharmaceutical tableting excipient, talc (Mg3Si4O10(OH)2), was explored. Talc is a generally recognised as safe (GRAS) excipient widely used in pharmaceutical oral solid dosages. In this study, it was used to crystallise a new polymorphic form (Form III) of fenofibrate, which has not been reported previously to the best of our knowledge. Full characterisation of form III as well as the thermal stability and transformations of this form to other known polymorphs are also described in this study. With the discovery of this new form, the understanding of the molecular behaviour of crystallisation of amorphous fenofibrate is further advanced. This study also demonstrates the prospect of using safe pharmaceutical excipients to selectively crystallise metastable polymorphs of active ingredients. 
Experimental Section 
Materials
Crystalline fenofibrate form I was kindly donated by Merck Serono (Germany). Talc was purchased from Sigma Aldrich (Dorset, UK). The average particle size of the talc particles was stated to be below 70 µm.
Sample Preparation
The fenofibrate powders (form I) and talc powders were precisely weighed at proportions of 80:20, 90:10, 95:5 and 99:1. The powders with total weight of approximately 300 mg were transferred to glass vials and physically mixed with a metal spatula. The samples were heated to 100°C until all fenofibrate crystals completely melted. After complete melting, the vials were carefully removed from the heat source and immediately transferred to 0% relative humidity desiccators (using P2O5 as the desiccating agent). The amorphous fenofibrate obtained by cooling the melt and containing talcum powder completely re-crystallised within 24 hours. When preparing form III, caution should be taken, because if the amorphous fenofibrate containing 1% talc experiences any mechanical shock, such as scratching with metal twisters or knocking on the outer side of the glass vial containing the molten fenofibrate, recrystallization of fenofibrate forms I and II could occur instead of form III.
Differential Scanning Calorimetry (DSC)
A Q-2000 (TA Instruments, Newcastle, DE, USA), was used to perform DSC experiments. N-Octadacane, indium and tin were used for temperature calibration. The DSC experiments were performed at heating rates of 2, 5, 10 and 20°C.min-1. For the modulated temperature DSC study, a heating rate of 2°C/min with modulated amplitude of ±0.318 °C every 60 second was used. The isothermal modulated temperature DSC experiments were conducted at 35, 40 and 45 °C with modulated amplitude ±1 °C every 60 second for 2 hours. A constant nitrogen purge was applied at 50 ml.min-1 rate. All samples were precisely weighed (1-3 mg) and TA standard aluminum crimped pans were used. Each sample was tested in triplicate.
Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR)
An IFS 66/S spectrometer (Bruker Optics Ltd., Coventry, U.K.) equipped with a Golden Gate attenuated total reflectance accessory was used to perform infrared spectroscopic studies. A few milligrams of samples were placed on the diamond crystal of the ATR accessory. Each spectrum was taken between 4000 and 550 cm-1 with 2.0 cm-1 resolution and 32 scans. All samples were analysed in triplicate. 
Powder X-ray Diffraction (PXRD)
A Thermo-ARL X’tra diffractometer (Ecublens, Switzerland) was used to perform PXRD experiments at ambient temperature and humidity. The crystalline fenofibrate containing 1% talc was gently crushed with a mortar and a pestle. The crushed powders were transferred to a sample holder. A Cu Kα1 radiation source was used with 45 kV voltage and a current of 40 mA. The angular range was from 5° to 50° (2°θ) with a step size 0.01° and one second per step. 
Scanning Electron Microscopy (SEM)
A JOEL 5900 SEM (Tokyo, Japan) was used to examine the morphologies of talcum and fenofibrate polymorphs I and III. The talcum powders were dispersed in ethanol. A few drops of the suspension were applied on a sample stab and left to dry. The sample stab was sputtered by a gold layer after drying. The fenofibrate form I powders and the crystalline fenofibrate polymorph III were attached to the sample stabs and sputtered by a gold layer before examination by SEM.
Single Crystal X-ray Diffraction
The diffraction experiments were performed using an Oxford Diffraction Xcalibur-3/Sapphire3-CCD diffractometer (Oxford Diffraction Ltd., Oxford, UK) using graphite monochromated Mo-Kα radiation (λ= 0.71073 Å). Crystals of fenofibrate form III were colourless prisms. A single crystal was chiselled out from a solid array of crystals from a melt, mounted on a glass fibre and fixed in the cold nitrogen stream on the diffractometer. Intensity data were measured by thin-slice ω- and φ-scans at 140K. The diffraction data were processed using the CrysAlisPro-CCD and -RED programs.20 The structure was solved in SHELXT using the dual-space approach and refined with SHELXL as implemented in the ShelXle GUI.21,22 All non-hydrogen atoms were located from electron density maps and were refined with anisotropic thermal parameters.  Hydrogen atoms were included in idealised positions and were refined with independent isotropic displacement parameters.  The coordinates of hydrogen atoms were refined in riding mode, while allowing rigid rotations of the methyl groups. The geometric measurements in this article were obtained using the programs PLATON and OLEX2.23, 24 The graphical illustrations were created using Mercury.25
Results and Discussion 
Crystallisation condition optimization for form III
The nucleation and crystallisation of form III is strongly affected by the talc concentration suspended in the molten fenofibrate. As seen in Figure 2, the crystallisation of form III, which has a distinct low melting point of approximately 50°C, only occurred when the talc concentration was 1% (w/w). The absence of a glass transition in the DSC result confirmed that the material was fully crystallised. Following the melting of form III, exothermic crystallisation occurred immediately at 57.6°C. The product of crystallisation is confirmed to be form I as a form I melting is observed at 80°C with a melting enthalpy of 89.8±0.6 J/g. 


[image: ]
Figure 2. DSC thermograms of fenofibrate crystallised from the melt containing (A) 1% w/w, (B) 5% w/w, (C) 10% w/w and (D) 20% w/w talc 
The uses of higher talc concentrations greater than 1% resulted in the crystallisation of mixtures of the meta-stable form IIa (melting point of approximately 74°C) and the stable form I (melting point of approximately 80°C). Judging by the enthalpy values of the peaks associated with forms I and IIa, more form I was crystallised than form IIa consistently in the samples containing 5-20% talc.7 The fact that little change is seen in the ratio of the resulting form I and form IIa suggests that the talc concentration is not relevant to polymorphic form selection between form I and form IIa, but it has a unique effect on the nucleation and growth of form III. At talc concentrations above 1% talc particles were acting as any non-specific foreign solid to induce the heterogeneous nucleation of form I with a low level of nucleation of meta-stable form IIa. 
It is important to emphasize that careful control of the crystallisation conditions is extremely important for obtaining form III with high purity. In our experiments, the absence of humidity and complete avoidance of any mechanical shock were important to increase the chance of crystallising the new form III with high purity. As shown in Figure 3, despite the addition of 1% talc and cooling and storing the sample at 0% RH, a low level of a mechanical shock (i.e. the container bumped against the wall of the desiccator) could cause the failure of form III crystallisation and resulted in a mixture of forms I and IIa crystallising. 
[bookmark: _Ref417663832][bookmark: _GoBack][image: ]
Figure 3. Optical images of crystalline fenofibrate containing 1% talc which were obtained from the melt-cooling process: (A) crystallisation initated by mechanical shock resulting a mixture of forms I and IIa with form I being the dominating form and (B) non-disruptive spontaneous crystallization of form III in the presence of talc.
Physicochemical characterisation of fenofibrate form III
The morphology and spectroscopic features of the new fenofibrate form III were further characterized using SEM, PXRD, HSM and ATR-FTIR. Figure 3 demonstrates the macroscopic difference between the appearance of a form I/form IIa mixture and form III. The forms I and IIa mixture shows the presence of fine crystals. Form III, on the contrary, shows a flat and radiating habit of a mass of slender crystals. Macroscopically, form III is semi-translucent. Figure 4 further confirms the significant crystal habit difference between the form III and the stable form I.  The SEM image of form I reveals large triclinic shape form I crystals, which agrees well with the literature.6, 10 The radiating habit is further confirmed by the SEM image of form III. 
[image: ]
[bookmark: _Ref417663880]Figure 4. SEM images of (A and B) talc powders, (C and D) fenofibrate power polymorph I as received and (E and F) form III crystallised in the presence of 1% talc. 

The ATR-FTIR results (Figure 5) of form III show a clear fingerprint of form III, which is distinctively different from the known form I. The functional groups associated with the vibrational bands shown in the IR spectra are summarized in Table 1. We assigned only the peaks that show shifts among the polymorphs, and did not attempt a full peak assignment. 
[image: ]
[bookmark: _Ref417663901]Figure 5. The comparison of ATR-FTIR spectra of fenofibrate polymorphic from I and the form III: (a) spectra of 3175 to 2800 cm-1 region, (b) spectra of 1850 to 1350 cm-1 region and (c) spectra of 1350 to 550 cm-1 region. The differences between form I and form III spectra are highlighted in the dash-lined boxes.



Table 1. Assignments of the ATR-FTIR peaks of amorphous fenofibrate, fenofibrate form I, form IIa and form III
	Band assignment 
	Peak position (cm-1)

	
	Amorphous fenofibrate
	Fenofibrate form I 
	Fenofibrate form IIa6a
	Fenofibrate
form III

	Aromatic =C-H and C=C stretching vibration 
	3070
	3071,
3055,
3034
	-
	3068,3015 

	C-H stretching of isopropyl group 
	2982,2938
	2985,2937
	-
	2978,
2939,2876 

	O3-C17 ester carbonyl stretching
	1728
	1726
	1718
	1726 

	O1-C7 carbonyl stretching
	1654
	1650
	1648
	1650 

	-C=C- benzene ring stretching 
	1505,1466
	1520,1463
	1598
	1506,1484 

	C14-O2 , CH3 bending (C16 and C15 )
	1143
	1143
	1148
	1148 

	Aryl ether 
	1284
	1285
	-
	1284 

	Aromatic =C-H in plane deformation vibration
	1248,
1172,1116,
1014,972
	1247,
1173,1117,
1014,975
	1303
	1247,
1179,1104, 1014, 983 

	Aromatic =C-H out of plane deformation vibration
	852,838,679
	860,844,680
	-
	849,829,675 




The clear and sharp PXRD diffraction pattern of form III with the absence of a background halo indicates that the form III obtained by the method described in this study has a reasonably high purity and are distinctively different from the known stable form I (as seen in Figure 6) and form IIa pattern reported by Di Martino and co-workers.8 The major diffraction angles (2θ) are at 9.13, 9.53, 11.38, 12.9, 13.12, 14.83, 15.05, 16.83, 19.44, 19.81, 20.27, 23.12, 25.5, 26.37, 29.17, 30.6°. ATR-FTIR is sensitive to changes of inter- and intra-molecular interactions between function groups, while PXRD is highly sensitive to molecular packing arrangements. Therefore, the changes observed in the results of ATR-FTIR and PXRD both confirm the successful crystallisation of the new fenofibrate polymorph, form III. 
[bookmark: _Ref417663980][image: ]Figure 6. PXRD diffraction patterns of (a) pure talc, (b) fenofibrate form III and (c) form I

Crystal structure of fenofibrate form III 
In this section the crystal structure of form III will be presented and compared to the crystal structures of forms I and IIb. The basic crystallographic parameters of these forms are given in Table 2. The structure of form IIa has not been reported so far.
Table 2. Crystallographic parameters of the different polymorphic forms of fenofibrate.
	Parameter
	Form I18
	Form IIb8
	Form III

	Lattice system
	Triclinic
	Monoclnic
	Triclinic

	Space group
	P-1
	P21/n
	P-1

	a (Å)
	8.1325
	13.619
	9.4803(6)

	b (Å)
	8.2391
	7.554
	9.7605(6)

	c (Å)
	14.399
	17.88
	10.9327(8)

	α (°)
	93.978
	90
	110.840(6)

	β (°)
	105.748
	92.35
	90.352(5)

	γ (°)
	95.854
	90
	99.701(5)

	Cell volume
	919.03
	1837.909
	929.53(11)

	Density
	1.285
	1.304
	1.289(2)

	Crystal size (mm)
	0.55 x 0.50 x 0.44
	0.55 × 0.30 × 0.25
	0.12 x 0.15 x 0.34

	Z
	2
	4
	2

	R
	0.0418
	3.55
	0.0653

	wR2
	0.105
	0.0897
	0.149

	Goodness of fit
	1.035
	1.026
	1.016

	Temperature (K)
	193
	100
	140



The fenofibrate molecule can be divided into two main parts: the two aromatic rings linked by a keto group and the flexible aliphatic tail (Figure 1). The angle between the planes of the two aromatic rings is 48.62(7)° in form I, 45.73(9)° in form III and 53.73° in form IIb. The aliphatic chain is not fully extended in any of the polymorphs, but folded back towards the aromatic rings. This slight folding appears to be stabilised by intramolecular CH…O interaction between an aromatic hydrogen atom and the carbonyl oxygen atoms of the ester group in both forms I and III (the H…O distance is ca 2.80 Å in both forms, the C-H…O angle is 145°; see Figure 1).
As the parameters suggest, the conformation of the fenofibrate molecules in forms I and III shows a close similarity. The orientation of the tail group relative to the aromatic rings is markedly different in form IIb compared to forms I and III (Figure 7), but similar to the conformation of fenofibric acid in its crystal.10
[image: ]
Figure 7. Overlay of the molecular conformation of form III with form I (green) and form IIb (blue).
Form I, the most stable form, shows two very short intermolecular CH…O interactions between one hydrogen atom from both aromatic rings and the ester carbonyl group. The corresponding H…O distances, 2.49 Å and 2.61 Å, are more than 0.1 Å shorter than the sum of the atomic van der Waals radii, while the C-H…O angles are 128° and 172°, respectively. These interactions form a layer (Figure 8a) parallel to (001), which is supported by another, slightly longer CH…O(ketone) interaction (H…O: 2.62 Å, C-H..O: 156°). The layers are connected to each other through further CH…O interactions, formed between isopropyl methyl groups and ketone carbonyl oxygen atoms (2.67 Å, 134°), and offset π-π interactions between parallel chlorbenzene rings at an interplanar distance of 3.5116(6) Å (Figure 8b). The interlayer CH…O interactions also facilitate the efficient packing of the isopropyl groups.
[image: ]
Figure 8. Intermolecular interactions in form I: (a) layers formed by CH…O interactions (b) offset π-π interactions and CH…O linked dimers that connect the layers.
Similarly to form I, the molecules of form III are linked into layers by CH…O bonds parallel to the crystallographic (100) plane (Figure 9). The interaction between a hydrogen of the isopropyl group and the ketone carbonyl group of an adjacent molecule [H…O distance: 2.56 Å; C-H…O angle: 160°] generates a chain that is shared between forms I and III (diagonal in Figures 8a and 9a). The aromatic hydrogen to ester carbonyl contacts of form I are replaced by another isopropyl to ketone CH…O bond in form III. These interactions lead to remarkably similar layers in forms I and III, which, however, are not superimposable. The relative positions of the molecules perpendicular to the plane of Figures 8a and 9a are different in the two forms. A further shared interaction between forms I and III is the offset π-π interaction of the chlorobenzene rings, which links pairs of layers. In form III this interaction is formed with an interplanar distance of 3.5719(8) Å. The layers are further connected through an interaction that involves a short repulsive hydrogen–hydrogen contact (2.25 Å) between the central aromatic rings of inversion related molecules (Figure 9b). Presumably, this contact can form, because its unfavourable effect is compensated by a pair of long CH…O interactions (2.92 Å, 162°). This set of contacts replaces the dimeric rings formed through the CH…O (ketone) bonds in form I (Figure 8b), so a clearly favourable interaction is replaced by a strained one, which explains the low stability of form III. The presence of similar layers in forms I and III is consistent with the observed ease of polymorphic transformation from form III to I (see below). 
[image: ]
Figure 9. Intermolecular interactions in form III: (a) layer formed by CH…O interactions (b) offset π-π interactions and CH…O linked dimers that connect the layers.
The crystal packing of form IIb has been discussed in detail by Balendrian et al.10 and, as expected from the different conformations, it is clearly distinct from both from I and III (Figures S1 and S2, Supporting Information). The only feature we wish to highlight is the presence of dimers linked by CH…O interactions between the isopropyl and ketone groups and supported by the ‘embrace’ of the alkyl chains (Figure S3, Supporting Information). This interaction closely resembles the dimers present in form I, but replaced by a strained contact in form III, which gives support to the proposed link between these structural motifs and polymorph stability.
Epitaxy
The mechanism by which talc induces the crystallisation of form III is not clear, but we hypothesise that it may be related to heterogeneous nucleation on the surface of talc particles. Talc is a mineral crystal exhibiting basal cleavage, which exposes the (001) face.27 Increasing the talc concentration in our mixtures may have increased the chance of aggregation of talc particles, thereby reducing the relative amount of accessible (001) talc surfaces. 
Two-dimensional epitaxy has been successfully applied to control polymorphism in the past,29 So, we decided to check whether an epitaxial relationship between talc and form III exists. This could explain the preferential nucleation and growth of form III in the presence of talc. The method of Ward and co-workers was used to identify possible matches between the dominant (001) face of talc,28, 30 also see SEM and polymorphs I and III. For both forms, the best overlay on talc was possible with their respective (100) faces (Figure 10 and Figure S4 Supporting Information). The geometrical match between the two lattices is much better in the case of form III, suggesting that this form could preferentially nucleate on the surface of talc crystallites.
[image: ]
Figure 10. Optimal lattice overlay between the (001) plane of talc (black) and the (100) plane of form III (red). The points of a 1 x 3 form III superlattice approximately coincide with the talc lattice, suggesting a possible expitaxial relationship between the two. The two-dimensional lattice parameters used for talc were a1 = 5.29 Å, a2 = 9.18 Å, α = 90.03°, while for form III b1 = 9.76 Å, b2 = 10.93 Å, β = 110.8°. The optimal azimuthal angle was found to be θ = 69.3°.

Investigating the stability of fenofibrate form III
No change observed in the thermal decomposition behavior of form III in comparison to form I (Figure S5, Supporting Information). This indicates good chemical stability of form III. It was observed that fenofibrate form III converts to its more stable polymorphic forms, I and IIa. This polymorphic transformation can be triggered by increased temperature, crystal damage and aging. The meta-stable nature of the form III is obvious, as the melting of form III is followed by immediate crystallization of form I, as seen in Figure 2. MTDSC experiments on form III revealed a hidden exothermic event at approximately 48°C prior to the melting of form III (Figure S6 Supporting Information). Isothermal MTDSC experiments were conducted at 35, 40 and 45°C to further investigate the effect of temperature on this polymorphic transformation. Small surges of reversing Cp signals were observed at the beginning of every experiment, followed by gradual decrease of reversing Cp until reaching the equilibrium state (Figure 11a). The reversing Cp of the isothermal samples at 45 and 40 °C returned to their equilibrium values within 17±9 and 53±16 min, respectively. Meanwhile, the 35°C isothermal sample demonstrated a consistently flat reversing Cp signal. These observations suggested that a polymorphic transformation occurred during the isothermal experiments above 35°C, in which the kinetics of the transformation were temperature dependent. To confirm the polymorphic conversion phenomenon, the samples were examined by standard DSC after the isothermal experiment finished (Figure 11b). The melting peaks of form I at 80°C and small melting peaks of from IIa at 74°C were observed after annealing the samples at 40 and 45°C. This confirmed that the observation of reverse Cp changes during the isothermal MTDSC experiments is an evidence of polymorphic transformation. A melting peak with reduced enthalpy value of form III was still present for the sample annealed at 35°C, accompanied by an immediate exothermic recrystallization and melting of from I. 
[image: ]
Figure 11. (a) Isothermal MTDSC thermograms of fenofibrate form III at 45, 40 and 35°C and (b) the DSC heating of the form III after isothermed at 45, 40 and 35°C for 2 hours.
In order to investigate whether DSC sample preparation had an effect on the transition, crystalline form III was milled in a mortar and then examined using standard DSC after different time intervals (2 and 5 hours after being milled). The melting enthalpies of form III significantly decreased after the sample was milled and gradually declined until a complete conversion to form I after 5 hours (Figure S7 Supporting Information). Finally, we investigated the stability of the intact crystalline form III on aging. Some small opaque spots were observed on the crystals on day 1, which later completely consumed the translucent crystals (Figure 12). The DSC thermogram in Figure 12 shows that the opaque crystal obtained after 2 day aging was dominated by form I with a minor component of form IIa.   
[image: ]
[bookmark: _Ref417668924]Figure 12. Appearances of aged fenofibrate form III under 0% RH at room temperature for different periods of time and the corresponding DSC thermogram of the sample aged for 2 days.
To summarise, the polymorphic conversion of fenofibrate from III can proceed through melt-recrystallisation, can be induced by increased temperatures or mechanical triggers and occurs spontaneously on aging.  Melt recrystallisation results in a complete conversion of form III to form I. Annealing fenofibrate form III samples below their melting point and milling both led to a crystalline mixture of fenofibrate forms dominated by form I with form IIa as minor product. Aging of intact form III crystals formed a mixture of forms I and IIa in which the amount of form IIa was greater than in samples which were subjected to annealing or milling. The polymorphic conversion pathways of the fenofibrate form III is summarised in Figure 13. 
[image: ]
Figure 13. A schematic diagram depicts a fenofibrate form III preparation and polymorphic transformation pathways of the metastable polymorphs to the form I and IIa.

Conclusion
This study described a heterogeneous crystallisation method to obtain a new fenofibrate polymorph, form III, with high purity. A low quantity (1%) of pharmaceutical grade talc was used to induce the crystallisation of form III, which can tentatively be explained by an epitaxial relationship between talc and form III. This new form has a very low melting point of 50°C, exhibits high thermal instability and converts to the stable polymorph I and to form IIa via melt-recrystallisation, on heating, milling and aging. Full microscopic, thermal, spectroscopic and structural characterizations of polymorph III were conducted to explain its formation and properties. This work highlights the importance of testing excipient effects on drug polymorphism, as a new, metastable form could be formed through interaction with a well-known, chemically inert excipient.
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This study describes a heterogeneous crystallisation method by adding talc to obtain a new fenofibrate polymorph, form III. This work highlights the importance of testing excipient effects on drug polymorphism, as a new, metastable form could be formed through interaction with a well-known, chemically inert excipient.
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