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Abstract:  28 

The tendency for poorly water-soluble weakly basic drugs to precipitate in a non-crystalline form dur-29 

ing the in-vitro digestion of lipid based formulations (LBFs) was linked to an ionic interaction between 30 

drug and fatty acid molecules produced upon lipid digestion. Cinnarizine was chosen as a model 31 

weakly basic drug and was dissolved in a medium-chain (MC) LBF, which was subject to in-vitro lipol-32 

ysis experiments at various pH levels above and below the reported pKa value of cinnarizine (7.47). 33 

The solid-state form of the precipitated drug was analysed using X-ray diffraction (XRD), Fourier Trans-34 

form Infrared spectroscopy (FTIR) and Crossed Polarized Light Microscopy (CPLM). In addition, the 35 

phase distribution of cinnarizine upon lipolysis was analysed using High Performance Liquid Chroma-36 

tography (HPLC). Cinnarizine precipitated in a non-crystalline form during lipolysis experiments at pH 37 

6.5, pH 5.5 and pH 4.0, but precipitated in a crystalline form at pH 8.0 according to XRD measurements 38 

on the pellets. Differences were also observed in the FTIR spectra of the pellet phases at pH 8.0 and 39 

pH 6.5, with the absorption bands in the C-N stretch region of the IR spectra supporting a shift from 40 

the starting free base crystalline material to the hydrochloride salt, thus supporting the case that ionic 41 

interactions between weak bases and fatty acid molecules during digestion are responsible for pro-42 

ducing amorphous-salts upon precipitation. The conclusion has wide implications for understanding 43 

past in-vitro and in-vivo data for lipid based formulations of basic drugs, as well as future formulation 44 

design and optimization.  45 

 Introduction:  46 

A common approach to increase the oral bioavailability of poorly water-soluble lipophilic drugs is to 47 

use lipid based formulations (LBFs). These formulations aim to maintain lipophilic drugs in a dissolved 48 

state before and during digestion of the formulation throughout gastrointestinal transit, circumvent-49 

ing the issue of slow dissolution often observed with such drugs [1]. Lipid digestion leads to the for-50 

mation of self-assembled colloidal structures in the small intestine, formed through interactions be-51 

tween lipid digestion products and amphiphilic endogenous molecules [2]. These colloidal structures, 52 

such as mixed micelles and vesicles, are believed to play an integral role in maintaining the drug in 53 

solution, by enabling the effective partitioning of drug between these structures during gastrointesti-54 

nal transit [3].  55 

Drug precipitation, however, becomes a possibility if LBFs lose their solubilisation capacity upon dilu-56 

tion and digestion in gastrointestinal fluid. This loss in solubilisation capacity becomes more significant 57 

as lipid digestion proceeds, as the colloidal structures formed become increasingly hydrophilic, poten-58 

tially resulting in drug supersaturation within the colloidal structures and subsequent drug precipita-59 

tion [4-6]. There has been a paradigm in the field that if drug precipitation occurs during the digestion 60 



of LBFs then the total amount of absorbed drug would be adversely affected, and this would likely be 61 

true if the drug precipitated in its poorly water-soluble crystalline form in every case. Based on this 62 

assumption, formulation strategies have focussed heavily on trying to inhibit, or prolong the onset of 63 

drug precipitation during the digestion of LBFs for as long as possible. The thermodynamic driver for 64 

absorption provided by a supersaturated system is another key reason for aiming to maintain the 65 

supersaturation of drug during the digestion of LBFs, whilst avoiding drug precipitation [7]. Polymeric 66 

materials are often used for this purpose, where their mechanism of action affords a gradual decrease 67 

in the concentration of dissolved drug towards equilibrium solubility, as opposed to the rapid decrease 68 

in the concentration of dissolved drug seen without polymers [6, 8].  69 

A number of studies, however, have recently emerged suggesting a link between the solid state form 70 

of the precipitated drug and its potential effect on re-dissolution of drug in-vivo. A key finding in this 71 

regard was the apparent precipitation of cinnarizine in a non-crystalline form during the digestion of 72 

a long chain (LC) LBF and the 10-fold higher dissolution rate of this precipitated form of the drug in 73 

simulated intestinal fluid when compared to the reference crystalline form [9]. There appears to be a 74 

trend that weakly basic drugs more readily produce non-crystalline precipitates during digestion in 75 

comparison to neutral (e.g fenofibrate [10-13] and danazol [14]) and acidic drugs such as tolfenamic 76 

acid [13]. It had previously been suggested that weak bases precipitate in a non-crystalline form due 77 

to interactions with oppositely charged species present during digestion [15]. Liberated fatty acids 78 

from the digestion of lipids might interact with weakly basic drugs during the digestion of LBFs. A key 79 

finding that supports this proposition comes from a study that observed a difference in the solid state 80 

form of the precipitate between two weakly basic drugs with differing pKa values upon digestion of 81 

model LBFs. The weakly basic drug carvedilol precipitated in a non-crystalline form upon digestion of 82 

the LBFs, whereas loratadine precipitated in its crystalline form [15]. This difference in the solid state 83 

form of the precipitate for the two weakly basic drugs tested could be a consequence of their state of 84 

ionisation, which is dependent on the pKa values of the drug relative to the pH of the digesting me-85 

dium. Specifically, carvedilol has a literature pKa value of 7.8 [16] and would be predominantly ionised 86 

at pH 7.5 (pH of the digesting medium used in that study) and therefore available for ionic interactions 87 

with oppositely charged species (e.g fatty acids). Loratadine, however, precipitated in a crystalline 88 

form during digestion of the same LBF, which might be due to it having a literature pKa value of 5.0 89 

[17] and being present predominantly in its unionised form during digestion (pH 7.5 of digesting me-90 

dium). As a result, unlike carvedilol, loratadine would have been unavailable for ionic interactions with 91 

fatty acids present within the digesting medium. Further evidence of drug-fatty acid interactions dur-92 

ing digestion has emerged when cinnarizine was loaded into a LC-LBF and solid state NMR was per-93 

formed on the precipitated material [18]. The results suggest that there was an interaction between 94 



the drug and fatty acids, though it is unclear whether this interaction was a result of interactions with 95 

fatty acids liberated upon digestion of the LBF, or due to the fatty acid (oleic acid) included in the 96 

starting formulation.  97 

Therefore, while there is circumstantial evidence for the ionization state of weakly basic drugs to be a 98 

critical determinant of the propensity for ionic interactions with anionic components in the digestion 99 

medium, and thereby driving the solid state form of the precipitated drug, the need to directly confirm 100 

the hypothesis remains.  The current study thus aims to determine clearly whether the solid state 101 

form of the drug is driven by the pH of digestion medium relative to the pKa of the drug. A model 102 

medium chain (MC) length lipid formulation was used for these studies, due to the likelihood of pre-103 

cipitation of the model drug cinnarizine, and digestion performed above and below the pKa of the 104 

drug with interrogation of the precipitate by X-ray diffraction (XRD) and Fourier transform infrared 105 

spectroscopy (FTIR). The MC lipids also afforded the possibility to determine whether the lipid chain-106 

length influences the solid state of precipitated cinnarizine (as depicted in Figure 1), as previous work 107 

utilised a LC self-micro-emulsifying drug delivery system (LC-SMEDDS), where cinnarizine was shown 108 

to precipitate in a non-crystalline form during digestion [9, 18]. In that instance, it was proposed that 109 

the oleic acid, both in the starting formulation and the oleic acid liberated from the digestion of the 110 

long chain lipids in the formulation, formed interactions with the weakly basic drug cinnarizine during 111 

digestion.  112 

 113 

Figure 1: Schematic of the ionic interaction that takes place between the weakly basic drug cinnarizine (pKa 114 
= 7.47) and MC fatty acid molecules (pKa = 4.89) upon digestion of the model LBF to affect the solid state-115 
form of precipitated drug. 116 

Materials:  117 



Captex 355® [medium chain triglyceride mixture composed of 59% caprylic acid (C8), 40% capric acid 118 

(C10), <1% lauric acid (C12) as stated in the product information], and Capmul MCM® [mono/diglyc-119 

erides composed of caprylic acid (C8) in glycerol], were obtained from Abitec Corporation (Janesville, 120 

Wisconsin). Cremophor EL® was purchased from BASF Corporation (Washington, New Jersey). Cinna-121 

rizine, Tris maleate (reagent grade), bile salt (sodium taurodeoxycholate (NaTDC), >95%), and 4-bro-122 

mophenylboronic acid (4- BPBA, >95%) were purchased from Sigma-Aldrich (St. Louis, Missouri). Cin-123 

narizine hydrochloride was isolated from the free base and the hydrochloride salt confirmed by FTIR. 124 

Calcium chloride dihydrate (>99%) and ammonium dihydrogen orthophosphate were obtained from 125 

Ajax Finechem (Seven Hills, New South Wales, Australia). Sodium chloride (>99%) was purchased from 126 

Chem Supply (Gillman, South Australia, Australia). HPLC grade methanol and acetonitrile were pur-127 

chased from Merck (MA, USA). Phospholipid (1,2-dioleoyl-sn-glycero-3-phosphocholine, DOPC) was 128 

obtained from Trapeze Associates Pty. Ltd. (Clayton, Victoria, Australia). USP grade pancreatin extract 129 

was purchased from Southern Biologicals (Nunawading, Victoria, Australia). 130 

Methods:  131 

Preparation of LBF 132 

The composition of the model LBF chosen for this study was a MC self-nano-emulsifying drug delivery 133 

system (MC-SNEDDS), consisting of 0.3 g Captex® 355, 0.3 g Capmul®, 0.3 g Cremophor® EL and 0.1 g 134 

of ethanol, based on previous studies [19]. The fatty acids present and available for interactions with 135 

cinnarizine in the current study are a product of lipid digestion alone, as the starting formulation con-136 

tained no additional fatty acid. The excipients that formed the MC-SNEDDS were weighed into a glass 137 

scintillation vial and vortexed for 1 min to ensure the components had mixed prior to adding cinnariz-138 

ine. The amount of cinnarizine added to the MC-SNEDDS was 50 mg/g of formulation in all instances, 139 

and was selected to match the study conducted by Sassene et al. [9, 18]. It is important to note, how-140 

ever, that the degree of drug saturation in the formulation in the current study would be slightly dif-141 

ferent to that of the study by Sassene et al., as there are differences in the composition of the formu-142 

lation, namely the chain length of the lipids used. The MC-SNEDDS containing drug was further vor-143 

texed for 1 min and then placed in a roller oven at 40 °C overnight to allow the drug to dissolve com-144 

pletely. The formulation was visually inspected for solid drug particles prior to performing the diges-145 

tion experiments, and was placed in a 60 °C oven for a short time in instances where the drug was not 146 

fully dissolved.  147 

Preparation of Digestion Medium and Pancreatic Lipase 148 



The digestion medium and pancreatic lipase solution were prepared using digestion buffer, which con-149 

sisted of 2 mM Tris–maleate, 1.4 mM CaCl2·2H20 and 150 mM NaCl. The digestion buffer was adjusted 150 

to pH 6.5 using NaOH and HCl solutions. Digestion medium was then made up using the above buffer 151 

solution, supplemented with 5 mM of NaTDC (bile salt) and 1.25 mM of DOPC (phospholipid) to rep-152 

resent fasted-state simulated conditions. A round-bottom flask was used to dissolve the DOPC in an 153 

appropriate amount of chloroform, then the chloroform was removed under vacuum to leave an 154 

evenly coated film of lipid at the bottom of the flask. Digestion buffer and NaTDC were then added 155 

and the flask was placed in a sonicator bath to dissolve any remaining solid particles. The digestion 156 

medium was kept refrigerated at 4 °C before use. Pancreatin extract was weighed (2 g) into a small 157 

glass beaker, before 5 mL of digestion buffer was added to form a suspension. The suspension was 158 

stirred for 5 min, transferred to a 12 mL plastic centrifuge tube and centrifuged at 2205 g at 4 °C for 159 

15 min. The process yielded pancreatic lipase solution as the supernatant (1000 TB units/mL of digest), 160 

which was collected and stored at 4 °C prior to use. Each lipolysis experiment was initiated by adding 161 

4 mL of this pancreatic lipase solution.  162 

In-vitro Lipolysis      163 

Lipolysis experiments were performed according to previously established protocols [1, 20]. In sum-164 

mary, a thermostatted glass vessel, set to maintain a temperature of 37 °C, was attached to a stirring 165 

unit, which was attached to a Metrohm titrator, 5-mL dosing unit with autoburette and an iUnitrode 166 

pH probe (Metrohm AG, Herisau, Switzerland). The digestion medium (36 mL) was added to the vessel 167 

and stirred, before the MC-SNEDDS containing cinnarizine was also added to the vessel and allowed 168 

to disperse for 5 min. During this 5 min dispersion period the pH was adjusted to the experimental pH 169 

value using NaOH and HCl. Lipolysis experiments were performed above and below the pKa value of 170 

cinnarizine, as a way of probing the link between the solid state form of precipitated cinnarizine and 171 

the state of ionisation of cinnarizine. The literature pKa value of cinnarizine is 7.47 [21, 22], therefore 172 

a lipolysis experiment with the digesting medium set to a pH above 7.47 was expected to force union-173 

ised cinnarizine at this pH to precipitate in a crystalline form, as the drug would not be able to ion pair 174 

with fatty acids, whereas at a pH below 7.47 it was expected the ionised cinnarizine would ion pair 175 

with fatty acids and produce a non-crystalline precipitate. As a result, the pH values of the digestion 176 

medium chosen for analysing the solid state of cinnarizine were pH 8.0 and pH 6.5, but selected ex-177 

periments were also performed at pH 7.47, pH 5.5 and pH 4.0.      178 

After the 5 min dispersion period the digestion was initiated by adding 4 mL of the previously prepared 179 

pancreatic lipase solution (to achieve an overall activity of 1000 TB units/mL of digest). As the lipidic 180 

components in the formulation were digested, the fatty acids liberated were titrated with 0.6 M NaOH 181 



solution, which maintained the specific experimental pH level over the course of the experiment. The 182 

NaOH solution titrated only ionised fatty acids at the specific pH of the lipolysis experiment. Conse-183 

quently, at the end of the 60 min digestion period, for all experiments, the pH was rapidly increased 184 

to pH 9.0 to ionise all fatty acids. This allowed the unionised fatty acid molecules present during lipol-185 

ysis to be quantified as well by taking into account the amount of NaOH needed to increase the pH to 186 

9.0 [23]. This increase to pH 9.0 at the end of lipolysis was done only for experiments concerned with 187 

calculating the extent of digestion, and not for experiments where the solid state of the pellet phase 188 

was evaluated. The extent of digestion was calculated according to Equation 1.    189 

Equation 1:  190 

𝐸𝑥𝑡𝑒𝑛𝑡 𝑜𝑓 𝐿𝐵𝐹 𝑑𝑖𝑔𝑒𝑠𝑡𝑒𝑑 (%) =  
   ( )    ( )

     ( )
 × 100  191 

 192 

HPLC Quantification of Drug and Sample Treatment  193 

A previously reported method for analysing cinnarizine in digestion samples was followed to deter-194 

mine the phase distribution of the drug upon digestion of the MC-SNEDDS [24]. The HPLC system in-195 

cluded a Shimadzu CBM-20A system controller, LC-20AD solvent delivery module, SIL-20A auto sam-196 

pler and a CTO-20A column oven set at 40°C, coupled to an SPD-20A UV-detector and an RF-10AXL 197 

fluorescence detector (Shimadzu Corporation, Kyoto, Japan). A reverse-phase C18 column was used 198 

(4.6 × 75 mm, 3.5 µm; Waters Symmetry®, MA, USA), 199 

Aliquots (200 µL) from the lipolysis experiments were taken at specific time points before and after 200 

adding the pancreatic lipase solution (t = 0, 5, 10, 15, 20, 25, 30, 40, 50 and 60 min). The aliquots were 201 

transferred to a 1.75 mL Eppendorf tube containing 20 µL of lipase inhibitor (0.05 M 4-BPBA) and 202 

centrifuged at 7708 x g for 1 hr. After centrifuging for 1 hr the supernatant (aqueous colloidal phase) 203 

was separated from the pellet phase (precipitated drug and calcium-fatty acid soaps). The aqueous 204 

colloidal phase was diluted with mobile phase until the concentration of drug fell in the range of the 205 

standard curve. The pellet phase was first dissolved in 200 µL of methanol, and then diluted in mobile 206 

phase until the drug concentration fell within the range of the standard curve. Lipolysis experiments 207 

and HPLC analysis at pH 8.0, pH 6.5 and pH 4.0 were performed in triplicate.  208 

The mobile phase was an isocratic premix composed of acetonitrile and Milli Q water (50:50) with 209 

ammonium dihydrogen orthophosphate at 20 mM and pH adjusted to 4.2. The flow rate used was 1 210 

mL/min and the injection volume was 50 µL. The concentration of drug in the digested samples was 211 

determined by comparison to a standard curve.     212 



Polarised Light Microscopy – Morphology of Precipitated Drug  213 

The isolated pellet phase, from the lipolysis experiments, was visualised under crossed polarised light 214 

to determine whether crystalline drug had precipitated during digestion of the model MC-SNEDDS. A 215 

Nikon ECLIPSE Ni−U upright microscope fitted with crossed polarising filters and a DS-U3 digital cam-216 

era control unit (Nikon, Tokyo, Japan) was used for CPLM of pellet phases. Precipitated cinnarizine in 217 

its thermodynamically stable crystalline form has been shown previously to exhibit birefringence [9], 218 

whereas amorphous materials do not, due to the lack of long-range order in the sample [25]. For the 219 

CPLM studies the pellet phase was isolated after performing the lipolysis experiment, and placed onto 220 

a glass microscope slide where it was allowed to air-dry before analysis.  221 

X-ray Diffraction – Determination of the Solid State Form of Precipitated Cinnarizine 222 

The pellet phase was isolated and analysed by XRD to identify the solid state of the precipitated drug. 223 

A Bruker D8 Advance X-ray diffractometer with Ni-filtered Cu kα radiation (1.54 Å) at 40 kV and 40 mA 224 

was used to collect XRD data. The samples were analysed in the range of 5–50° in 2θ, with a step size 225 

of 0.02° and a scan rate of 0.5 seconds per step. Characteristic peaks for cinnarizine in the pellet phase 226 

of digested formulations were compared to the reference crystalline free base, the presence of the 227 

same peaks in the pellet phase indicated cinnarizine had precipitated in its crystalline free base form 228 

during digestion. Conversely, a lack of crystalline peaks in the diffractogram and the presence of a 229 

large halo region signified the material was amorphous, or non-crystalline [26].   230 

FTIR – Probing Drug-Fatty Acid Interactions  231 

The pellet phase of the digested MC-SNEDDS formulations at selected pH levels was left to air-dry on 232 

a microscope slide for a few hours, collected and then analysed using a Perkin Elmer Frontier FTIR with 233 

attenuated total reflectance (ATR) (Waltham, Massachusetts). A small amount of sample was carefully 234 

placed onto the ATR crystal, and the pressure valve was used to improve the uniformity of contact 235 

between the sample and the ATR crystal of the instrument. Samples were analysed using 32 scans at 236 

a resolution of 4 cm-1. A background scan was collected initially, and the sample spectrum was col-237 

lected subsequently with the Spectrum software automatically subtracting the background.   238 

Results:  239 

Upon addition of the MC-SNEDDS to the simulated digestion fluid the formulation immediately dis-240 

persed and was left to stir for 5 min, before pancreatic lipase solution was added to initiate digestion. 241 

MC-SNEDDS formulations have been shown previously to digest to completion under similar lipolysis 242 

conditions at pH 6.5 and pH 7.5 [13, 15]. The MC-SNEDDS in the current study was loaded with cinna-243 

rizine at 50 mg/g and lipolysis was performed in triplicate at pH 8.0, pH 6.5 and pH 4.0. As described 244 



above, the pH of the digesting medium was rapidly increased to pH 9.0 at the end of the 60 min diges-245 

tion period, as a way to quantify unionised and ionised fatty acid molecules, and the overall extent of 246 

formulation digested. The resultant lipolysis titration profiles at pH 8.0 and 6.5 are presented in Figure 247 

2.  248 

 249 

 250 

 251 

 252 

 253 

 254 

 255 

Figure 2: Titration profiles of ionised and unionised fatty acid produced during in vitro lipolysis of the MC-SNEDDS at pH 8.0 256 
(grey circles) and pH 6.5 (black circles) (mean ± SD, n = 3 different digestions). The profile also shows the extent of LBF 257 
digested over the 60-min lipolysis. The titration profile for the lipolysis at pH 4.0 over the 60-min period could not be pre-258 
sented due to the impact of lipase addition on pH preventing return of the pH to below pH 4.0 which would trigger addition 259 
of titrant, but the extent of digestion is discussed in the text.  260 

The lipid components of the MC-SNEDDS appeared to digest at a slightly faster rate at pH 8.0 than at 261 

pH 6.5, as can be seen from Figure 2. Within 26 min of initiating lipolysis at pH 8.0 the MC-SNEDDS 262 

had digested to about 88.5%, which was the same extent to which the MC-SNEDDS had digested at 263 



pH 6.5 after 60 min. The overall extent of digestion for the MC-SNEDDS at pH 8.0 was around 95.8%. 264 

This discrepancy in the extent of formulation digested at pH 8.0 and pH 6.5 may be attributed to the 265 

effect of pH on lipase activity. The optimal pH for pancreatic lipase activity has been reported to be 266 

closer to pH 7.5 [27], but pH 6.5 is generally employed for lipolysis experiments, as this value affords 267 

a more suitable compromise between lipase activity and duodenal pH [28]. A change in the initial rate 268 

of lipolysis as a function of pH has been reported previously with MC lipids, where it was shown that 269 

the rate of lipolysis increases as pH is increased from pH 4.0 up to a maximum rate of lipolysis at pH 270 

7.5, before decreasing again [29]. The rate of lipolysis at pH 8.0, however, was still higher than at pH 271 

6.5 in the above study, as was also observed with the current study.   272 

The digestion profile of the MC-SNEDDS at pH 4.0 could not be presented in Figure 2. This is because 273 

during the experiment the lipase added to initiate digestion increased the pH of the digesting medium 274 

from a starting pH of 4.0 to around pH 4.5. The liberation of fatty acids slowly decreased the pH of the 275 

system back towards pH 4.0, which indicated digestion of lipids was occurring, but NaOH was not 276 

added to the digestion vessel over the course of the 60 min digestion experiment. Therefore, only the 277 

extent of digestion for the MC-SNEDDS could be determined from the back titration volume at pH 4.0. 278 

In the end, the MC-SNEDDS at pH 4.0 was found to digest to 65.8%. The extent of digestion for the 279 

MC-SNEDDS increased significantly from a lipolysis performed at pH 4.0 to a lipolysis at pH 6.5 and pH 280 

8.0. This can again be attributed to the pH of the digesting environment being far removed, in the case 281 

of pH 4.0, from the optimal pH of pancreatic lipase activity. The extent and kinetics of lipid digestion 282 

were somewhat different between the experiments at pH 8.0 and pH 6.5, and it was expected that 283 

this small difference may affect the rate and extent of precipitation of cinnarizine. The difference in 284 

precipitation behaviour with regard to solid-state form, however, at pH 6.5 and pH 8.0, was expected 285 

to be a result of the pH environment and therefore the ionisation state of cinnarizine. Notably, the 286 

extent of digestion at pH 4.0 was not comparable to the other two pH settings. The MC-SNEDDS was 287 

digested to a much lesser degree and therefore the driving force for precipitation would be lower at 288 

pH 4.0 than at pH 6.5 and pH 8.0. This intuitively points towards the likelihood that cinnarizine re-289 

mained largely solubilised within the undigested lipid phase during lipolysis at pH 4.0, as the MC-290 

SNEDDS would not lose its solubilisation capacity to the same extent when compared to lipolysis ex-291 

periments at pH 6.5 and pH 8.0.    292 

Phase Distribution of Cinnarizine During Lipolysis  293 

Samples were taken from the lipolysis experiments at pH 8.0, pH 6.5 and pH 4.0, at 5 min intervals up 294 

until 30 min after initiating digestion, and then at 10 min intervals until the end of the experiments at 295 



60 min. The distribution of cinnarizine between the aqueous colloidal phase and the precipitated pel-296 

let phase in the samples was analysed by HPLC. The phase distribution of cinnarizine upon lipolysis of 297 

the MC-SNEDDS at the different pH levels is presented in Figure 3.  298 



 299 



 300 

Figure 3: Distribution of cinnarizine in the aqueous colloidal phase and pellet phase during lipolysis at (a) 301 
pH 8.0; (b) pH 6.5 and (c) pH 4.0. Where (●) = wt % cinnarizine in the aqueous colloidal phase; (△) = wt % 302 
cinnarizine in the pellet phase and (▼) = wt % cinnarizine recovered relative to the initial mass of drug 303 
recovered from the start of the experiment. Samples taken at the various time points throughout lipolysis 304 
were diluted with mobile phase and then analysed using HPLC. Experiments were performed in triplicate 305 

(n = 3 different digestions, mean ± SD). 306 

Around 1 g of MC-SNEDDS containing cinnarizine was carefully transferred to the digestive medium 307 

to start the lipolysis experiments using a consistent pipetting method. The viscous and sticky nature 308 

of the formulation, however, meant that a proportion of the formulation was lost on transfer, as it 309 

would inevitably stick to the sides of the glass vial that it was prepared in, and also be lost to some 310 

degree during pipetting. As a result, the actual amount of MC-SNEDDS added to the vessel was slightly 311 

less than 1 g, and therefore the amount of cinnarizine recovered during the dispersion phase (t = 0) 312 

was treated as the initial mass for subsequent time point recovery values. For t = 0, at pH 8.0 the 313 

amount of cinnarizine recovered of the initial mass loaded in the 1 g of MC-SNEDDS was 69.0 ±  1.68 %, 314 

at pH 6.5 the recovery was 75.9 ± 5.89 %, and at pH 4.0 the recovery was 71.9 ± 4.04 %.  315 

The lipids in the MC-SNEDDS were digested rapidly by pancreatic lipase at pH 8.0 and pH 6.5, with the 316 

majority of lipid digestion occurring within the first 10 min as can be seen in Figure 2. As a result, the 317 

MC-SNEDDS rapidly lost its solubilisation capacity and around 30 wt % of cinnarizine was recovered at 318 

t=5 min in the pellet phase for the experiment at pH 6.5 (Figure 3b). The amount of cinnarizine recov-319 

ered from the pellet phase slowly increased as the digestion continued, with around 60 wt % of cin-320 

narizine ending up in the pellet phase by the end of the lipolysis (t=60 min). Whilst the drug was pre-321 

cipitating throughout digestion of the MC-SNEDDS, the concentration of cinnarizine recovered from 322 

the aqueous colloidal phase decreased over time as expected.  323 

In contrast, whilst the degree and kinetics of lipid digestion were only slightly different for the lipolysis 324 

at pH 8.0, compared to the lipolysis at pH 6.5, the phase distribution of cinnarizine was markedly dif-325 

ferent (Figure 3a). The majority of drug precipitation at pH 8.0 occurred within the first 5 min of lipol-326 

ysis, with around 75 wt % of cinnarizine being recovered from the pellet phase at t = 5 min, with the 327 

level of drug in the pellet phase remaining relatively constant throughout the rest of the lipolysis at 328 

pH 8.0. This much faster rate of precipitation at pH 8.0 in comparison to the lipolysis at pH 6.5 could 329 

be a result of the faster rate of lipolysis of the MC-SNEDDS (Figure 2), or the difference in pH of the 330 

digesting medium relative to the experimental pKa of cinnarizine. At pH 8.0, which is above the exper-331 

imental pKa of cinnarizine, the majority of drug would have been in its unionised form and therefore 332 



was not solubilised to the same extent in the aqueous colloidal phase, thus driving precipitation of 333 

drug to occur rapidly. It was possible that at pH 8.0 during the dispersion phase, prior to adding pan-334 

creatic lipase to the dispersed SNEDDS, some of the cinnarizine may have precipitated given the sub-335 

sequently observed phase distribution. To test for this, the sample taken from the dispersion period 336 

(t = 0) was centrifuged and no precipitated drug was observed visually in the form of a pellet within 337 

the Eppendorf tube, as a secondary test the dispersion was repeated with the MC-SNEDDS at pH 8.0 338 

and the contents were filtered through a piece of 0.45 µm filter paper under vacuum, but no solid 339 

material or precipitated drug was recovered from the surface of the filter paper.  340 

The extent of lipolysis of the MC-SNEDDS was much less at pH 4.0 than at pH 6.5 and pH 8.0, as dis-341 

cussed above. As a result, the amount of cinnarizine recovered in the aqueous colloidal phase and 342 

pellet phase was relatively low (Figure 3c). This suggests that the majority of cinnarizine was still sol-343 

ubilised by the undigested lipid during the lipolysis experiment at pH 4.0. The amount of cinnarizine 344 

recovered in the pellet phase was lowest at pH 4.0, and highest at pH 8.0. The relatively low amount 345 

of cinnarizine recovered in the pellet at pH 4.0, however, was likely due to the difference in the extent 346 

of lipid digestion, rather than the ability of the aqueous colloidal phase to solubilise the drug.            347 

Solid State Analysis of Pellet Phase 348 

The pellet phase was isolated at the end point of lipolysis experiments and visualised under crossed 349 

polarized light. The image presented in Figure 4 indicates that cinnarizine precipitated in a crystalline 350 

form during the lipolysis performed at pH 8.0, with the presence of needle like drug particles exhibiting 351 

birefringence. The pellet phase from the lipolysis experiments performed at a pH below the literature 352 

pKa value of cinnarizine, however, did not present the appearance of needle shaped crystals (data not 353 

shown).     354 

 355 

Figure 4: Crossed polarized light microscopy image of the pellet phase obtained from the lipolysis experi-356 

ment at pH 8.0. Crystalline cinnarizine was observed as many needle-like structures. 357 



The pellet phase was further analysed by XRD to determine the solid state of precipitated cinnarizine 358 

after lipolysis of the MC-SNEDDS. In addition to the lipolysis experiments at pH 8.0, pH 6.5 and pH 4.0, 359 

lipolysis experiments were performed at pH 7.47 (literature pKa value of cinnarizine) and pH 5.5, and 360 

the pellet phase from digestions at these five different pH levels were evaluated. The XRD data is 361 

shown in Figure 5. 362 

 363 

 364 

Figure 5: The diffraction patterns from XRD experiments performed on the pellet phase from the lipolysis 365 
of the MC-SNEDDS containing cinnarizine conducted at various pH levels, the pellet phase from the lipolysis 366 
of drug-free MC-SNEDDS at pH 6.5 (BLANK), and the neat crystalline cinnarizine free base (CIN neat).  367 

It has been shown previously that the lipolysis of a LC-SMEDDS with cinnarizine at the same drug load-368 

ing (50 mg/g) produced a pellet phase containing non-crystalline cinnarizine [9]. This was deduced 369 

after determining that cinnarizine was present in the pellet phase following lipolysis of the LC-SMEDDS, 370 



via HPLC, and that the X-ray diffractogram for the pellet phase showed an absence of peaks corre-371 

sponding to crystalline cinnarizine. A halo region in the diffractogram, generally corresponding to 372 

amorphous material, was observed in place of the sharp peaks that represent crystalline cinnarizine. 373 

The lipolysis of the MC-SNEDDS in the current study was expected to produce either crystalline, or 374 

non-crystalline, precipitated cinnarizine depending on the pH of the digesting medium relative to the 375 

reported pKa value of cinnarizine (7.47). The X-ray diffractograms of pellet phases collected from the 376 

lipolysis experiments performed at a pH below the pKa of cinnarizine showed an absence of peaks 377 

inherent to the reference crystalline cinnarizine free base. For these pellet samples, collected from 378 

lipolysis experiments at pH 6.5, pH 5.5 and pH 4.0, a halo region was observed in the diffractograms 379 

(Figure 5), which indicated the presence of non-crystalline material. In contrast, the pellet phase ob-380 

tained from the lipolysis experiments at pH 7.47 and pH 8.0 showed a diffraction pattern that matched 381 

the reference crystalline cinnarizine starting material. The few diffraction peaks observed for the pel-382 

let phases from experiments at pH 6.5, pH 5.5 and pH 4.0 did not correspond to the cinnarizine refer-383 

ence material. A lipolysis was carried out at pH 6.5 on the MC-SNEDDS formulation free of cinnarizine, 384 

and it was observed that those particular diffraction peaks were likely due to the soaps and other 385 

precipitated material associated with the enzyme and not related to drug (Figure 5).  386 

When lipolysis was performed on the MC-SNEDDS at pH 8.0, it was assumed that the majority of cin-387 

narizine would be present during digestion in its neutral form. As such, cinnarizine was not available 388 

to ion-pair with oppositely-charged fatty acid molecules upon digestion of the MC-SNEDDS causing 389 

cinnarizine to precipitate in a crystalline form.  390 

At pH 7.47, which is the reported pKa value of cinnarizine, it was expected that roughly equal amounts 391 

of ionised cinnarizine and neutral cinnarizine would be present, and therefore a fraction of the pre-392 

cipitated drug would be ion-paired to fatty acid molecules forming the amorphous-salt, whereas the 393 

rest of the drug would precipitate in a crystalline form. From the diffractogram it appeared that the 394 

lipolysis at pH 7.47 produced predominantly crystalline cinnarizine albeit with an apparently reduced 395 

intensity relative to the baseline. The assumption that 50% of the cinnarizine would be ionised and 396 

50% unionised at pH 7.47 was in hindsight unreasonable, as the literature pKa value for a tertiary 397 

amine structure like cinnarizine carries a degree of uncertainty, and the actual pKa value of the drug 398 

in the digesting medium could be quite different, or could change as the drug comes into close prox-399 

imity to surfaces [22]. Further analysis of the diffractogram at pH 7.47, however, indicated that the 400 

ratio of maximum height of the amorphous halo region to maximum peak height of crystalline cinna-401 

rizine was two-fold larger than that calculated for the diffractogram obtained for the lipolysis at pH 402 

8.0. This suggested that at pH 7.47 cinnarizine did precipitate to some degree in the amorphous-salt 403 

form.  404 



Overall the XRD data generally supports the concept that when the weakly basic drug cinnarizine is 405 

present during digestion predominantly in its ionised form (below a pH of 7.47) the drug does not 406 

precipitate in its crystalline form, which implies that ionisation was responsible for the non-crystalline 407 

precipitation observed. To consolidate whether an interaction between cinnarizine and oppositely 408 

charged fatty acid molecules during lipolysis had taken place to produce the amorphous-salt upon 409 

precipitation, FTIR was used.    410 

Examining the Interactions between Cinnarizine and Fatty Acids on Lipolysis Using FTIR  411 

The pellet phases from the lipolysis experiments at pH 8.0 and pH 6.5 were analysed using FTIR, along 412 

with the cinnarizine free base starting material and cinnarizine hydrochloride. The spectra obtained 413 

from the FTIR analysis are presented in Figure 6. 414 

 415 

 416 

 417 

Figure 6: Infrared absorption spectra for (a) cinnarizine free base starting material; (b) cinnarizine hydro-418 
chloride; (c) pellet phase from the lipolysis experiment at pH 8.0 and (d) pellet phase from the lipolysis 419 
experiment at pH 6.5. A change in the C-N environment was observed for cinnarizine hydrochloride and 420 



the pellet phase obtained at pH 6.5, which is likely due to an ionic interaction of the tertiary amine in 421 
cinnarizine.  422 

Cinnarizine has two tertiary amines in its structure, which makes identifying ionic interactions more 423 

difficult than for structures with primary or secondary amines. This is due to the absence of charac-424 

teristic N-H stretch bands around 3400 – 3250 cm-1 for tertiary amines otherwise observed for primary 425 

and secondary amines [30]. To complicate matters, a characteristic band should exist for amine salts 426 

with the N-H+ band usually appearing around 3000 – 2800 cm-1 , but in this case the absorption bands 427 

for aromatic cinnarizine C-H bonds and aliphatic C-H bonds ranging from 3040 – 2808 cm-1 overlap this 428 

region and a clear deduction with regard to the amorphous salt could not be made. Therefore, a 429 

change in the aliphatic C-N stretch environment between the reference cinnarizine free base and the 430 

precipitated amorphous-salt of cinnarizine was the only available evidence to suggest whether an 431 

ionic interaction around this bond had occurred during lipolysis experiments at pH 6.5. The FTIR spec-432 

trum for the reference cinnarizine free base (Figure 6a) showed some key absorption bands including 433 

the aromatic C-H stretch at 3070 cm-1 and 3023 cm-1 , the aromatic C=C stretch at 1490 cm-1 and 1450 434 

cm-1 , and the C-N stretch, which was observed at 1142 cm-1. Cinnarizine hydrochloride was also ana-435 

lysed to identify differences in the absorption spectrum that a salt form with ionic interactions around 436 

the tertiary amine would produce.  437 

The FTIR spectrum for cinnarizine hydrochloride showed the aromatic C-H and aromatic C=C bands to 438 

be in a similar position to cinnarizine free base, as can be seen in Figure 6b. The band for the C-N 439 

stretch, however, appeared at 1121 cm-1 instead of at 1142 cm-1 where the same C-N band was ob-440 

served for the free base form of cinnarizine. This difference can be attributed to the ionic interaction 441 

between the protonated tertiary amine of cinnarizine and deprotonated Cl- ions, effectively changing 442 

the environment of the C-N bond to cause a noticeable shift in the wavenumber for absorption around 443 

this bond. The spectrum for the pellet phase obtained from the lipolysis experiment at pH 8.0 (Figure 444 

6c) also showed aromatic C-H stretch absorption bands at 3070 cm-1 and 3000 cm-1 , aromatic C=C 445 

stretch absorption at 1450 cm-1 , but importantly the C-N stretch was observed at 1142 cm-1 , which 446 

was at the same wavenumber as the reference cinnarizine free base. This suggested that the lipolysis 447 

experiment at pH 8.0 caused cinnarizine to precipitate in its reference crystalline form, and that the 448 

C-N environment remained unchanged under these conditions, due to cinnarizine remaining neutral 449 

and unable to form ionic interactions, complementing the XRD data above.  450 

In contrast, the pellet phase from the lipolysis experiment at pH 6.5 produced an FTIR spectrum (Figure 451 

6d) that showed the aromatic C-H stretch at 3066 cm-1 and 3000 cm-1 and the aromatic C=C stretch at 452 

1452 cm-1, but the C-N stretch was observed at 1097 cm-1, rather than at 1142 cm-1. Both cinnarizine 453 



hydrochloride and the pellet phase from the lipolysis at pH 6.5 showed differences in the C-N stretch 454 

band, and it is reasonable to propose that this was a result of ionic interactions. Whilst the C-N stretch 455 

appears at a different wavenumber for cinnarizine hydrochloride and the pellet at pH 6.5 relative to 456 

cinnarizine free base, they also differ from each other in this respect (1121 cm-1 for cinnarizine hydro-457 

chloride and 1097 cm-1). The ionic interactions are between different species for cinnarizine hydro-458 

chloride and the pellet at pH 6.5, and these ionic interactions contribute to unique C-N environments, 459 

thus the interaction between the tertiary amine of cinnarizine and the deprotonated carboxylic acid 460 

group from MC fatty acids present during lipolysis appeared to produce an absorption band for the C-461 

N stretch at 1097 cm-1. 462 

Discussion  463 

Poorly water-soluble weak bases have been identified in the pellet phase of digested lipid based for-464 

mulations in a non-crystalline form previously. It was suggested that this trend is due to the non-crys-465 

talline precipitation of weakly basic drugs as a result of ionic interactions with oppositely charged spe-466 

cies present during digestion [15]. Using a model LC-SMEDDS formulation and cinnarizine as a model 467 

weakly basic drug this proposed mechanism of ion-pairing upon precipitation of drug during lipolysis 468 

was investigated recently with solid state NMR techniques [18]. The results from the aforementioned 469 

study strongly suggest there were interactions between cinnarizine and the carboxylic acid group of 470 

the oleic acid present in the pellet, thus affecting the solid state form of the precipitated cinnarizine. 471 

Additional DSC data also confirmed that cinnarizine was not present in the pellet phase of the digested 472 

formulation as a separate amorphous component, as the glass transition properties of the drug-con-473 

taining pellets differed from purely amorphous cinnarizine, further suggesting interactions between 474 

cinnarizine and pellet constituents. The LBF in the above case, however, contained oleic acid as a start-475 

ing material and it was unclear whether the oleic acid produced upon lipid digestion contributed to 476 

the subsequent effect observed with the solid state of the drug upon precipitation.  477 

The current study looked to complement the findings of the study above by using an alternative spec-478 

troscopic technique to show ionic interactions between cinnarizine and fatty acid upon lipolysis of an 479 

LBF, but also to determine whether MC fatty acids affect the solid state of cinnarizine in the same way 480 

as oleic acid , and to examine whether fatty acid molecules produced exclusively from the digestion 481 

of lipids can have the same effect as a formulation that has fatty acid as a starting component. From 482 

the current study, cinnarizine precipitated in its starting crystalline form during a lipolysis performed 483 

on the MC-SNEDDS at pH 8.0 and pH 7.47, and in a non-crystalline form at pH 6.5, pH 5.5 and pH 4.0, 484 

as can be seen from the XRD data (Figure 5). These results consolidate the idea that the pH of the 485 

digesting medium in relation to the ionisation state of cinnarizine plays a critical role in determining 486 



the solid state form of the precipitated drug during the digestion of lipid formulations. It was interest-487 

ing, however, that when the lipolysis experiment on the MC-SNEDDS was performed at pH 4.0, cinna-488 

rizine still precipitated in a non-crystalline form. At pH 4.0 cinnarizine would be ionised almost com-489 

pletely and available to form ionic interactions, but MC fatty acids (capric and caprylic acid) have a 490 

reported pKa value of around 4.89 [31]. The amorphous-salt was not expected to form at pH 4.0, due 491 

to the expectation that MC fatty acids would be largely unionised and unavailable for ion-pairing in 492 

this environment. The amount of fatty acid, however, relative to drug is far greater even with only 65% 493 

of the MC-SNEDDS being digested at pH 4.0. Moreover, the actual pH of the digesting medium during 494 

this experiment was closer to pH 4.5, as the addition of pancreatic lipase solution caused an initial 495 

increase in the experimental pH, as mentioned above. Therefore, a proportion of fatty acid may have 496 

been ionised and this was sufficient for the drug to precipitate as an amorphous-salt.  497 

The rapid onset of drug precipitation in the current study during lipolysis at pH 6.5 (Figure 3b) in com-498 

parison to previous phase distribution data for cinnarizine obtained from the lipolysis of a LC-SMEDDS 499 

at the same pH [9] can be attributed to the slower rate of lipolysis generally observed with LC lipids 500 

and the increased solubility of lipophilic drugs in LC digestion products [32-34]. MC lipids, such as those 501 

used in the current study, are rapidly digested and form more hydrophilic structures that lack the 502 

solubilisation capacity of structures formed upon digestion of LC lipids. The difference in lipid chain 503 

length, therefore plays a critical role in determining the kinetics of drug precipitation upon digestion 504 

of LBFs.  In addition, the nature of the aqueous colloidal phase would vary depending on the pH of the 505 

digesting medium [35]. The lipolysis experiments performed at pH 4.0 would produce a greater pro-506 

portion of unionised MC fatty acid molecules and favour the formation of vesicular or emulsified 507 

phases, whereas the increased electrostatic repulsion between fatty acid head groups at pH 6.5 and 508 

pH 8.0 would produce micelles [36]. These types of colloids formed at low pH have been shown pre-509 

viously to have a greater solubilisation capacity for highly lipophilic drugs, such as fenofibrate and 510 

cinnarizine [36]. Fatty acid protonation at lower pH conditions, such as pH 4.0, has also been reported 511 

to produce more oil-rich digestion phases. Therefore, the task of separating and isolating digested 512 

phases after a lipolysis at pH 4.0 becomes difficult and could lead to an overestimation of the amount 513 

of drug that had precipitated, as the oil-rich phases may contaminate the pellet phase during analysis. 514 

This is possibly what has been observed from the HPLC data above at pH 4.0 (Figure 3c), where the 515 

variability in the phase distribution data was considerably greater than for the analyses carried out 516 

from lipolysis experiments at pH 8.0 and pH 6.5.   517 

Other weakly basic drugs, such as halofantrine [37] and carvedilol [15], have been shown previously 518 

to produce amorphous precipitates during similar in-vitro digestion experiments. Both of these drugs 519 

were likely to be predominantly ionised in the studies conducted, as the pH of the digesting medium 520 



was lower than their respective pKa values, and therefore the basic compounds likely interacted with 521 

fatty acid molecules during digestion to produce amorphous-salts. Loratadine, on the other hand, pre-522 

cipitated in a crystalline form upon digestion of model LBFs [15], which actually supports the logic that 523 

interactions between weakly basic drugs and fatty acid drives amorphous precipitation, because lo-524 

ratadine has a pKa of 5.0 [17] and would have been largely present in its neutral form during digestion 525 

and unable to form this interaction. Furthermore, poorly water-soluble neutral compounds that are 526 

routinely tested in LBFs, fenofibrate and danazol, have been repeatedly shown to precipitate in a crys-527 

talline form during in-vitro digestion experiments [10-14]. The one exception to this trend appears to 528 

be the neutral compound simvastatin, which precipitated as an amorphous form during the in-vitro 529 

digestion of a supersaturated-SNEDDS formulation [38]. Whilst the current study has consolidated the 530 

importance of ionic interactions between weakly basic compounds and fatty acids during digestion as 531 

a driver for amorphous precipitation, it is clearly not the only factor governing the formation of amor-532 

phous precipitates on digestion, as the extent and kinetics of supersaturation can play a major role as 533 

well [34, 39]. The supersaturation behaviour of simvastatin during digestion may have therefore been 534 

the reason why an amorphous precipitate formed in that particular study.     535 

Ultimately, the formation of amorphous-salts during the digestion of LBFs containing weakly basic 536 

drugs may favour their redissolution in-vivo. This has perhaps already been shown indirectly when 537 

cinnarizine was delivered in-vivo to beagle dogs in a LBF that showed amorphous precipitation in-vitro, 538 

yet performed just as well as formulations that did not show any precipitation during in-vitro experi-539 

ments [40]. It is important to note, however, that the presence of an absorptive sink in-vivo compli-540 

cates the task of finding genuine correlations with in-vitro experiments [12], as the latter is a closed 541 

system with non-sink conditions. It remains unclear whether drug precipitation occurs in-vivo for 542 

highly lipophilic compounds, as for highly permeable drugs the rapid absorptive flux across the small 543 

intestine would alleviate the highly supersaturated state otherwise formed in-vitro. In this way, the 544 

extent of drug precipitation from the conventional in-vitro lipolysis model may be overestimated, and 545 

ultimately misleading, which has led to efforts to develop more sophisticated lipolysis models that 546 

take into account the absorption of drug in-vivo [41]. Additionally, the role of calcium in-vitro is to 547 

remove liberated fatty acid molecules from the surface of the oil droplet, by complexing and precipi-548 

tating the fatty acids as soaps, so that pancreatic lipase can continue to digest the formulation unhin-549 

dered. This effectively reduces the solubilisation capacity of the colloidal structures formed upon lipid 550 

digestion, due to the removal of fatty acid, thus also increasing the risk of drug precipitation [42]. 551 

However, the proportions of fatty acid far exceed those of drug, such that sufficient fatty acid is ex-552 

pected to be available also to interact with the drug even in the presence of calcium.  553 



In some ways the formation of amorphous-salts upon the precipitation of weakly basic drugs during 554 

the digestion of LBFs is analogous to the recent efforts to deliver similar compounds as ionic liquids in 555 

lipid vehicles. Transforming weakly basic drugs into ionic liquids has been effective in increasing the 556 

amount of drug that can be dissolved into an LBF, and ionic liquids are also effective at minimising 557 

precipitation, due to favourable dissolution properties. Cinnarizine was recently transformed into an 558 

ionic liquid, and was dissolved to a 7-fold higher degree in an LBF compared to the crystalline free 559 

base with insignificant precipitation of the drug observed during in-vitro lipolysis [43]. Therefore, 560 

weakly basic compounds that are ionically paired to another species have improved solubility and 561 

dissolution properties during digestion, and generating amorphous-salts of weak bases during the di-562 

gestion of lipid formulations may be a simple and effective way of drawing on this knowledge.     563 

Conclusion:  564 

Cinnarizine was shown to precipitate as an amorphous-salt form during the in-vitro lipolysis of a MC-565 

SNEDDS formulation. It was established that the tertiary amine within cinnarizine underwent a change 566 

when lipolysis was performed at pH 6.5 (below the pKa of cinnarizine (7.47)), where the drug would 567 

be predominantly ionised and available for interactions with oppositely charged species. Specifically, 568 

ionised MC fatty acid molecules liberated upon digestion of the formulation are proposed to interact 569 

with cinnarizine, changing the C-N environment within cinnarizine, as was observed with the IR data 570 

above (Figure 5). It has previously been shown that oleic acid present in the starting formulation and 571 

oleic acid formed upon lipolysis of LC lipids interact with cinnarizine to form a non-crystalline precipi-572 

tate, and the current work confirms that MC fatty acid molecules produced exclusively from the di-573 

gestion of a MC-SNEDDS formulation also have the same effect of altering the solid-state form of cin-574 

narizine upon precipitation. Therefore, through the careful selection of excipients, LBFs have the po-575 

tential to drive weakly basic drugs to precipitate as high energy amorphous-salt forms during digestion, 576 

which could allow for the re-dissolution of these amorphous-salt forms in an absorptive environment 577 

in-vivo. Optimising the formulation of lipid systems in this way is expected to enhance the overall 578 

fraction of drug that is absorbed from a single dose.  579 
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