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1 INTRODUCTION 

Co-crystals are solids that are crystalline materials composed of two or more molecules in the 

same crystal lattice [1]. Formation of co-crystals can solve several pharmaceutical issues 

raised during preformulation [2] and formulation development e.g. by solubility, dissolution, 

bioavailability, chemical stability, decreasing hygroscopicity modulation [3, 84]. Formation of 

co-crystals could be a new path to improve physico-chemical and biopharmaceutical 

properties of medicines [5, 6, 7]. One of the most difficult pharmaceutical formulation tasks is 

to improve the absorption of a weak base with poor and pH-dependent solubility properties 

[8]; however, some combined chemical and formulation approaches give the possibility to 

reach this goal [10]. Usually applied chemical tools are the salt and/or co-crystal formation, 

while the pharmaceutical approaches are micronization, nanonization, and elaboration of 

lipidic and amorphous formulations. However, to reach the targeted 

pharmacokinetic/pharmacodynamic (PK/PD) profiles, synergies of different chemical and 

pharmaceutical tools are needed.   

2 AIMS 

The aims of this thesis are 

 to explore and apply the synergies among chemical and pharmaceutical tools in case 

of a development of pharmaceutical co-crystals on the example of SAR1 compound (origin 

molecule of Sanofi) [10, 11], 

 to show the benefits of early cooperation among discovery and development scientists 

in the field of Early Drug Formulation (EDF) [12], 

 evaluate the results of preformulation from pharmaceutical processability point of 

view [13], 

 access the usefulness of flow through dissolution technique in the area of Early Drug 

Formulation and co-crystal development [14], 
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 elaborate a practical guidance for scientists to formulate co-crystals as active 

pharmaceutical ingredients (API). 

3 LITERATURE SURVAY 

3.1 CO-CRYSTALS 

Pharmaceutical co-crystals should be attractive to the pharmaceutical industry because they 

offer multiple opportunities to modify the chemical and/or physical properties of an API 

without making or breaking covalent bonds [15, 16, 17]. 

3.1.1 Historical survey 

Co-crystals are a long known but little explored alternative to the traditionally known forms of 

APIs. Higuchi et al. described the formation of molecular complexes  of methylated xantines 

with p-aminobenzoic acid, salicylic acid, acetylsalicylic acid and p-hydroxybenzoic acid [18], 

[19]. Solubility properties of the new co-crystal forms depends on the solubility of theirs 

components. The solubility ratio of the co-crystal / drug is approximately 1 if the co-crystal 

former has ten times higher solubility than the drug itself. However high aqueous solubility of 

co-crystal forms can lead to rapid convervation and hinter performance [20] that is why one of 

the main role of formulation experts is to work in a strong collaboration with chemical and 

analytical experts to protect physical integrity of co-crystals during the formulation work.  

3.1.2 Designing of co-crystals  

Co-crystals are supramolecular homo- (I and III) or  heterosynthons (II and IV) presented on 

Figure 1. Carboxylic acid moieties represent one of the most commonly studied functional 

groups in crystal engineering and they exist in 30 of the 100 top-selling prescription drugs in 

the USA. Carboxylic acids therefore represent an excellent starting point for crystal 

engineering of pharmaceutical co-crystals. Moreover the alcohol-amine and alcohol-pyridine 

supramolecular heterosynthons are also well established in crystal engineering [15, 21, 22]. 
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 Figure 1: Supramolecular homo- and heterosynthons of co-crystals 

3.2 EARLY DRUG FORMULATION 

The targets of EDF are 

 supply discovery studies with classical or enabling formulations to ensure robust drug 

safety (and de-risk toxicological concerns), efficacy and pharmacokinetic 

measurements [23, 24], 

 early assessment of physical and biopharmaceutical properties of APIs that are 

amenable to downstream development [25, 26], 

 support early  go/no go decision on discovery candidates [27]. 

Solutions are developed for early studies if it is possible. In that case absorption is not effected 

with particle size, polymorphic form of the API. Inadequate exposure may lead to poor 

efficacy and could lead to rejection of a potential blockbuster. Suspensions are supplied for 

late studies to mimic in vivo conditions after administration of a standard tablet or suspension 

formulation [28, 29]. Solubility properties of the possible new APIs [30] determine the type of 

the elaborated formulations showed on Figure 2. If the solubility of the API is more than 100 

µg/ml classical, aqueous solutions and suspensions are developed however if the solubility 

goes below 10 µg/ml only enabling formulations such as nanodispersions, lipic, cyclodextrin 

containing and amorphous formulations can support PK/PD and toxicological studies. If the 
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solubility of the API is between 10 and 100 µg/ml a selection is needed between classical and 

enabling formulations based on the predicted doses [31, 32]. Since the available API 

quantities are limited in early discovery phase from a few mgs to grams formulation experts 

have to explore innovative solutions to supply animal studies with robust and stable 

formulations. Early classification of new candidates according to the Biopharmaceutics 

Classification System (BCS) [9] is a useful tool for decision making in early development 

[33]. 

 

 

 

 

 

 

 

Figure 2: Translation of BCS (Biopharmaceutical Classification System) into internal 
Formulation strategy  

3.3 FLOW THROUGH DISSOLUTION 

Flow through dissolution technique is a well known approach from early 1970s elaborated for 

low solubility BCS II and BCS IV [34, 35] type active pharmaceutical ingredients and for 

their drug products. This is a suitable tool for evaluating and comparing active pharmaceutical 

ingredients and formulations but it is also used to explore special issues related to new 

chemical entities, salts and co-crystals. The Flow Through Dissolution Equipment (FTDE) is 

used for research and development studies mainly [36] but pharmacopoeias also make it 

possible to elaborate a method on FTDE for routine analysis. Preparing FTDE for initiating a 

study is slightly a longer process than in the case of classical dissolution equipment, but 
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researchers can reach significant results even if only a few mgs of the new chemical entities 

are available. The main limitation of classical basket or paddle type dissolution instruments is 

the sink condition requirement, because there is a high risk to reach quickly the super 

saturated concentration in a permanent one liter dissolution media, furthermore sometimes it 

is not suitable to reach the sink condition for active pharmaceutical ingredients, which are 

practically insoluble in aqueous solutions. In contrast to the past, when the majority of 

research compounds had a relatively small molecular weight and acceptable solubility, the 

number of larger and less soluble molecules showing permeability and/or solubility-limited 

absorption has increased during the past years [37]. The opened type flow through dissolution 

technique (Figure 3), being a dynamic system, is closer to the in vivo status of the body, than 

the static-type classical paddle and basket apparatuses. The dissolved active pharmaceutical 

ingredient is removed and collected from the cells of the FTDE and this process provides the 

possibility for dissolution of a new portion of the solid material modeling absorption and 

elimination. It is possible to combine the spectroscopic imaging and flow through dissolution 

technique to improve the possibilities for investigating the release of poorly soluble APIs from 

pharmaceutical tablets [38]. 

 

Figure 3 - Opened type flow through dissolution equipment 
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4 MATERIALS AND METHODS 

4.1 MATERIALS 

4.1.1 Active pharmaceutical ingredient in the field of co-crystal development 

Three active pharmaceutical ingredients were evaluated and compared. These are: SAR1 as a 

weak base, its di-HCl salt and its co-crystal with fumaric acid. All API study batches were 

manufactured in laboratory scale from 10 g to 30 g. Resynthesis batch of the fumaric acid co-

crystal was manufactured in 0.7 kg scale.  

4.1.2 Active pharmaceutical ingredient in the area of flow-through dissolution  

An origin molecule of Sanofi coded as a „C” model material was used for FaSSIF (fasted state 

simulated intestinal fluid) and FeSSIF (fed state simulated intestinal fluid) dissolution study. 

The same „C” model API and its sevaral salt forms were applied to show the benefits of flow 

through dissolution during salt selection studies. 

4.1.3 Buffers 

Buffer solutions were prepared according to the USP and Ph. Eur. recommendations 39, 40.  

4.1.4 Pharmaceutical excipients 

Cremophor ELP was ordered from BASF. Cremophor ELP, a purifed grade of Cremophor EL 

was specially developed for sensitive active ingredients, as the higher purity was found to 

improve their stability 41. Tween 80, lactic acid, citric acid, Span 85, PEG 200, sodium 

hydroxide were purchased from Merck while Eudragit L100-55 was ordered from Evonic. 

Some pharmaceutical excipients such as mannitol, sulfobuthyl  cyclodextrin, vitamin E 

TPGS, PVP K25, sodium docusate, Miglyol 812 N, sodium dodecyl sulfate, methyl cellulose, 

HPMC, crospovidone, microcrystalline cellulose, magnesium stearate and colloidal silica 

anhydrous were ordered from the internal warehouse of Sanofi. 
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4.2 METHODS 

4.2.1 Chemical manufacturing 

4.2.1.1 SAR1 as a fumaric acid co-crystal 

The reactor was charged with acetone (12 L), SAR1 base Form III (592 g, 1.29 mol) and 

fumaric acid (600 g, 5.16 mol). The slurry was stirred at room temperature for 24 hours, the 

crystals were filtered off, washed with water (1 L) and ethanol (1 L), and dried in a vacuum at 

80°C for five hours. Yield: 723 g (94.0%) pale yellow powder [42]. The purity of the product 

was: 98.9% (HPLC). 

4.2.1.2 SAR1 as a dihydrochloride salt 

SAR1 (29 g) was added to methanol (1370 ml) under nitrogen. The suspension of API was 

stirred in Ultra-Turrax system for 30 minutes at room temperature. The concentrated 

hydrochloric acid (8.03 ml, 2.3 eq) diluted in 25 ml of methanol was added to the mixture in 

30 minutes. The slurry was obtained in yellow color. The stirring was maintained overnight at 

room temperature. The cake was rinsed with methanol after filtration and dried under vacuum 

at 30°C. Measured molar ratio was 1.95. 

4.2.2 Analytical methods 

The analysis of samples was performed on Agilent 1100 type HPLC equipment with gradient 

method to evaluate solubility and chemical stability of APIs and formulations as well. HPLC 

parameters were: Purospher STAR 5 µm C18, 125 mm x 4.0 mm column. The HPLC analysis 

was performed at room temperature, with 10 to 50 µl injection volume and with 1.0 ml/min 

flow rate. The A eluent composition was: Acetonitrile : pH=2.5 buffer solution (100:900). 

Preparation of the buffer solution: 10 mM NaH2PO4 x 2H2O, its pH was set to pH=2.5 with 

H3PO4. The B eluent was acetonitrile. The ratio of the A eluent was: 100:100:35:35:100 at 0, 

2, 17, 24 and 25 minutes. The samples were analyzed at 225 nm with UV detector. The 

concentrations of the standard calibration curve were: 6, 10, and 14 µg/ml. Bioassay was 

performed with a bioanalytical method: exploratory LC-MS/MS method form plasma as a 

matrix. LOQ was : 1 ng/mL. The stoichiometry of the prepared co-crystal was checked by 1H 
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NMR spectroscopy. The sample was dissolved in DMSO-D6. The 1H NMR spectrum was 

recorded at 400.13 MHz on a Bruker DRX-400 spectrometer using 30° pulse length and 10 s 

relaxation delay. Solid state characterization of the drug substance forms were performed by 

solid state 15N NMR spectroscopy and XRPD. During the pharmaceutical processability 

phase the analysis of dissolution samples was performed by an Agilent 8453 type 

spectrophotometer. Samples were measured at 342 ± 2 nm undiluted (90 and 120 minutes 

dissolution) or after 200-fold (until 20 minutes dissolution), 40-fold (30 minutes dissolution) 

or 60-fold (until 60 minutes dissolution) dilution with dissolution medium as acetate buffer. 

4.2.3 Pharmaceutical methods 

4.2.3.1 Early drug formulation phase 

Manufacturing of the exploratory formulations were performed on a laboratory scale using 20 

to 100 g batch size. Qualitative and quantitative compositions of the formulations are 

summarized in Table 1. Eight formulations were prepared and tested in oral animal 

pharmacokinetic studies 43. 

Formulation 1 was a suspension containing micronized SAR1 in methylcellulose and Tween 

80 vehicle. Micronized material was manufactured on laboratory scale spiral jet mill 44 and 

nanosuspension was prepared by Elan type nanotechnology 45, 46, 47, 85 (F1 and F2 

formulations). 

The API was fully dissolved in lactic acid (0.5 g and 1.5 g SAR1 base was solved in 28 g 

lactic acid) before preparation of the Miglyol 812 N based w/o emulsions (F3 and F4 

formulations) 48. The lactic acid solution was combined with 5 % sulfobutyl  cyclodextrin 

49 in case of F3 formulation while F4 formulation contained 5 % Span 85 to avoid free base 

precipitation at intestinal pH. 

The weak base containing suspension formulation was prepared in a mortar with pestle (F5 

formulation). SAR1 free base was suspended with 5 % Cremophor ELP first, followed by 

lactic acid, 20 % aqueous solution of vitamin E TPGS and PEG 200 were added to the 

suspension. pH adjustment to 4.0 was performed with NaOH solution. 
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Table 1: Formulation approaches 

Name of the formulation 
Type of the 
formulation 

Composition of the formulations 
Concentration 

of SAR1 

Administration 
volumes by oral 

route 

WEAK BASE 

Micr. API : 0.6% MC sol. : Tween 80 

0.5 : 99 : 0.5 % 
F1: Micronized API 
containing formulation 

Microsuspension 

1.5 : 98 : 0.5 % 

5.0 and 15.0 
mg/ml 

20 ml/kg 

Nan. API : PVP K25 : DOSS :  
Tween 80 : Water 

0.5 : 3 : 0.15 : 0.4 : 95.95 % 
F2: Nanomilled API 
containing formulation 

Nanosuspension 

1.5 : 3 : 0.15 : 0.4 : 94.95 % 

5.0 and 15.0 
mg/ml 

20 ml/kg 

API : Lactic acid : CD : Miglyol 

0.5 : 24 : 5 : 70.5 % 
F3: Lactic acid + 
Cyclodextrin (CD) 
containing formulation 

w/o emulsion 

1.5 : 28 : 5 : 65.5 % 

5.0 and 15.0 
mg/ml 

20 ml/kg 

API : Lactic acid : Span85 : Miglyol 

0.5 : 24 : 5 : 70.5 % 
F4: Lactic acid + Span 85 
containing formulation 

w/o emulsion 

1.5 : 28 : 5 : 65.5 % 

5.0 and 15.0 
mg/ml 

20 ml/kg 

API : Crem.ELP : Lactic a.: Vitamin E 
TPGS : NaOH sol. 3M : PEG 200 

1 : 5 : 8.86 : 30 : 6 : 49.14  % 

F5: Lactic acid + 
permeability enhancers + 
solubilisation 

suspension 

3 : 5 : 8.86 : 30 : 6 : 47.14  % 

10.0 and 30.0 
mg/ml 

10 ml/kg 

API + Citric acid containing granule: 
0.6% MC sol.  

3 : 30.3 : 66.7 % 
F6: Citric acid containing 
stock granule 

suspension 

9 : 30.3 : 60.7 % 

10.0 and 30.0 
mg/ml 

10 ml/kg 

API : Eudragit L100-55 :  
0.6% MC sol. : SDS 

1: 1.38 : 95.62 : 2 % 
F7: Partially amorphous API 
containing formulation 

suspension 

3: 4.14 : 90.86 : 2 % 

10.0 and 30.0 
mg/ml 

10 ml/kg 
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Table 1 (cont.): Formulation approaches 

CO-CRYSTAL WITH FUMARIC ACID 

API : Crem.ELP : 0.6% MC sol. 

1 : 5 : 94 % 

F8: Permeability enhancer,  
solubiliser and co-crystal 
protector containing 
formulation 

suspension 

3 : 5 : 92 % 

10.0 and 30.0 
mg/ml 

10 ml/kg 

The weak base and citric acid containing formulation was prepared with a classical wet 

granulation process. The excipients of the internal phase were: citric acid, mannitol, 

microcrystalline cellulose, HPMC and crospovidone. Water was used as a granulation liquid. 

The components of the external phase were: colloidal anhydrous silica and magnesium 

stearate. One portion of the elaborated stock granule was diluted with 2 portions of 0.6% 

methyl cellulose solution before administration to animals (F6 formulation). 

A stabilized, amorphous solid solution preparation was initiated from the joint N-methyl-

pyrrolidine solution of SAR1 weak base and Eudragit L100-55 [50]. A drop dispersion was 

performed with water followed by the centrifugation of the suspension and washing with 

water. Filtration and drying was done at 100 °C for 4 hours (F7 formulation). The partially 

amorphous SAR1 was dosed in 2 % sodium dodecyl sulphate containing 0.5% methyl 

cellulose suspension. 

The co-crystal of SAR1 with fumaric acid was suspended with Cremophor ELP firstly before 

dilution with 0.6% methyl cellulose solution to protect co-crystal from dissociation (F8 

formulation) [51]. 

4.2.3.2 Pharmaceutical processability phase 

Manufacturing of the different formulations were performed in Mi-pro miniaturized high 

shear granulator (Pro-C-ept) 52. The speed of the impeller was 500 rpm while the chopper 

rpm was 3000. Four experimental compositions were manufactured in 30g miniaturized scale 

with 10% API load (Table 2). The integrity of the co-crystal was studied from granules. Loss 

on drying values were measured at 105C until 20 minutes three times during the 

manufacturing process: after mixing of the internal phase without Cremophor ELP, after the 
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wet granulation process and after drying. Comparable loss on drying results were reached for 

the internal phase and after the drying process. 

Tabletting was performed on Korsch excentrical tabletting machine with 3-15 kN pressure 

force 53, 54. Flat, rimmed tablets were pressed with 30-35 N hardness. The diameter of the 

tablets were 6 mm. The temperature of the plant was 21°C and the relative humidity was 23 

%. 

4.2.4 Animal studies 

Species are male rats. Approximate weight at initiation of dosing was between 210-270 gs. 

The age of rats at initiation of dosing was 7 weeks. 

4.3 TEST METODS 

4.3.1 Dissolution study 

Experimental dissolution work was carried out in opened, Sotax type flow through dissolution 

and Hanson type paddle dissolution equipment. The temperature of the media was 37.0  0.5 

C. Dissolution samples were collected by a fraction collector for both dissolution techniques 

followed by HPLC and spectrophotometric analysis. Samples were collected for up to 60 and 

120 minutes. 

4.4 STATISTICAL EVALUATION 

Statistical evaluation was performed on FaSSIF/FeSSIF dissolution results of “C” model 

material. Dissolution curves were compared at P=0.95 confidence level. 
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Table 2: Formulation compositions and function of ingredients 

Formulations 
Function of 
ingredients 

P1 P2 P3 P4 

Internal phase 

SAR1 fumaric 
acid co-crystal  

active 
pharmaceutic
al ingredient 

10 %* 10 %* 10 %* 10 %* 

mannitol diluent 49 % 49 % 49 % 49 % 

microcrystalline 
cellulose 

diluent 25 % 25 % 25 % 25 % 

Hypromellose binder 5 % 5 % 5 % 5 % 

croscarmellose 
sodium 

disintegrant 4 % 4 % 4 % 4 % 

Cremophor 
ELP 

surfactant 
solubiliser 

5 % 5 % 5 % 5 % 

 

granulation 
liquid 

- water 
water + 

Cremophor ELP
water water 

position of 
water 

- 
Added to 

the internal 
phase 

added to the 
internal phase 

added to 
the active 
directly 

added to 
the internal 

phase 

position of 
Cremophor 
ELP 

- 

Last 
excipient of 
the internal 

phase 

part of the 
granulation 

liquid 

last 
excipient 

of the 
internal 
phase 

added to 
the active 
directly 

External phase 

stearyl fumarate 
sodium 

glidant 2 % 2 % 2 % 2 % 

Total - 100 % 100 % 100 % 100 % 

Mass of tablets - 100 mg 100 mg 100 mg 100 mg 

* expressed as free base, fumaric acid parts are corrected from quantity of the diluents 
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5 RESULTS AND DISCUSSION 

5.1 EARLY DRUG FORMULATION - FORMULATION POSSIBILITIES OF A WEAK 
BASE WITH A NARROW SOLUBILITY RANGE 

 

5.1.1 Physico-chemical and biopharmaceutical properties of the candidates 

SAR1 was evaluated as a model compound (Fig 4) planned for use in the oncology area. The 

measured Caco-2 permeability 55 value of SAR1 was 32 x 10-7 cm/s, which indicates a 

potentially good in vivo  permeability 56. 

N NH

O

N
NH2

C

O

 

 Figure 4: SAR1 as a model active pharmaceutical ingredient (API) 

The evaluation of the key and critical physico-chemical and biopharmaceutical properties of 

this API are summarized in Table 3 57, together with these data of its di-HCl salt 58, 59 

and the SAR1 fumaric acid (1:1) co-crystal. The co-crystal formation was done between the 

pyridine nitrogen and carboxylate group of the fumaric acid verified by ss NMR data (Fig 5).  

The API, as a weak base, shows salt formation with strong acids such as hydrochloride acid 

only, the presence of which causes the hydrolysis of the amide bond and the formation a 2-

amino-pyridine and the corresponding carboxylic acid. Based on the above mentioned acidic 

hydrolysis of the API, the chemical stability of SAR1 and potential formulations in the 

presence of HCl is not suitable. Another issue of the dihydrochloride salt was that 

stoichiometric salt formation was not feasible. However, the manufactured HCl salt showed 

promising oral absorption and bioavailability. In a rat model, over 100 mg/kg oral dose, the 

exposure did not increase proportionally with the dose and biovailabilty ranged between 28 % 

after 100 mg/kg dose and 5.9 % after 300 mg/kg dose. Based on the chemical instability and 
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stoichiometry issue, the di-HCl salt was not suitable for development but showed the potential 

of focusing on co-crystals as a way to improve oral bioavailability. The weak base itself 

showed excellent physico-chemical stability, but very poor oral bioavailability in rat animal 

model. Based on the very low (below 2%) bioavailability of the base, particle size reduction 

using micronization and nanomilling was explored as formulation options. Futhermore the use 

of permeability enhancers as pharmaceutical excipients, in-situ salt formation with wet 

granulation, and amorphization were explored. One factor to consider in the observed low oral 

bioavailability is the strong pH dependence of SAR1 aqueous solubility. The equilibrium 

solubility is 2 mg/ml at pH=1.2 in artificial gastric fluid which decreases to below 0.05 mg/ml 

at pH=2.0 at 37C presented on Figure 6. However significant difference was measured at 

pH=4.5 in 0.5 % SDS containing acetate buffer between the SAR1 co-crystal and base forms. 

Figure 7 shows the better dissolution kinetic of the co-crystal form. This better dissolution 

kinetic of the SAR1 co-crystal form as an API was correlated during the development with 

faster dissolution results on prototype formulation and with the best PK results from the 

evaluted eight formulatins.  

 

Figure 5: Solid phase NMR spectum of SAR1 base and its co-crystal with fumaric acid 
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Table 3: Critical physico-chemical and biopharmaceutical properties of SAR1 as a function of 

crystal form 

Parameters Issues Proposed solutions 

Weak Base 

pKa1=2.9 
pKa2=3.5 

Salt formation with strong acids 

Chemical stability of the formulation cannot 
be ensured 

Focus on  
co-crystal formation  

Bioavailability Poor, below 2 % 
Decrease particle size and evaluate 

permeability enhancers and  
amorpization 

Equilibrium solubility Strongly pH dependent  Solubilisation 

„di-HCl” salt of the weak base 

Stoichiometry Not stoichiometric Stop the development 

Physico-chemical 
stability 

unstable Stop the development 

Bioavailability 
Moderate bioavailability 

28 % 100 mg/kg 
5.9 % 300 mg/kg 

Focus on salt like candidates such as 
co-crystals 

Co-crystal of the weak base 

The character of the drug 
substance in the drug 
product 

Integrity of the co-crystal during drug product 
manufacturing 

Follow the  
co-crystal integrity during the 

manufacturing process 

Avoid pharmaceutical excipients 
harmful for co-crystal integrity  

Equilibrium solubility Dependent strongly on pH  Solubilisation 
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Measured pKa values of SAR1 are: pKa1=2.9, pKa2=3.5 as a divalent base. If the pKa values 

are close to one another the below mentioned equation describes the solubilisation process: 

Log CB
-2 = log SHBH + 2 (pH - pKa) 

where: 

C is the concentration. 

S is the solubility. 

A logarithmic solubilisation slope of 2.0 corresponds to a dramatic one-hundred-fold change 

in solubility with each one unit change in a pH 60. Due to basic compounds with sharp pH-

dependent solubilities, such compounds solubilised in the gastric fluid are very likely to 

precipitate after the solution empties from the stomach into the small intestine 61. Based on 

the very narrow good solubility range of the candidates, the use of surfactants in the 

formulations was investigated to enhance in vivo  dissolution and create the possibility of a 

relevant in vivo  exposure. A further complication in developing suitable formulations for 

SAR1 was the high aqueous solubility of the fumaric acid used as the co-crystal former. In the 

case of co-crystals there are only hydrogen bonds between the parent compound and the co-

crystal former. If the co-crystal was instilled into a highly aqueous environment during the 

manufacturing of the formulation, without any protecting effect, it would likely cause the loss 

of the integrity (dissociation) between the parent and the co-crystal former. This dissociation 

could have an impact on the biological advantage of administering a co-crystal.  
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Figure 6: Equilibrium solubility results of SAR1 free base and that of the fumaric acid co-

crystal form 

 

 

 

 

 

 

 

 

 

 

Figure 7: Comparative flow through dissolution results of SAR1 free base and that of the 
fumaric acid co-crystal form 

APIs, Flow through dissolution 
at pH=4.5 + 0.5% SDS
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5.1.2 Selected formulations for pharmacokinetic evaluation on rat animal model 

Based on the physico-chemical and biopharmaceutical evaluation of the candidates (the weak 

base and the co-crystal) (Table 3) eight formulations (Table 1) were prepared for a PK 

evaluation. The role of each excipients are summarized in Table 4.  

The administration volumes were decreased from 20 mL to 10 mL in rat animal model to 

increase the tolerability of the formulations. To compensate for the lower dose volume, the 

concentrations of SAR1 in formulations F5, F6, F7 and F8 were doubled from 5 and 15 mg/ml 

to 10 and 30 mg/ml. Chemical stability of the formulations were monitored by HPLC. 

Formulations were stored at 5C during the course of the study to ensure chemical stability 

62, 63. The total degradation observed at 5 C after 2 weeks was below 2%, which is 

acceptable for a Discovery animal study. 

 Table 4: Role of the chemical and pharmaceutical excipients 

Name of the excipients Role of excipients within the formulations 

Chemical excipients 

Fumaric acid [64] Co-crystal former 

Pharmaceutical excipients 

Cremophor ELP [41] 
Protect the dissolved API from precipitation,  
improve permeability and protect the integrity of 
the co-crystal 

Docusate Sodium (DOSS) 
[64] 

Secondary stabilizer of the nanosuspension 

Eudragit L100-55 [50] Support amorphization of the API 

Citric acid [64] 
Provide acidic microenvironmental pH of the 
granule 

Lactic acid [64] Solvent of the API 

Methyl cellulose (400 
mPas) [64] 

Diluent/suspending agent 
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Table 4 (cont.): Role of the chemical and pharmaceutical excipients 

Name of the excipients Role of excipients within the formulations 

Pharmaceutical excipients 

Miglyol [66] Diluent for emulsion and permeability enhancer 

NaOH, 3M solution pH adjustment to 4.0 

PEG 200 [66] Diluent and permeability enhancer  

PVP K25 [65] Primary stabilizer of the nanosuspension 

Span 85 [67] 
Surfactant, protect the dissolved API from 
precipitation, permeability enhancer 

Sodium dodecyl sulphate 
(SDS) [64] 

Surfactant, protect the dissolved API from 
precipitation and improve permeability 

Sulfobutyl  cyclodextrin 
[68, 69] 

Improve permeability of the API / solubiliser 

Tween 80 [70, 71] 
Surfactant, protect the dissolved API from 
precipitation and improve permeability 

Vitamin E TPGS [72] 
Protect the solved API from precipitation and 
improve permeability 

 

5.1.3  Pharmacokinetic results 

The measured exposure (AUC) results were summarized in Table 5 and its graphic 

representation can be seen in Fig. 8.  



23 

 Table 5: Pharmacokinetic parameters 

base 
micronised 

base 
nanomilled 

base 
+ 
lactic 
acid 
+ CD 

base 
+ 
lactic 
acid 
+ 
Span 
85 

base + lactic 
acid + 
permeability 
enhancers + 
solubilisation 

Citric 
acid 
containing 
stock 
granule 

partially 
amorphous 
API 

co-crystal + 
permeability 
enhanser + 
solubiliser 

Dose 
(mg/kg) 

AUC (gh/ml) 

Code of the 
formulation 

F1 F2 F3 F4 F5 F6 F7 F8 

100 14 10 41.6 44.0 81.5 180 344 262 

300 30 19 40.2 63.1 104.0 205 212 335 

  

Figure 8: AUC function of dose.  

F1: base micronised, F2: base nanonised, F3: base + lactic acid + CD, F4: base + lactic acid + 

Span 85, F5: base + lactic acid + permeability enhancer + solubilisation, F6: citric acid 

Comparison of exposures
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containing stock granule, F7: partially amorphous API, F8: co-crystal + permeability enhancer 

+ solubiliser + co-crystal protector 

5.1.4 Evaluation of PK results 

The targeted exposure (100 mcg.h/mL) was reached with three formulations (F6, F7 and F8) 

after 100 mg/kg and 300 mg/kg single oral dose and also with formulation F5 after 300 mg/kg 

dose only. With formulation F7 a decrease in exposure was observed between 100 and 300 

mg/kg. For the other formulations a lack of dose proportionality was also observed but not a 

decrease. On average, the best exposure, at both doses, was reached with the fumaric acid co-

crystal containing formulation (F8) [3, 73, 74]. The measured AUC results were promising 

with the partially amorphous base containing formulation (F7) [75] as well but because of a 

scalability issue and the decrease in terms of exposure at higher dosage, the co-crystal 

containing formulation got the first priority. The targeted exposure was reached with the citric 

acid containing formulation as well (F6) however it was kept as a back-up option based on the 

complexity of the formulation for toxicological studies. Encouraging absorption was reached 

with the base containing suspension formulation (F5). A very slight increase in terms of 

exposure was observed using the emulsion formulation containing sulfobutyl  cyclodextrin 

complex (F3). Adding a surfactant to the emulsion formulation (F4) rather than cyclodextrin 

lead in a slight increased in exposure (F3). The decrease of the particle size of the base form 

to micrometer or a nanometer ranges did not increase the oral exposure (F1 and F2 

formulations). The results suggest that rapid precipitation of the free base at intestinal pH 

negated any improvement in rate of dissolution afforded by the reduction in particle size.  

5.1.5 Evaluation of the formulation approaches based on the PK results 

5.1.5.1 Micronized and nanomilled API containing formulations:F1 and F2 

Decreased particle sizes of the API (weak, crystalline base) below 20 m (d90) for micronized 

and 400 nm (d90) for nanoformulations did not reach the targeted oral exposure of 100 

mcg.h/mL. Fig. 9 compares the dissolution curves for the micronized weak base and for the 

nanoformulation at two pH values. According to the dissolution curves, the nanoformulation 

showed 100 % dissolution at pH=1.2 in artificial gastric fluid within 10 minutes. Contrary to 
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the nanoformulation, the free base dissolved below 40 % within the same time period. The 

dissolution was significantly decreased at pH=6.8 in both formulations based on pH 

dependent solubility of SAR1. The equilibrium solubility of the free base at pH=1.2 in 

artificial gastric fluid at 37C is 2.0 mg/ml, which is decreased to 0.05 mg/ml at pH=2 buffer 

solution. Based on the observed low exposure results in Fig. 8 independently on doses the 

particle size reduction was not effective. It is expected that irrepective of particle size, such a 

weak base would precipitate with a change in pH leading to poor exposure that is why 

differences were not measured for micronized and nanonised formulations. 
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 Figure 9: Comparative dissolution data of base and nanoformulation. 

 Micronized base: pH 1.2, Micronized base: pH 6.8,  Nanoformulation: pH 1.2 
 Nanoformulation: pH 6.8 

5.1.5.2 Evaluation of the w/o emulsion formulations:F3 and F4 

F3 and F4 formulations were prepared as oil based emulsions because of the high 

hydrophobicity of SAR1 and preparation of an aqueous solution was not feasible even with 

surfactant. Dilution of the dissolved SAR1 in lactic acid was feasible with an excipient with 

high apolarity such as Miglyol [76]. An increase in exposure was measured in contrary to the 
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micronized and nanonized formulations but the exposure results did not fulfill the targeted 

AUC value (100 mcgh/ml). Increased exposure with F3 and F4 formulations compared to F1 

and F2 formulations is purely a solubility enhancement effect due to addition of cyclodextrine 

as well alteration of microenvironmental pH due to lactic acid. Better exposure of F4 

formulation is related to Span 85, which is prevented the dissolved API from precipitating. 

The observed very slow absorption is related to the oily character of the formulation, the 

presence of SAR1 in the samples of plasma was analysed at 48 hours also after the oral 

administration. 

5.1.5.3 Comparison of the emulsion and suspension formulations: F4 and F5 

Interestingly, around a 2-fold higher exposure was reached with the suspension formulation 

containing permeability enhancers and solubiliser (F5) over the emulsion formulation where 

the base was dissolved totally in lactic acid (F4). The explanation could be the very narrow 

good solubility range (2.0 mg/ml) of the API. If the API arrives as an emulsion formulation 

into stomach there is a high risk for quick precipitation. Solubilisation with Span 85 in an oil 

based emulsion probably was not enough to prevent the base from precipitating at higher pHs 

than 1.2 under in vivo  conditions. The expectation was confirmed by in vitro precipitation 

study. F4 formulation was diluted at 37C with pH=4.5 acetate and pH=6.8 phosphate buffers 

in 1:2 (formulation : buffer) ratio. A milky type precipitation was observed within 2 minutes 

[77]. F5 formulation is complex and number of effects might be occuring such as solubility 

enhancement with vitamin E TPGS and PEG 200 and microenvironmental pH changes with 

lactic acid. 

5.1.5.4 Evaluation of the citric acid containing formulation: F6 

The main objective of preparing the base and citric acid containing formulation was to prepare 

in-situ salt or co-crystal during the wet granulation process. Based on the  PK curves of Fig. 8 

to reach the targeted exposure was feasible however XRPD shows no evidence of salt or co-

crystal formation. Based on the complexity of the citric acid containing formulation a separate 

study was decided to explore the scientific background of the good in vivo performance. 
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5.1.5.5 Partially amorphous API containing formulation: F7  

The exposure with F7 formulation presented in Fig. 8 is definitely due to an increase in 

apparent solubility due to amorphous nature of the formulation [78, 79]. Manufacturing of the 

amorphous SAR1 formulation was designed according to the physico-chemical properties of 

the API. SAR1 showed good solubility in N-methylpyrrolidone, which was used to dissolve 

SAR1 during the preparation of this formulation. The free base has a very high melting 

temperature (ca. 300°C), which means a high cohesive self-assembly, and it requires an 

excipient for the physical stabilization of the amorphous phase. As the free base is able to 

form co-crystals with acidic co-formers, an acidic polymer (Eudragit) was selected as a 

stabilizer. To avoid the precipatation of the API upon delivery, a gastro resistant system was 

selected. Based on the characterization of the partially amorphous formulation, some traces of 

API crystals were measured by X-ray powder diffraction [80] (Fig. 10). Further crystallization 

was not detected upon storage. The increase in exposure using this formulation is likely due to 

an increase in the kinetic solubility of the API an amorphous material. 

 

 

 

 

 

 

 

Figure 10: XRPD patterns of the crystalline free base (sample number: 08170) and its 

amorphous formulation with Eudragit L100 55 (sample number: 08839) 
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5.1.5.6 Comparison of the base and co-crystal containing formulations:F8 

The XRD powder diffraction study of the solid obtained in the reaction of SAR1 and fumaric 

acid indicated that this is a crystalline compound. The 1H NMR spectrum of the solid 

dissolved in DMSO-D6 proved that it contains SAR1 and fumaric acid in 1:1 molar ratio. An 

extended part of the spectrum can be seen in Fig. 11 (signal of 1 hydrogen atom of SAR1 can 

be seen on the left while signal of 2 hydrogen atoms of fumaric acid can be seen on the right 

in the spectrum). The comparison of its solid state 15N NMR spectrum with those of SAR1 

base proved that this is a co-crystal of SAR1 and fumaric acid (Fig. 5) [81, 82]. 

 

 

 

 

 

 

 

 

 

 

Figure 11: 1H NMR spectrum of fumaric acid co-crystal of SAR1 base 

The particle size distribution of the API in a co-crystal form was 0.96 µm at d(90), 2.66 at 

d(50) and 10.90 at d(90) measured by lased diffraction [83]. 

For better understanding of why the co-crystal containing formulation achieved the best oral 

exposure results among all of the formulations, a complementary in vitro kinetic solubility 

study was initiated at 37 C in artificial gastric fluid without pepsin (pH=1.2) and in USP 

buffer (pH=6.8) solution. The study design is summarized in Table 6. The kinetic solubility 

study was initiated with the free base, the fumaric acid co-crystal and with formulations 
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containing both. The same pharmaceutical composition was applied as in formulation (F8) 

which provided the best PK results. The candidates were mixed together with Cremophor 

ELP, included as a surfactant, permeability enhancer and co-crystal protector. The mixture 

was then diluted with the 0.6% methyl cellulose solution. There is no significant difference 

between the kinetic solubility results at pH=1.2 (Fig. 12) of the free base and formulated base. 

On the contrary, differences in dissolution behavior were identified for the co-crystal. The co-

crystal itself and the co-crystal containing formulation reached higher, 2.5 mg/mL 

concentration compared to the free base containing suspensions (1.3 – 1.5 mg/mL). This 

higher concentration decreased significantly for the co-crystal formulated as a simple 

suspension within 1.5 units. However, the high concentration of the co-crystal was maintained 

for the co-crystal formulated with Cremophor ELP. Cremophor ELP is a polyoxyethylene 

castor oil from chemical point of view, which has hydrophil and lipophil parts as well. The 

integrity of the co-crystal was protected against aqueous microenvironment and dissociation 

with the lipophil, castor oil part of Cremophor ELP. These results, the sustained higher 

concentration of the co-crystal, plus the pharmaceutical composition which stabilizes the co-

crystal from precipitation, are responsible together for the better in vivo  performance of the 

co-crystal containing formulation. As it is shown in Fig. 13 no significant differences were 

observed between the solubility curves of the base and co-crystal containing suspensions and 

pharmaceutical compositions at pH=6.8. According to the good exposure results with a co-

crystal containing formulation the extended good solubility at pH=1.2 is enough to provide 

the targeted exposure (Fig. 8).  

Table 6: In vitro solubility studies at 37C in artificial gastric fluid (pH=1.2) and at pH=6.8 in 

phosphate buffer solution 

APIs APIs Alone 

5% Cremophor ELP 
containing classical 

suspension formulation 

with 0.6% Methyl cellulose 

SAR1 ( base) X X 

SAR1B (fumaric acid  
co-crystal) 

X X 
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Comparative solubility profile 
at pH=1.2 (artificial gastric fluid) at 37 °C 
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Figure 12 - Concentration time profile at pH=1.2 for the SAR1 base and co-crystal as an APIs 

and in formulations at 37 C.  

SAR109511B: co-crystal as an API,  SAR109511B: co-crystal in methyl 

cellulose + Cremophor ELP suspension formulation, SAR109511: base as an API,  

 SAR109511: base in a formulationin methyl cellulose + Cremophor ELP suspension 

formulation 
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Comparative solubility profile 
at pH=6.8 (phosphate buffer) at 37 °C 
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Figure 13 - Concentration time profile at pH=6.8 for the base and co-crystal as an APIs and in 
formulations at 37 C.  

SAR109511B: co-crystal as an API,  SAR109511B: co-crystal in methyl cellulose + 

Cremophor ELP suspension formulation, SAR109511: base as an API,  

SAR109511: base in a formulationin methyl cellulose + Cremophor ELP suspension 

formulation 

5.1.6 Conclusions 

Based on the physico-chemical and biopharmaceutical evaluation of the API candidates 

formulation possibilities for toxicology and for first in man were determined. An increase of 

the very low bioavailability of the weak base was feasible with permeability enhancers, 

surfactants, acidic excipients, amorphization, and with fumaric acid co-crystal formation. The 

fumaric acid co-crystal was selected for development [84] however the strongly pH dependent 

solubility profile and high water solubility of the co-crystal former caused further issues. 

Sensitivity of the co-crystal to physical disintegration such as dissociation in solution into 

base and fumaric acid was solved by the addition of Cremophor ELP to the formulation. The 

use of 5% Cremophor ELP, included in the formulation as a permeability enhancer, solubiliser 

and co-crystal protector with its castor oil part provided the best oral exposure in a rat model. 

Cremophor EL is a well known pharmaceutical excipient for oral and intraveneous 

formulations. Serious side effects reported with Cremophor EL intravenous formulations [86, 
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87] were not observed when Cremophor ELP was administered by the oral route in the rat 

models at 5% concentration. Similar good toxicological results were presented by BASF, the 

manufacturer of Cremophor EL in 2008 [41]. The integrity of the co-crystal within the 

formulation is essential to reach better bioavailability via faster dissolution kinetics. 

Bioavailability increase of a poorly soluble weak base was feasible based on the collaborative 

work among chemists, analysts and formulation experts. 

5.2 PHARMACEUTICAL PROCESSABILITY - CO-CRYSTAL INTEGRITY AND 
PHARMACEUTICAL ROLE OF CREMOPHOR ELP 

The target of pharmaceutical development is to administer pharmaceutical co-crystals in 

formulations, in which the integrity of the co-crystal is ensured as much as possible. Most 

preferred granulation process from industrial manufacturing point of view is the wet 

granulation. The aim of this study was to evaluate how the physical integrity of the co-crystal 

during a high shear wet granulation process is affected. In addition, the influence of 

Cremophor ELP on physical stability and dissolution was studied. Cremophor ELP is 

commonly used as solubiliser and is known to ensure the integrity of the co-crystals [10]. 

Cremophor ELP has been demonstrated to be a well tolerated  pharmaceutical excipient via 

oral route [86, 87]. SAR1 fumaric acid co-crystal was used as model active pharmaceutical 

ingredient in the present study. Increased bioavailability of fumaric acid co-crystal versus the 

free base was confirmed in a pharmacokinetic study [10]. The integrity of the fumaric acid co-

crystal of SAR1 active pharmaceutical ingredient was studied after a wet granulation process 

[88, 90] with four formulations containing the same qualitative and quantitative composition. 

Standard pharmaceutical excipients, particularly water and Cremophor ELP were used in 

different addition order to evaluate the robustness of the manufacturing process. The 

composition and function of each formulation are summarized in Table 2. 
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5.2.1 P1 formulation 

API and the excipients of the internal phase were sieved through 0.63 mm sieve size. 

Cremophor ELP was added to the internal phase as last excipient and granulation was 

performed with water. Drying of the wet internal phase was performed at 50C until 45 

minutes. Calibration of the granules was made on 1 mm sive size and finally stearyl fumarate 

sodium of the external phase was added to the granules. 

5.2.2 P2 formulation 

The active and the excipients of the internal phase were sieved on 0.63 mm sieve size. 

Cremophor ELP was added to the granulation liquid. Drying of the wet internal phase was 

performed at 50C until 45 minutes. Calibration of the granules was made on 1 mm sieve size 

and finally the excipient of the external phase was added to the granules.  

5.2.3 P3 formulation 

Water was added directly to the active followed by the excipients of the internal phase. 

Cremophor ELP was added to the internal phase as the last excipient. Drying of the wet 

internal phase was performed at 50C until 45 minutes. Calibration of the granules was made 

on 1 mm sieve size and finally the excipient of the external phase was added to the granules. 

5.2.4 P4 formulation 

Cremophor ELP was added directly to the active followed by the excipients of the internal 

phase. Granulation was performed with water. Drying of the wet internal phase was 

performed at 50C until 45 minutes. Calibration of the granules was made on 1 mm sive size 

and finally the excipient of the external phase was added to the granules. 
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5.2.5 Reference formulation 

A suspension formulation was prepared as reference to the solid experiments. For the 10 

mg/ml concentrated suspension formulation API was manually suspended in a mortar in 

methyl cellulose water solution. 

5.2.6 Evaluation of XRPD and dissolution results 

In a previous work, it was shown that Cremophor ELP can have protective effects against 

rapid dissociation of fumaric acid co-crystal of SAR1 as active pharmaceutical ingredient 

[10]. Cremophor ELP was included in the formulations at three different positions. It was the 

last excipient of the internal phase in two cases (P1 and P3), one time it was added directly to 

the API (P4) and one time it was the part of the granulation liquid (P2). Different addition 

orders of water within the formulations were investigated as well. In order to evaluate the 

effect on the integrity of the co-crystals, water, as standard granulation liquid, was added to 

the internal phase in three cases (P1, P2, P4) and in one case it was added directly to the active 

(P3). The crystallinity of API in the granules was examined by XRPD (Figure 14). The 

appearance of a peak at ~12.0° 2not related to any starting phase was observed with 

different intensities in the granules. This new peak corresponds to a disproportionated free 

base observed in the reference formulation (10 mg/ml SAR1 suspension). Based on the results 

of our studies the fumaric acid to API ratio was shown to decrease in parallel with the 

intensity increase of peak 12.0° 2 in the XRPD pattern of centrifuged suspension samples. It 

suggests that in the granulated samples a minor part of the API disproportionates to base and 

fumaric acid. The appearance of the disproportionated phase in the granules are represented 

by the intensity % of peak 12.0° 2compared to peak 11.6° 2 (Table 7). The most intense 

change was observed in the P3 sample, where the API was mixed with water in a mortar 

before granulation, which is similar to the preparation of the suspension. The highest level of 

co-crystal integrity was measured for P2 and P4 formulations where the SAR1 was granulated 

with the mixture of water and Cremophor ELP (P2) and when Cremophor ELP was added 

directly to SAR1 (P4). 
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Figure 14: XRPD patterns of the test formulations P1 – P4 compared to SAR1 co-crystal and 
SAR1 co-crystal reference suspension formulation 

  

Table 7: Intensity % of peak 12.0° 2compared to peak 11.6° 2  (100%) 

 

Samples Intensity % 

P1 4.0 

P2 2.9 

P3 6.7 

P4 4.3 

SAR1 co-crystal 0.0 

When the dissolution kinetics were measured, about 10% dissolution decrease were observed 

with P2 compared to the P1 formulation (Table 8 and Fig. 15). The difference in dissolution 

among the P2, P4 and P1, P3 formulations is significant at P=0.95 confidence level. A slight 
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decrease in dissolution could have a negative impact on bioavailability that is why it is 

proposed to increase the content of the disintegrant within the formulation when Cremophor 

ELP is used. 

Table 8: XRPD and dissolution results of the four test formulations 

Formulations P1 P2 P3 P4 

Integrity of  
SAR1 fumaric 
acid co-crystal 
by XRPD method  

P1 and P4 
 same level 
of integrity 

highest level 
of 

integrity 

lowest level 
of integrity 

P1 and P4 
 same level 
of integrity 

Dissociation of  
SAR1 fumaric 
acid co-crystal 
by XRPD method  

signs of the 
dissociated 
co-crystal 

signs of the 
dissociated 
co-crystal 

highest level 
of 

dissociation 

signs of the 
dissociated 
co-crystal 

Dissolution 
profiles 

reference 
profile 

≈ 10 % 
decrease 

comparable 
with F1 

≈ 10 % 
decrease 

Flow through dissolution profiles of SAR1 co-crystal containing 
experimental formulations
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P1:Cremophor ELP last excipients of the internal phase

P2: granulation liqiud: Cremophor ELP + water

P3: API + water, Cremophor ELP last excipient of the internal phase

P4: API + Cremophor ELP
 

Figure 15: Flow through dissolution profiles of SAR1 co-crystal formulations P1 – P4 
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5.2.7 Conclusions 

Keeping the integrity of co-crystals as pharmaceutical ingredients after the manufacturing 

process is essential to ensure advantages like faster dissolution kinetic and higher 

bioavailability [89]. As the physical interaction between the active and its co-crystal former, 

these pharmaceutical co-crystals are sensitive to rapid or slow dissociation in aqueous 

microenvironment. Four experimental formulations were manufactured to study the influence 

of water and Cremophor ELP order of addition in the formulation process. Based on XRPD 

results higher integrity of the active as co-crystal was measured when granulation process was 

performed with the mixture of Cremophor ELP and water. Fast dissolution kinetic were 

obtained with all formulations containing the co-cystal form. This suggests that Cremophor 

ELP is a suitable pharmaceutical excipient to increase the physical stability of co-crystals and 

to ensure a positive effect on bioavailability. Dissolution profiles of Cremophor ELP 

containing formulations needs to be monitored regularly as Cremophor ELP has an effect both 

on co-crystal integrity and on dissolution kinetics. However from biological effect point of 

view, ensuring co-crystal integrity is more important than a slightly lower dissolution profile 

[90].  

5.3 FLOW THROUGH DISSOLUTION - A USEFUL TOOL FROM DISCOVERY PHASE 
TO PRECLINICAL DEVELOPMENT 

5.3.1 Flow through dissolution on the field of co-crystal development 

Target of the study was to elaborate a dissolution method that is able to distinguish between 

formulations prepared with different particle size distributions of SAR1 fumaric acid (1:1) co-

crystal [91, 92]. Physical integrity of SAR1 co-crystal after the micronization study was 

confirmed by XRPD analysis [93]. The classical paddle type and flow through dissolution 

techniques were compared on exploratory formulations. The compositions are summarized in 

Table 9. 
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Table 9 - Compositions of the co-crystal containing formulations 

 

 

 

 

 

 

 

 

5.3.1.1 Discriminative dissolution method development 

To establish a discriminative dissolution method, the formulations outlined in Table 9 were 

tested firstly in the flow through dissolution equipment [14] to find the best method, and then 

in the classical paddle type equipment using the chosen medium [94]. Flow through 

dissolution was performed at three different pHs:  

- pH=1.2 artificial gastric fluid without pepsin, 

- pH=4.5 acetate buffer plus 0.5 % sodium dodecyl sulfate, 

- pH=6.8 phosphate buffer plus 0.5 % sodium dodecyl sulfate to ensure the requirement of the 

sink conditions. 

Flow through dissolution was conducted with a 4.0 mL/min flow rate in the powder cell, 

which has five mL volume. The cumulative flow through dissolution curves are summarized 

in the Fig. 16. Significant differences between micronized and not micronized SAR1 fumaric 

acid co-crystal containing formulations were not measured at pH=1.2 and 6.8 with 0.5 % 

sodium dodecyl sulfate however at pH=4.5 with 0.5 % sodium dodecyl sulfate the difference 

was significant for the formulations. Based on the flow through dissolution results, acetate 

buffer at pH=4.5 with 0.5% sodium dodecyl sulfate was selected as a potential discriminative 

Batch numbers P-0230209 P-0250509 
Wet granulation process /  

mini formulation API and excipients Function of the excipients 
% 

SAR1 fumaric acid co-
crystal, not micronized 

6.3 
d(90)=15.7 m 

- 

SAR1 fumaric acid co-
crystal, micronized 

API 
- 

6.3 
d(90)=3.9 m 

Mannitol 53.3 53.3 
Microcrystalline cellulose 
PH 101 

Diluent 
22.9 22.9 

HPMC Binder 5.0 5.0 
Crospovidone Type A Disintegrant 5.0 5.0 

Cremophor ELP 
Surfactant and  

permeability enhancer 
5.0 5.0 

Mg stearate Lubricant 2.0 2.0 
Colloidal silica anhydrous Glidant 0.5 0.5 
200 mg granule contains 10 mg API (expressed in base) 100 % 100 % 
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dissolution method to evaluate the prototype formulations in the paddle USP2 dissolution 

equipment. The USP2 dissolution measurement was performed with 250 and 500 ml volumes 

at 50 rpm. These volumes were selected to avoid the co-crystal from dissociation. Since the 

fumaric acid part of the co-crystal has a high solubility in water there is a potential risk for the 

co-crystal to be physically unstable and precipitate as the free base before complete 

dissolution. This is a potential risk under in vivo  conditions as well that is why protection of 

the co-crystal form is important within the formulations. Dissolution experiments validated 

the concept and classical dissolution curves did not show any differences at pH=4.5 between 

micronized and unmicronized containing formulations. The classical dissolution curves are 

shown in Fig. 17. No significant differences between dissolution curves were observed in 250 

and 500 mL. Disintegration of the co-crystal to base + fumaric acid is quick in large aqueous 

volumes. Significance of the protection of co-crystals from dissociation were published by 

other scientists also based on in vitro dissolution results [89]. Flow through dissolution 

technique is mandatory to support formulation development based on the in vitro results. 

5.3.1.2 Conclusions 

Flow through dissolution was found to be a good tool for screening co-crystal formulations, as 

the smaller volume of this technique eliminated the potential for dissociation between the API 

and co-former. Interesting similar results were published by other authors for nanoparticles 

containing formulations [95]. The data showed the flow-through cell to be unequivocally the 

most robust dissolution method for the nanoparticulate system. Furthermore, the dissolution 

profiles conform closely to the classic Noyes–Whitney model, indicating that the increase in 

dissolution rate as particles become smaller results from the increase in surface area and 

solubility of the nanoparticles. 
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Figure 16: Flow through dissolution curves of co-crystal containing prototype formulations

SAR1 co-crystal : Flow through dissolution at pH=1.2

0
10
20
30
40
50
60
70
80
90

100
110

0 10 20 30 40 50 60

time (min.)

d
is

s
o

lu
ti

o
n

 %

SAR1 co-crystal : Flow through dissolution at pH=4.5+0.5% 
SDS

0
10
20
30
40
50
60
70
80
90

100
110

0 10 20 30 40 50 60

time (min.)

d
is

s
o

lu
ti

o
n

 %

SAR1 co-crystal: Flow through dissolution at pH=6.8+0.5% 
SDS

0
10
20
30
40
50
60
70
80
90

100
110

0 10 20 30 40 50 60

time (min.)

d
is

s
o

lu
ti

o
n

 %



41 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: Classical dissolution curves of prototype formulations 

5.3.2 Flow through dissolution on the area of FaSSIF/FeSSIF dissolution 

The food effect prediction for „C” model as a fumarate salt was performed on the opened type 

flow through dissolution equipment, which most closely models in vivo conditions. The most 

frequently used media are the fasted and fed simulated small intestinal fluids (FaSSIF and 

FeSSIF) developed by Galia et al 96, 97, 98. Since the studied salt met fresh dissolution 

media during the dissolution study the results are closer to the dynamic system of the in vivo 
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conditions, than to the static-type classical dissolution techniques. The dissolution results, the 

calculated reaction speed constants and the evaluation of the kinetic of the dissolution process 

are summarized in Table 10 while the dissolution curves are presented in Figures 18. 

5.3.2.1 Conclusions 

1.7 times higher absorption (average of FeSSIF/FaSSIF ratio) is expected based on the in vitro 

flow through dissolution results after high fat containing breakfast, which means a slight risk 

for food effect. FeSSIF:FaSSIF ratio measurement is a standard measurement during 

preformulation studies, but if the ratio is based on equilibrium solubility or on classical 

dissolution measurements there is high risk for much higher differences during clinical 

studies, because classical approaches do not calculate with the dynamic circumstances of the 

human body. Based on the above mentioned facts FTDE is proposed to measure the 

FeSSIF:FaSSIF ratio. 

Table 10: FaSSIF, FeSSIF Flow through dissolution results of „C” model material  

Dissolution medium FaSSIF, C0=1 mg 

Reaction speed constants 

Time 

(min.) 

Dissolved 
% 

Dissolved 
mg 

Remaining 
mg (C) 

Zero order 

k=
t

CC 0

First order 

k=
C

Co

t
log

303.2
 

Evaluation of 
the kinetic 

5 0.02 0.0002 0.9998 0.0040 0.0000 

10 3.64 0.0364 0.9636 0.3640 0.0037 
Lag Time 

30 35.32 0.35323 0.6468 1.1774 0.0145 

45 48.48 0.48477 0.5152 1.0773 0.0147 

60 57.74 0.57743 0.4226 0.9624 0.0144 

90 65.40 0.65397 0.3460 0.7266 0.0118 

120 72.98 0.72977 0.2702 0.6081 0.0109 

First order 

Table 10 (cont.): FaSSIF, FeSSIF Flow through dissolution results of „C” model material  



43 

Dissolution medium FeSSIF, C0=1 mg 

5 0.04 0.0004 0.9996 0.0080 0.0001 

10 9.07 0.0907 0.9093 0.9073 0.0095 
Lag Time 

30 63.04 0.6304 0.3696 2.1012 0.0332 

45 76.54 0.7654 0.2346 1.7010 0.0322 

60 87.33 0.8733 0.1267 1.4555 0.0344 

90 93.95 0.9395 0.0605 1.0439 0.0312 

120 100.51 1.0051 -0.0051 0.8376 - 

First Order 

 

FaSSIF Flow through dissolution curves of „C” 
model material 

FeSSIF Flow through dissolution curves of 
„C” model material 

 

   

Figure 18: FaSSIF, FeSSIF dissolution curves and first order graphic of “C” model material 
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5.3.3 Flow through dissolution on the field of salt selection studies 

The flow through dissolution study was performed on two salts (fumarate and di-sulfate) and 

on the base form of the „C” model. The results are presented in Figure 19. The dissolution 

study was prepared at pH=1.2, 3.0, and 7.4 furthermore at pH=7.4 with 0.5 % Tween 80. 

Based on the flow through dissolution curves it can be seen that the dissolution behavior of 

the tested two salt forms and the base form is similar (they have decreasing solubility from 

pH=1.2 to 7.2), however fumarate salt has the best dissolution rate at pH=7.4 when Tween 80 

was measured into the dissolution medium. This fact was used during the formulation 

development of the fumarate salt of the „C” model. 

  

 

 

 

 

 

 

 

 

Figure 19: Comparative flow through dissolution curves of „C” model material 
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Figure 19 (cont.): Comparative flow through dissolution curves of „C” model material 

5.4 ELABORATE A PRACTICAL GUIDANCE FOR SCIENTISTS TO FORMULATE CO-
CRYSTALS AS ACTIVE PHARMACEUTICAL INGREDIENTS 

In presence study Cremophor ELP was ensured the physical integrity of  SAR1 co-crystal as 

an API. Cremophor ELP could be a possible co-crystal protector for other co-crystals too 

however its effect on co-crystal integrity has to be analysed carefully in collaboration with 

chemical and analytical experts. Early drug formulation approach will be implemented into 

the research process to gain robust results during PK/PD investigations. Flow through 

dissolution equipment has mandatory to evaluate co-crystal containing formulations.  
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6 SUMMARY 

Designing of pharmaceutical co-crystals is feasible among e.g. carboxylic acid, alcohol-amine 

and alcohol-pyridine moieties of the parent API and co-crystal formers.  Co-crystals are 

sensitive to dissociation in aqueous microenvironment that is why a cooperation is needed 

among chemists, analysts and formulations experts to protect and monitor the physical 

integrity of these special APIs. Critical physico-chemical and pharmaceutical parameters of  a 

co-crystal containing formulation development were explored. Strong collaboration of CMC 

(Chemical, Manufacturing and Control) [99] experts ensured for the success of the study. 

Pharmaceutical co-crystals can provide a solution in case of bioavalailability issue justified on 

SAR1 co-crystal. The faster solubility and dissolution kinetic of co-crystals is responsible for 

higher absorption however keeping the integrity of the co-crystal as a pharmaceutical active 

ingredient is essential to reach the targeted effect and ensure the robustness of the formulation. 

The physical integrity of SAR1 co-crystal was protected with Cremophor ELP.  

Early drug formulation has mandatory from lead selection phase to ensure PK/PD studies with 

robust formulations. Pharmaceutical processability of  clinical formulations needs to be 

evaluated during formulation development. The results of the Early Drug formulation was 

evaluated from pharmaceutical processability point view on SAR1 co-crystal. The best 

sequence of Cremophor ELP and the granulation liquid as water was determined from the co-

crystal integrity point of view. The best co-crystal integrity was reached, when the granulation 

process was performed with the mixture of Cremophor ELP and water. Small decrease in 

dissolution results is expected coming from the effect of the oily part of Cremophor ELP [49]. 

Double effect of Cremophor ELP on co-crystal integrity and small decrease in dissolution is 

not  separatable.  

Viewpoints of Early Drug Formulation were followed during the preparation of  prototype 

formulations administered to animals. Solutions, suspensions and enabling formulations were 

manufactured during the Discovery phase. 

Flow through dissolution technique is an excellent tool for evaluating several candidates of 

both Discovery and Preclinical phase [100] in particular when low quantities are available 

from candidates for pharmaceutical evaluation. This technique is able to support the 
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development of a discriminative dissolution method, even if it is unfeasible with a classical 

dissolution approach in 500 ml or 1000 ml dissolution medium. The opened-type FTDE 

represents the dynamic system of the human body in a better way than the classical paddle or 

basket methods that is why FTDE has a definitely higher role during the Discovery and 

Preclinical studies, in particular for BCS II and IV type candidates. Based on the results it can 

be stated that flow through dissolution techniques has mandatory to study the dissolution 

properties of co-crystal API containing formulations. 

As a future guidance for scientists we have to emphasise that pharmaceutical development of 

co-crystals is feasible with protective excipients such as Cremophor ELP to ensure the 

physical integrity and the therapeutic effect of these special active pharmaceutical ingredients.  
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Abstract 

Co-crystals are sensitive to dissociation in aqueous microenvironment losing their effects 
on bioavailability increase before oral administration. The integrity of the fumaric acid 
co-crystal of SAR1 active pharmaceutical ingredient (API) was studied after a wet 
granulation process with four formulations containing the same qualitative and 
quantitative composition. Standard pharmaceutical excipients, particularly water and 
Cremophor ELP were used in different addition order to evaluate the robustness of the 
manufacturing process. Slight dissociation of fumaric acid co-crystal was measured by 
XRPD in all cases, lowest dissociation was observed when Cremophor ELP was added to 
the granulation liquid. Dissolution profiles of the formulations were analysed by flow 
through dissolution method. The in vitro dissolution profile of the experimental 
formulation showing the best co-crystal integrity was approximately 10% lower 
compared to the formulation with the highest integrity.  

Key words: wet granulation; co-crystal integrity; flow through dissolution 

1. Introduction 

1.1.General introduction 

The advantages of pharmaceutical co-crystals are better solubility and dissolution kinetic 
profiles than that of free base or acid forms 1, 2, 3, 4. Using co-crystals within 
formulations gives the opportunity to increase oral bioavailability of APIs, especially 
when free acid or base forms show very low aqueous solubility such as BCS Class II and 
IV actives 5, 6. The target of pharmaceutical development is to administer 
pharmaceutical co-crystals in formulations, in which the integrity of the co-crystal is 
ensured as much as possible. Most preferred granulation process from industrial 
manufacturing point of view is the wet granulation. 
The target of this study was to evaluate how the physical integrity of the co-crystal during 
a high shear wet granulation process is affected. In addition, the influence of Cremophor 
ELP on physical stability and dissolution was studied. Cremophor ELP is commonly used 
as solubiliser and is known to ensure the integrity of the co-crystals 7, 8, 9, 11. 
Cremophor ELP has been demonstrated to be a well tolerated  pharmaceutical excipient 
via oral route 13, 14.  



 

 

SAR1 fumaric acid co-crystal was used as model active pharmaceutical ingredient in the 
present study. Increased bioavailability of fumaric acid co-crystal versus the free base 
could be confirmed in a pharmacokinetic study 11. 
 

2. Materials and Methods  

2.1. Materials 

2.1.1. Active pharmaceutical ingredient 

SAR1, a co-crystal with fumaric acid, was used in the study as a model material (Fig.1). 

As a weak base with pKa1 of 2.9 and pKa2 of 3.5 salt formation is only feasible with 
strong acids however, under strong acidic conditions, hydrolysis occurs. Salt formation 
process has not further been taken into consideration to avoid chemical degradation of the 
parent compound. 

The batch of the fumaric acid co-crystal was manufactured in 0.7 kg scale. Particle size 
distribution of SAR1 showed 15.7 µm at D(90) measured by laser diffraction. 
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Fig 1: SAR1 fumaric acid co-crystal as a model active pharmaceutical ingredient (API) 

 

2.1.2. Dissolution buffer 

Acetate buffer solution, pH=4.5 with 0.5 % sodium dodecyl sulphate was prepared 
according to USP recommendations. Sodium dodecyl sulphate was ordered from Fluka. 
Discriminative properties of the dissolution method were evaluated in a separate study 
11. 

2.1.3. Pharmaceutical excipients 

Cremophor ELP was ordered from BASF. Cremophor ELP, a purifed grade of 
Cremophor EL was specially developed for sensitive active ingredients, as the higher 
purity was found to improve their stability 6. 



 

 

Pharmaceutical excipients such as mannitol, microcrystalline cellulose, HPMC, 
croscarmellose sodium and stearyl fumarate sodium, all compliant to pharmacopeial 
requirements, were ordered from the internal warehouse of Sanofi. Excipients were 
selected based on results of chemical and physical compatibility pre-tests containing 1 % 
of active as the most sensitive concentration after 30 days storage at 50C and 50C, 75% 
R.H. 

2.2. Methods 

2.2.1. Chemical manufacturing of the co-crystal 

The reactor was charged with acetone (12 L), SAR1 base Form III (592 g) and fumaric 
acid (600 g). The slurry was stirred at room temperature for 24 hours, the crystals were 
filtered off, washed with water (1 L) and ethanol (1 L), and dried in a vacuum at 80°C for 
five hours. 

The obtained yield was 723 g (94.0%) as pale yellow powder. The purity of the product 
was 98.9% determined by HPLC. 

2.2.2. Analytical methods 

2.2.2.1. Dissolution method 

Experimental dissolution work was carried out in an opened, Sotax type flow through 
dissolution equipment 10. The temperature of the media was 37.0  0.5 C. Dissolution 
samples were collected by a fraction collector followed by a spectrophotometric analysis. 
Samples were collected up to 120 minutes. Flow through dissolution was performed on 
100 mg mass tablets with 10% API load.  

2.2.2.2. Spectrophotometric method 

The analysis of dissolution samples was performed by an Agilent 8453 type 
spectrophotometer. Samples were measured at 342 ± 2 nm undiluted (90 and 120 minutes 
dissolution) or after 200-fold (until 20 minutes dissolution), 40-fold (30 minutes 
dissolution) or 60-fold (until 60 minutes dissolution) dilution with dissolution medium 
acetate buffer. 

2.2.2.3. XRPD method 

The X-ray diffractograms were recorded on a PANalytical X’PertPro diffractometer, 
using Cu-K (without monochromator) radiation. The granulated samples were loaded to 
a 25mm standard holder and measured in the range of 3- 35 ° 2with 0.007°/min scan 
speed. Starting materials and the centrifuged suspension samples were measured on 
silicon zero background holder with 0.05°/min scan speed.  

2.2.3. Pharmaceutical formulations 

The composition and function of each formulation are summarized in Table 1. 



 

 

2.2.3.1. High shear granulation 

Manufacturing of the different formulations were performed in Mi-pro miniaturized high 
shear granulator (Pro-C-ept). The speed of the impeller was 500 rpm while the chopper 
rpm was 3000. 

Four experimental compositions were manufactured in 30g miniaturized scale with 10% 
API load. The integrity of the co-crystal was studied from granules.



 

 

Table 1: Formulation compositions and function of ingredients 

Formulations 
Function of 
ingredients 

F1 F2 F3 F4 

Internal phase 

SAR1 fumaric acid 
co-crystal  

active 
pharmaceutical 

ingredient 
10 %* 10 %* 10 %* 10 %* 

mannitol diluent 49 % 49 % 49 % 49 % 

microcrystalline 
cellulose 

diluent 25 % 25 % 25 % 25 % 

Hypromellose binder 5 % 5 % 5 % 5 % 

croscarmellose 
sodium 

disintegrant 4 % 4 % 4 % 4 % 

Cremophor ELP surfactant 
solubiliser 

5 % 5 % 5 % 5 % 

 

granulation liquid - water 
water + 

Cremophor 
ELP 

water water 

position of water - 
Added to 

the internal 
phase 

added to the 
internal 
phase 

added to 
the active 
directly 

added to 
the internal 

phase 

position of 
Cremophor ELP 

- 

Last 
excipient of 
the internal 

phase 

part of the 
granulation 

liquid 

last 
excipient of 
the internal 

phase 

added to 
the active 
directly 

External phase 

stearyl fumarate 
sodium 

glidant 2 % 2 % 2 % 2 % 

Total - 100 % 100 % 100 % 100 % 

Mass of tablets - 100 mg 100 mg 100 mg 100 mg 



 

 

* expressed as free base, fumaric acid parts are corrected from quantity of the diluents 

Loss on drying values were measured at 105C until 20 minutes three times during the 
manufacturing process: after mixing of the internal phase without Cremophor ELP, after 
the wet granulation process and after drying. Comparable loss on drying results were 
reached for the internal phase and after the drying process. 

2.2.3.1.1. F1 formulation 

API and the excipients of the internal phase were sieved through 0.63 mm sieve size. 
Cremophor ELP was added to the internal phase as last excipient and granulation was 
performed with water. Drying of the wet internal phase was performed at 50C until 45 
minutes. Calibration of the granules was made on 1 mm sive size and finally stearyl 
fumarate sodium of the external phase was added to the granules. 

2.2.3.1.2. F2 formulation 

The active and the excipients of the internal phase were sieved on 0.63 mm sieve size. 
Cremophor ELP was added to the granulation liquid. Drying of the wet internal phase 
was performed at 50C until 45 minutes. Calibration of the granules was made on 1 mm 
sieve size and finally the excipient of the external phase was added to the granules.  

2.2.3.1.3. F3 formulation 

Water was added directly to the active followed by the excipients of the internal phase. 
Cremophor ELP was added to the internal phase as the last excipient.  

Drying of the wet internal phase was performed at 50C until 45 minutes. Calibration of 
the granules was made on 1 mm sieve size and finally the excipient of the external phase 
was added to the granules. 

2.2.3.1.4. F4 formulation 

Cremophor ELP was added directly to the active followed by the excipients of the 
internal phase. Granulation was performed with water. Drying of the wet internal phase 
was performed at 50C until 45 minutes. Calibration of the granules was made on 1 mm 
sive size and finally the excipient of the external phase was added to the granules. 

2.2.3.1.5. Reference 

A suspension formulation was prepared as reference to the solid experiments. 

For the 10 mg/ml concentrated suspension formulation API was manually suspended in a 
mortar in methyl cellulose water solution. 

2.2.3.2. Tabletting process 



 

 

Tabletting was performed on Korsch excentrical tabletting machine with 3-15 kN 
pressure force. Flat, rimmed tablets were pressed with 30-35 N hardness. The diameter of 
the tablets were 6 mm. The temperature of the plant was 21°C and the relative humidity 
was 23 %. 

3. Results and Discussion 

In a previous work, it was shown that Cremophor ELP can have protective effects against 
rapid dissociation of fumaric acid co-crystal of SAR1 as active pharmaceutical ingredient 
11.  

Cremophor ELP was included in the formulations at three different positions. It was the 
last excipient of the internal phase in two cases (F1 and F3), one time it was added 
directly to the API (F4) and one time it was the part of the granulation liquid (F2). 
Different addition orders of water within the formulations were investigated as well. In 
order to evaluate the effect on the integrity of the co-crystals, water, as standard 
granulation liquid, was added to the internal phase in three cases (F1, F2, F4) and in one 
case it was added directly to the active (F3).  

The crystallinity of API in the granules was examined by XRPD (Figure 2).  

The appearance of a peak at ~12.0° 2not related to any starting phase was observed 
with different intensities in the granules. This new peak corresponds to a 
disproportionated free base observed in the reference formulation (10 mg/ml SAR1 
suspension). Based on the results of our studies the fumaric acid to API ratio was shown 
to decrease in parallel with the intensity increase of peak 12.0° 2 in the XRPD pattern 
of centrifuged suspension samples. It suggests that in the granulated samples a minor part 
of the API disproportionates to base and fumaric acid.  

The appearance of the disproportionated phase in the granules are represented by the 
intensity % of peak 12.0° 2compared to peak 11.6° 2 (Table 2). The most intense 
change was observed in the F3 sample, where the API was mixed with water in a mortar 
before granulation, which is similar to the preparation of the suspension. The highest 
level of co-crystal integrity was measured for F2 and F4 formulations where the SAR1 
was granulated with the mixture of water and Cremophor ELP (F2) and when Cremophor 
ELP was added directly to SAR1 (F4). 



 

 

 

Table 2: Intensity % of peak 12.0° 2compared to peak 11.6° 2   (100%) 

 

Samples Intensity % 

F1 4.0 

F2 2.9 

F3 6.7 

F4 4.3 

SAR1 co-crystal 0.0 

 

When the dissolution kinetics were measured, about 10% dissolution decrease were 
observed with F2compared to the F1 formulation (Table 3 and Fig. 3). The difference in 
dissolution among the F2, F4 and F1, F3 formulations is significant at P=0.95 confidence 
level. A slight decrease in dissolution could have a negative impact on bioavailability that 
is why it is proposed to increase the content of the disintegrant within the formulation 
when Cremophor ELP is used. 

Table 3: XRPD and dissolution results of the four test formulations 

 

Formulations F1 F2 F3 F4 

Integrity of  
SAR1 fumaric 
acid co-crystal 
by XRPD method 

F1 and F4 
 same level 
of integrity 

highest level 
of 

integrity 

lowest level 
of integrity 

F1 and F4 
 same level 
of integrity 

Dissociation of  
SAR1 fumaric 
acid co-crystal 
by XRPD method 

signs of the 
dissociated 
co-crystal 

signs of the 
dissociated 
co-crystal 

highest level 
of 

dissociation 

signs of the 
dissociated 
co-crystal 

Dissolution 
profiles 

reference 
profile 

≈ 10 % 
decrease 

comparable 
with F1 

≈ 10 % 
decrease 



 

 

 

Fig 2: XRPD patterns of the test formulations F1 – F4 compared to SAR1 co-crystal and 
SAR1 co-crystal reference suspension formulation 
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Fig 3: Flow through dissolution profiles of SAR1 co-crystal formulations F1 – F4 

4. Conclusion 

Keeping the integrity of co-crystals as pharmaceutical ingredients after the manufacturing 
process is essential to ensure advantages like faster dissolution kinetic and higher 
bioavailability 12. 

As the physical interaction between the active and its co-crystal former, these 
pharmaceutical co-crystals are sensitive to rapid or slow dissociation in aqueous 
microenvironment. Four experimental formulations were manufactured to study the 
influence of water and Cremophor ELP order of addition in the formulation process.   

Based on XRPD results higher integrity of the active as co-crystal was measured when 
granulation process was performed with the mixture of Cremophor ELP and water. Fast 
dissolution kinetic were obtained with all formulations containing the co-cystal form. 
This suggests that Cremophor ELP is a suitable pharmaceutical excipient to increase the 
physical stability of co-crystals and to ensure a positive effect on bioavailability. 
Dissolution profiles of Cremophor ELP containing formulations needs to be monitored 
regularly as Cremophor ELP has both an effect on co-crystal integrity and on dissolution 
kinetics. However from biological effect point of view, ensuring co-crystal integrity is 
more important than a slightly lower dissolution profile.  
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Abstract 

Flow through Dissolution technique is a well known approach from early 1970s 
elaborated for low solubility BCS II and BCS IV 1 type active pharmaceutical 
ingredients and for their drug products.  

This is a suitable tool for evaluating and comparing active pharmaceutical ingredients and 
formulations but it is also used to explore special issues related to new chemical entities, 
salts and co-crystals. The Flow through Dissolution Equipment (FTDE) is used for 
research and development studies mainly, but pharmacopoeias also make it possible to 
elaborate a method on FTDE for routine analysis. Preparing FTDE for initiating a study is 
slightly a longer process than in the case of classical dissolution equipment, but 
researchers can reach significant results even if only a few mgs of the new chemical 
entities are available. Furthermore the volume of the used dissolution medium is four 
times lower at least, which is an economic advantage, if the price of the dissolution media 
is rather high. 

The aim of the article is to emphasize the potentials of the equipment during Discovery 
and Preclinical / Preformulation phase. 

 
Key words: Flow through Dissolution, active pharmaceutical ingredients, solubility, 
solubility kinetic, solubility in FaSSIF and FeSSIF solutions 

1. Introduction 

The main limitation of classical basket or paddle type dissolution instruments is the sink 
condition requirement, because there is a high risk to reach quickly the super saturated 
concentration in a permanent one liter dissolution media, furthermore sometimes it is not 
suitable to reach the sink condition for active pharmaceutical ingredients, which are 
practically insoluble in aqueous solutions. In contrast to the past, when the majority of 



 

 

research compounds had a relatively small molecular weight and acceptable solubility, 
the number of larger and less soluble molecules showing permeability and/or solubility-
limited absorption has increased during the past years 2. 

The opened type Flow through Dissolution technique, being a dynamic system, is closer 
to the in vivo status of the body, than the static-type classical paddle and basket 
apparatuses. The dissolved active pharmaceutical ingredient is removed and collected 
from the cells of the FTDE and this process provides the possibility for dissolution of a 
new portion of the solid material modeling absorption and elimination. 

It is possible to combine the spectroscopic imaging and Flow through Dissolution 
technique to improve the possibilities for investigating the release of poorly soluble APIs 
from pharmaceutical tablets 3. 

2. Methods and Materials 

2.1. Flow through Dissolution Technique 

 The experimental work was carried out on opened, Sotax type Flow Through 
Dissolution equipment. This type of equipment is designed both for on-line 
spectrophotometric and off-line HPLC analysis. On line spectrophotometric measurement 
is a suitable tool for routine analysis, when the dissolution kinetic profile is known from 
previous measurements. The off-line configuration is preferred for Discovery and 
Preclinical / Preformulation phase, when practically the evaluated candidates or salts 
have different dissolution kinetic profiles. The set flow rate was 4.0 ml/minutes in all 
cases to ensure suitable discriminative effect between the candidates; this is the lowest 
flow rate recommended by the European Pharmacopoeia and USP. The temperature of 
the media was 37.0  0.5 C. The scheme of the equipment is presented in Figure 1. 

The fraction collector is designed with 60 ml tubes. Based on this the collection of all the 
fractions is possible with 15-minute sampling intervals. If the sampling interval is 
increased to 30 minutes, 50% of the fractions are collected automatically, which means 
that a representative sample is collected. 

The end point of the performed studies was between 60 and 120 minutes. According to 
this the maximum necessary dissolution medium is between 240 and 480 mL / cells. This 
low quantity dissolution media is preferred when the price of the special media e.g. 
Fasted state simulating intestinal fluid (FaSSIF) and Fed state simulating intestinal fluid 
(FeSSIF) is high because good quality of lecithin and Na-taurocholate are proposed for 
the solution preparation. It is feasible to mimic the in vivo conditions with the media 
selector tool. In that case several solutions – from acidic to neutral – flow through the 
same cells. Some researchers put together the Flow through Dissolution Equipment with 
a Caco-2 cell to obtain some data on the absorption behavior of the active pharmaceutical 
ingredients, too 4. 



 

 

As opened-type equipment was used for the trials the candidates met fresh dissolution 
media during the study providing a tool for studying new molecules with low aqueous 
solubility. 

Different types of cells are available for testing powders, granules, solid dosage 
formulations and patches. The most appropriate cell for Discovery and Preclinical / 
Preformulation activities is the powder cell.  

Since the particle size distribution of candidates has an impact on the solubility 
kinetic, it was measured by laser diffraction or by microscopic methods. The differences 
between particle size distributions are considered for the evaluation.  

 

 
Figure 1 

Opened type Flow through Dissolution Equipment 

2.2. Comparison of the Classical Dissolution Technique with Flow through Method 
 

During classical dissolution experiments the dissolution medium is practically 
permanent (except when a media replacement is performed during the sampling period, 
but this replacement is not comparable to the conditions of a flow through dissolution 
technique); that is why it is challenging to ensure the sink condition requirement in case 
of BCS Class II type active pharmaceutical ingredients; it is very often feasible with 
surfactants, only. Dissolution experiment performed with high concentration of 
surfactants decreases the correlation possibilities with in vivo conditions.  



 

 

 

2.3. Materials 

 Some model active pharmaceutical ingredients with anti-inflammatory therapeutic 
effect were selected. These are:  

- „A” model: one chemical structure was evaluated, 
- „B” model: four different chemical structures were measured, 
- „C” model: 

  two different salts and the base form of the active pharmaceutical 
 ingredient were compared 

  FaSSIF and FeSSIF solubility was evaluated 

 Buffer solutions were prepared according to the USP and Ph Eur 
recommendations. 

The FaSSIF and FeSSIF solutions were prepared based on the description of the USP 
working group 5 with high quality Lecithin and Na-taurocholate. Lecithin: the 
manufacturer is Lipoid, product name is Lipoid E PC S, the purchase order number is 
108036-1/104. 

Sodium taurocholate: the manufacturer is Prodotti Chimici e Alimentari, the purchase 
order number is 39778608. The analysis of samples was performed on Agilent 1200 type 
HPLC equipment with gradient method. HPLC parameters in case of the „A” and „B” 
model materials were: C18 XTerra column, 5µm, with 150 mm length and 4.6 mm 
diameter. The HPLC analysis was performed at 37 °C, with 20 µl injection volume and 
with 0.8 ml/min flow rate. The A eluent composition was: Water:Acetonitrile:Methane 
sulphonic acid (1000:25:1) while the B eluent composition was 
Water:Acetonitrile:Methane sulphonic acid (25:1000:1). The samples were analyzed at 
220 nm with UV detector. The concentrations of the standard calibration curve were: 5, 
10, and 25 µg/ml. HPLC parameters in case of the „C” model materials were: C18 XTerra 
column, 5µm, with 150 mm length and 4.6 mm diameter. The HPLC analysis was 
performed at 37 °C, with 10 µl injection volume and with 0.8 ml/min flow rate. The A 
eluent composition was: 5mM KH2PO4, 5mM K2HPO4 containing Water:Acetonitrile 
(950:50) while the B eluent was Acetonitrile. The samples were analyzed at 250 nm with 
UV detector. The concentrations of the standard calibration curve were: 20, 40, and 85 
µg/ml. 

3. Results and Discussion 

3.1. Discovery Phase 

 



 

 

Predicting before clinical testing how a drug will behave in humans requires a 
battery of sophisticated in vitro tests that complement traditional in vivo animal safety 
assessments 6.  The quantities of promising new candidates available for early 
pharmaceutical evaluation are usually limited between 10 to 20 mg during the lead 
optimization process. In order to choose the best compounds from biopharmaceutical 
point of view, physicochemical parameters such as solubility, dissolution rate, 
hygroscopicity, lipophilicity, pKa, stability, polymorphism and particle characteristics 
need to be evaluated as early as possible and, above all, with the highest accuracy 7. 
From the point of view of the success of the research it has a high importance to initiate 
solubility kinetics studies in buffered and in biorelevant solutions (e.g. in FaSSIF, 
FeSSIF) to estimate the in vivo behavior of the compounds as early as possible. Two 
main types of evaluation exist during the early and late Discovery phases. One of them is 
the formulation support while the other is the early biopharmaceutical evaluation of new 
candidates. The particle size of the Discovery candidates was fine, below 20µm measured 
by optical microscope. During the comparison of several dissolution curves of different 
candidates the particle size was also measured and evaluated. This is essential based on 
the Noyes-Whitney equation as shown below, since dissolution rate depends both on the 
specific surface area and the particle size distribution. 

 

   
L

CCsDA

dt

dW )( 
    (1) 

where: 


dt

dW
 is the rate of dissolution.  

A is the surface area of the solid.  

C is the concentration of the solid in the bulk dissolution medium.  

Cs is the concentration of the solid in the diffusion layer surrounding the solid.  

D is the diffusion coefficient.  

L is the diffusion layer thickness. 

The greatest effect of particle size on absorption was simulated for low dose - low 
solubility drugs. In general, the sensitivity of absorption to particle size decreased with 
increasing dose or solubility. At a solubility of 1 mg/mL, particle size had practically no 
effect on the percentage of dose absorbed over the range of simulated doses (1–250 mg) 
8. 

 



 

 

 

3.1.1. Formulation Support with Flow through Dissolution Technique: testing of “A” 
model material 

Formulation development during early drug discovery and lead optimization involves 
several challenges including limited drug supply, the need for rapid turnaround, and 
limited development time. It is also desirable to develop initial formulations that will be 
representative of final commercial formulations 9. The target of Discovery is to screen 
many molecules as fast as possible. This activity can be helped, if the new candidates can 
be found in a solution formulation because in that case the physical characterization such 
as determining the polymorphic forms and measuring the particle size distribution within 
the suspension formulation is not necessary 10. The basic knowledge required to 
elaborate a solution formulation is the pH dependent solubility profile of new candidates. 
The measurement of the pH dependent solubility properties of the new candidates is 
rather difficult, if the available quantity of the candidate is 10 mg only. Flow through 
Dissolution Equipment is a very good tool in that case, since there is a possibility to 
initiate the solubility kinetics study from 1 mg active pharmaceutical ingredient (API) per 
powder cells. The pH dependent solubility profile and pH range requirement of the 
administration route determine the pharmaceutical possibilities of the formulators. In the 
case of „A” model material the pH dependent solubility profiles were measured at three 
different pHs such as pH=1.2, 4.5 and 7.2. The cumulative flow through dissolution 
curves are presented in Figure 2. According to the curves it can be established that the 
dissolution profile of „A” model material is faster and better at pH=1.2 and 4.5 and it has 
a very low solubility at pH=7.2. This low solubility at pH=7.2 is really a pharmaceutical 
challenge since nasal administration route is planned and neutral pH was requested by 
pharmacologists. The formulation issue was solved with a low quantity of surfactant at 
pH=7.2. The tolerability of the formulation was tested on animal model with good results. 
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Figure 2 
Cumulative dissolution curves of „A” model material 

3.1.2. Biopharmaceutical Evaluation of Discovery Model Material with Flow through 
Dissolution Technique: testing of “B” model material 

The objective was to select the lead candidate based on chemical and pharmaceutical 
assessment. This example illustrates that collaboration between chemists and pharmacists 
as early as possible is important to identify insoluble chemical scaffolds. 

Even though the solubility can be estimated from computation of the effect on solubility 
of each functional group individually, the exact analysis of the solubility of the complete 
chemical structure is essential that is why an in vitro kinetics test at 37C has been 
performed. Based on chemical stuctures of Figure 3 the best solubility kinetic profile was 
expected from the IVth chemical structure at pH 1.2 in artificial gastric fluid however the 
fastest dissolution kinetic was measured for the Ist chemical structure. Interesting results 
were shown by the IIIrd and the IVth structures with similar dissolution kinetics under 
acidic and almost neutral conditions as well. 

The calculated or measured pKa values are available for candidates, if they can be 
ionized. Based on those values the possible absorption site of the non-ionized forms 
within the gastro-intestinal tract can be evaluated. The main targets of the early 
biopharmaceutical evaluation are to measure the pH dependent solubility profiles of the 
leads or scaffold structures and to support the candidates that have better solubility 
properties on the estimated absorption site. Different chemical structures of „B” model 
were evaluated based on the above mentioned considerations. The cumulative solubility 



 

 

curves are presented in Figure 3. Cumulative curves of Figure 3 show that „B” model / 
IIIrd structure (has appropriate solubility both at pH=1.2 and 7.2, which is promising 
because the candidate can be found in a non-ionized form (suitable for absorption) at 
pH=7.2 under Fasted conditions. „B” model / Ist structure has an excellent solubility at 
pH=1.2 but we can not use this from pharmaceutical point of view because the candidate 
can be found 99.9% in ionized form.  

Structure II has a pH independent absorption but its solubility is rather low at both 
pH=1.2 and 7.2, that is why this structure is not proposed for further development. 

Structure IV has moderate and practically similar solubility properties at pH=1.2 and 7.2, 
however 36.5% of the candidate can be found in a non ionized form at pH=7.2 according 
to the calculated pKa value. Based on the above mentioned facts Structure IV has not 
been proposed for further development. 

The Flow through Dissolution technique was an excellent tool, because the evaluation 
was available within a short time and it gave a good feedback to chemists and pharmacist 
as well. 

According to the above mentioned approach the new, supported candidates were the ones 
that have acceptable aqueous solubility on the estimated place of the absorption. This is 
also very important from Preclinical development point of view, since the costs can be 
reduced if e.g. particle size decrease can be omitted based on the acceptable aqueous 
solubility property of the candidate. Naturally not only solubility but the absorption 
properties of the candidates are so important for the pharmacological effect.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 

Selection of the best scaffold structure from biopharmaceutical point of view 
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4. Preclinical Phase: testing of “C” model material 

Higher quantities of the selected APIs are available for several Preclinical activities such as 
pharmaceutical evaluation of several salts, co-crystal 11 versus base and formulations. 

4.1. Comparison of Several Salts or Co-crystals 

The Flow through Dissolution study was performed on two salts (fumarate and di-sulfate) and 
on the base form of the „C” model. The results are presented in Figure 4.  

The dissolution study was prepared at pH=1.2, 3.0, and 7.4 furthermore at pH=7.4 with 0.5 % 
Tween 80. Based on the flow through dissolution curves it can be seen that the dissolution 
behavior of the tested two salt forms and the base form is similar (they have decreasing 
solubility from pH=1.2 to 7.2), however fumarate salt has the best dissolution rate at pH=7.4 
when Tween 80 was measured into the dissolution medium. This fact was used during the 
formulation development of the fumarate salt of the „C” model. 
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Figure 4  

Comparative Flow Through Dissolution curves of „C” model material 

4.2. Flow through Dissolution Study in FaSSIF and FeSSIF Solutions 

The food effect prediction for „C” model as a fumarate salt was performed on the opened type 
Flow through Dissolution equipment, which most closely models in vivo conditions. The most 
frequently used media are the fasted and fed simulated small intestinal fluids (FaSSIF and 
FeSSIF) developed by Galia et al 12. Since the studied salt met fresh dissolution media 
during the dissolution study the results are closer to the dynamic system of the in vivo 
conditions, than to the static-type classical dissolution techniques. The dissolution results, the 
calculated reaction speed constants and the evaluation of the kinetic of the dissolution process 
are summarized in Table 1 while the dissolution curves are presented in Figures 5 and 6. 

4.2.1. Evaluation of the kinetic order of „C” model material 

After some minutes of lag time a clear first kinetic order was confirmed for the Flow through 
dissolution in the FeSSIF medium (the correlation coefficient is 0.9889) graphically and with 
calculation. But the kinetic order in FaSSIF medium correlates with the first order between 30 
and 60 minutes dissolution time and it has a pseudo-first order from 90 minutes dissolution 
time (the correlation coefficient is 0.9551). According to the results of Table 1 higher lecithin 
and Na-taurocholate content of FeSSIF medium ensures a first kinetic order of “C” model 
material but in case of the FaSSIF medium the dissolution of the API is limited in FaSSIF 
medium from 90 minutes dissolution time. 

4.2.2. Evaluation of the food effect of „C” model material  

1.7 times higher absorption (average of FeSSIF/FaSSIF ratio) is expected based on the in vitro 
Flow through Dissolution results after high fat containing breakfast, which means a slight risk 
for food effect.  
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FeSSIF:FaSSIF ratio measurement is a standard measurement during Preformulation studies, 
but if the ratio is based on equilibrium solubility or on classical dissolution measurements 
there is high risk for much higher differences during clinical studies, because classical 
approaches do not calculate with the dynamic circumstances of the human body. Based on the 
above mentioned facts FTDE is proposed to measure the FeSSIF:FaSSIF ratio. 

Table 1 

FaSSIF, FeSSIF Flow through Dissolution results of „C” model material  

Dissolution medium FaSSIF, C0=1 mg 

Reaction speed constants 

Time 

(min.) 

Dissolved 
% 

Dissolved 
mg 

Remaining 
mg (C) 

Zero order 

k=
t

CC 0  

First order 

k=
C

Co

t
log

303.2
 

Evaluation of the 
kinetic 

5 0.02 0.0002 0.9998 0.0040 0.0000 

10 3.64 0.0364 0.9636 0.3640 0.0037 
Lag Time 

30 35.32 0.35323 0.6468 1.1774 0.0145 

45 48.48 0.48477 0.5152 1.0773 0.0147 

60 57.74 0.57743 0.4226 0.9624 0.0144 

First order 

90 65.40 0.65397 0.3460 0.7266 0.0118 

120 72.98 0.72977 0.2702 0.6081 0.0109 

Pseudo-first 
order 

Dissolution medium FeSSIF, C0=1 mg 

5 0.04 0.0004 0.9996 0.0080 0.0001 

10 9.07 0.0907 0.9093 0.9073 0.0095 
Lag Time 

30 63.04 0.6304 0.3696 2.1012 0.0332 

45 76.54 0.7654 0.2346 1.7010 0.0322 

60 87.33 0.8733 0.1267 1.4555 0.0344 

90 93.95 0.9395 0.0605 1.0439 0.0312 

120 100.51 1.0051 -0.0051 0.8376 - 

First Order 



 

 

 

 

 

Figure 5 

FaSSIF Flow through Dissolution curves of „C” model material  



 

 

 

 

 

 

Figure 6 

FeSSIF Flow through Dissolution curves of „C” model material  

 



 

 

5. Conclusion 

 

Based on the results it can be stated that the flow through Dissolution technique is an excellent 
tool for evaluating several candidates of both Discovery and Preclinical phase, in particular 
when low quantities are available from candidates for pharmaceutical evaluation. This 
technique is able to support the development of a discriminative dissolution method, even if it 
is unfeasible with a classical dissolution approach in 500 ml or 1000 ml dissolution medium.  

This approach provides a possibility for Preformulation experts to build the pharmaceutical 
knowledge into the molecules as early as possible. The basic pharmaceutical knowledge 
regarding the pH dependent solubility of the API was available within a short time with an 
HPLC analysis and the results gave the possibility to start the formulation approach. 

The opened-type FTDE represents the dynamic system of the human body in a better way 
than the classical paddle or basket methods that is why FTDE has a definitely higher role 
during the Discovery and Preclinical studies, in particular for BCS II and IV type candidates. 
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