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Abstract

Inflammatory bowel disease (IBD) is a debilitating condition, estimated to affect 7 million 

people worldwide. Current IBD treatment strategies are substandard, relying on colonic 

targeting using the pH gradient along the gastrointestinal tract. Here, we describe an innovative 

50 colonic targeting concept, OPTICORE™ coating technology. OPTICORE™ combines two 

release triggers (pH and enzyme: Phloral™) in the outer layer, with an inner layer promoting a 

release acceleration mechanism (Duocoat™). The technology comprises an inner layer of 

partially neutralized enteric polymer with a buffer agent and an outer layer of a mixture of 

Eudragit® S and resistant starch. 5-aminosalicylic acid (5-ASA) tablets were coated with 

55 different inner layers, where the type of polymer, buffer salt concentration and pH of 

neutralization, were investigated for drug release acceleration. Buffer capacity of 

polymethacrylate neutralized polymer significantly contributes to the buffer capacity of the 

inner layer formulation, while buffer salt concentration is a major contributor to dispersion 

buffer capacity in the case of hypromellose enteric polymers. An interplay between buffer 

60 capacity, pH and ionic strength contributes to an accelerated drug release. Resistant starch does 

not impact the enteric properties but allows for drug release mediated by colonic bacterial 

enzymes, ensuring complete drug release. Therefore, OPTICORE™ technology is designed to 

offer significant advantages over standard enteric coatings, particularly for accurate colonic 

drug delivery in ulcerative colitis patients.
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1 Introduction

Enteric coatings are the mainstream formulation approach widely used to delay drug release to 

the distal gastrointestinal tract. Delaying drug release serves multiple purposes, including 

75 protection of acid-labile drugs and protection of the stomach from irritating compounds 

(Goyanes et al. 2015a, Goyanes et al. 2015b). Colonic targeting offers great potential for the 

delivery and systemic absorption of molecules that undergo degradation and/or are poorly 

absorbed in the upper gastrointestinal tract (Lee et al. 2020). This is due to the low levels of 

luminal and mucosal metabolic enzymes found in the colon, in comparison to the small intestine 

80 (Basit et al. 2002, Wang et al. 2015a, Wang et al. 2015b, Yadav et al. 2016a), which are 

favorable for the delivery of sensitive  therapeutic drugs such as peptides and proteins (Mackay 

et al. 1997, Rubinstein et al. 1997, Luppi et al. 2008, Wang et al. 2015a, Bak et al. 2018) and 

drugs which are substrates for intestinal CYPs and efflux transporters (Tubic-Grozdanis et al. 

2008, McConnell et al. 2009). The metabolic potential of the human gut microbiota also has a 

85 significant impact on disposition of drugs taken orally (Clarke et al. 2019, Zimmermann et al. 

2019a, Zimmermann et al. 2019b).

Enteric coating dissolution in the gastrointestinal tract relies on pH gradients along the gut 

which, along with other physiological characteristics, exhibit significant inter- and intra-

individual variability (Fallingborg et al. 1989). It is well established that pH sharply increases 

90 from the stomach to the duodenum due to the secretion of bicarbonate in the upper small 

intestine and gradually increases until the distal small intestine. However, a luminal pH drop 

occurs at the ileocaecal junction due to the production of short chain fatty acids – a degradation 

product from polysaccharide fermentation produced by colonic bacteria (Evans et al. 1988). 

This halts the continuous pH increase observed in the small bowel and results in challenges to 

95 the triggering of pH-sensitive dissolution systems in the colon. To allow the complete drug 
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release in the colon, rapid coating dissolution and sufficient residence time are required once 

the release trigger is activated. This may be further complicated by other factors such, feeding 

regimen (Koziolek et al. 2019), low fluid volumes (dispersed in water pockets) in the small 

intestine and particularly in the colon (Schiller et al. 2005), viscosity of the luminal fluid and 

100 variability in buffer capacity (Fadda and Basit 2005, Fadda et al. 2010, Vertzoni et al. 2010, 

Hatton et al. 2015) to name a few. Additionally, in certain disease conditions, such as in 

ulcerative colitis (Yadav et al. 2016b, Hatton et al. 2018, Stillhart et al. 2020), the pH in the 

colon is often lower than a healthy individual (Fallingborg et al. 1993, Nugent et al. 2001) and 

transit time through the colon may be accelerated (Hebden et al. 2000, Haase et al. 2016). This 

105 presents a challenge for the timely dissolution of enteric coated dosage forms in the colon, 

particularly single-unit dosage forms (Varum et al. 2010, Goyanes et al. 2015c) with reported 

cases of occasional excretion of intact tablets (Schroeder et al. 1987, Ibekwe et al. 2006, Ibekwe 

et al. 2008a, McConnell et al. 2008b). 

Alternative approaches to accelerate drug release from enteric coated dosage forms have been 

110 described in the literature (Maroni et al. 2017, Foppoli et al. 2019, Ma et al. 2019). Double-

layer systems comprising of an inner layer of partially neutralized enteric polymer and an outer 

enteric layer (Duocoat®) have shown significant drug release acceleration when targeting the 

proximal small intestine or the ileo-colonic region, both in vitro (Liu et al. 2009a, Liu et al. 

2009b, Liu et al. 2010, Varum et al. 2014) and in humans (Liu and Basit 2010, Varum et al. 

115 2013). Buffer capacity of the dissolving inner layer and ionic strength play a significant role on 

the drug release acceleration mechanism as described by Liu and co-authors (Liu et al. 2009a). 

Also, inclusion of swellable agents, such as sodium starch glycolate, into enteric coatings 

(Colopulse®) have been proposed to facilitate drug release from enteric coated dosage forms 

designed to release in the colon (Schellekens et al. 2008, Schellekens et al. 2009, Maurer et al. 

120 2013, Maurer et al. 2016). 
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Although an accelerated drug release will occur in the case of Duocoat® and Colopulse® 

coatings (only pH-sensitive) when the relevant pH is reached, if the pH is not high enough to 

initiate dissolution of the enteric coating, risk of failure to disintegrate persists. Therefore, 

triggering drug release using an additional physiological trigger, such as colonic bacterial 

125 enzymes can be of benefit (Tuleu et al. 2002, Siew et al. 2004, McConnell et al. 2008a, Karrout 

et al. 2009, Karrout et al. 2015, Fadda 2020, Varum et al. 2020). Ibekwe and co-workers 

proposed the combination of a pH trigger and enzymatic trigger in a single coating system 

(Phloral™). The bacterial enzymatic trigger, provided by the presence of a polysaccharide in 

the coating (high amylose starch, resistant to bacterial degradation in the small intestine) acts 

130 as a fail-safe mechanism in case the pH is not high enough for a sufficient period of time to 

allow dissolution of the enteric polymer (Eudragit® S), which is designed to dissolve at pH 7.0 

(Ibekwe et al. 2008b). 

The aim of the work described here was to develop a new colon targeting drug delivery system, 

OPTICORETM, comprising an outer layer with dual trigger (PhloralTM) and a suitable alkaline 

135 inner layer able to accelerate drug release as soon as the pH trigger is activated or alternatively 

when the starch in the outer coating is digested by bacterial enzymes in the colon.  

2 Materials and methods

2.1 Materials

Different enteric polymers (polymethacrylates and hypromellose derivatives) were explored 

140 (see Table 1) for their potential to accelerate drug release from Eudragit® S coated tablets.  

These were used to produce neutralized coating dispersions in order to assess buffer capacity 

and viscosity of the resultant dispersions. Lactose monohydrate was obtained from Meggle, 

Wasserburg Germany. Povidone (K25) was acquired from Boai NKY Pharmaceuticals Ltd, 

Jiaozuo, China, and sodium starch glycolate was obtained from JRS Pharma, Rosenberg, 
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145 Germany. Magnesium stearate was provided by Peter Greven GmbH & Co. KG, Bad 

Münstereifel, Germany. Talc was obtained from Ferdinand Kreuzter Sabamühle GmbH, 

Nürnberg, Germany. Hydroxypropylmethyl cellulose (HPMC, Methocel E5) was kindly 

provided by Colorcon. Triethyl citrate (TEC) was supplied by Lancaster Synthesis, Lancashire, 

UK. Glyceryl monostearate (GMS) and polysorbate 80 (Tween 80) were purchased from 

150 Sigma-Aldrich Co. Ltd., Dorset, UK. Talc (micronized) and sodium hydroxide were obtained 

from VWR International Ltd, Poole, UK. Maize starch (Amylo-N-400, formerly known as 

Eurylon 6) was donated by Roquette, Lestrem, France. Magnesium sulphateheptahydrate and 

calcium chloride hexahydrate were obtained from VWR, UK. Sodium bicarbonate was obtained 

from Sigma Aldrich, UK, while haemin, L-cysteine HCl, vitamin K and resazurin were obtained 

155 from Sigma Life Sciences, UK. Bile salts were from Fluka Analytical, UK and FlukaChemika, 

UK respectively. Buffer salts for dissolution buffers preparation, trifluoroacetic acid,  were 

obtained from Sigma-Aldrich Co. Ltd., Dorset, UK. Sodium chloride and di-potassium 

hydrogen phosphate were obtained from Fisher Chemical. Magnesium sulphateheptahydrate 

and calcium chloride hexahydrate were obtained from VWR, haemin, L-cysteine HCl, vitamin 

160 K and resazurin were obtained from Sigma Life Sciences, UK. Bile salts were from Fluka 

Analytical, UK. 

2.2 Preparation of neutralized enteric polymer coating dispersions (inner layer)

Coating dispersions comprising of an enteric polymer were prepared based on supplier 

165 guidelines/recommendations for standard enteric coatings (single coating). Coating 

formulations differ between themselves not only in the enteric polymer used but also in the type 

and concentration of anti-tacking agent (talc or GMS) and concentration of plasticizer (TEC). 

These small differences are not likely to have a major effect on the buffer capacity of the 

dispersions, but their impact cannot be completely excluded. 
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170 The composition of different coating formulations, with or without a buffer agent (KH2PO4) 

neutralized to pH 8 are presented in Table 2  and Tables S2 and S3 (see Supplementary 

information). Briefly, TEC and buffer agent (when specified) are dissolved in water under 

mechanical stirring at room temperature for 15 minutes. Polymer was dispersed into the above 

solution and neutralized to pH 8 using 1N NaOH and stirring continued for further 60 minutes. 

175 Anti-tacking agent, talc (30-50%, based on polymer) or GMS (10%, based on polymer) was 

added and mixed for 15 minutes. In the case of HP50 and HP55, a fraction of the total NaOH 

required to neutralize the polymer was used to increase the pH of the aqueous dispersion and 

allow complete polymer dissolution before completing the neutralization process.

180 2.2.1 Buffer capacity measurements

The equivalent quantity of coating dispersion (ready to use) to 2.5 g of enteric polymer was 

weighed. With a pH meter dipped into the coating dispersion, 0.1N HCl was added dropwise 

until a difference of 1 unit of pH was reached. Buffer capacity (β) was calculated using the 

following formula:

185 𝛽 =  
𝑚𝑚𝑜𝑙 (0.1𝑁𝐻𝐶𝑙)/2.5𝑔

∆𝑝𝐻

2.2.2 Viscosity measurements

Viscosity measurements of neutralized coating dispersions prepared as described above, with 

or without buffer agents were measured using a rotational rheometer (Bohlin Instruments, 

Cirencester, UK) equipped with 50 mm base plate and a 2º cone plate (gap 70 µm). A 2 mL 

190 sample of coating dispersion was placed on the stationary plate and a constant shear rate of 

200 1/s was applied for 120 s. All measurements were performed at 25ºC, controlled by a 

thermostated system. The measurements were performed in triplicate. Viscosity value (cP) at 
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the end of the measurements (15 s) were used for comparison purposes.(viscosity values 

remained mostly constant for all samples during the acquisition time). 

195

2.3 Tablet manufacture

Tablet cores (520 mg) containing 400 mg 5-ASA (5-aminosalicylic acid; mesalazine) were 

kindly provided by Tillotts Pharma AG. Besides 5-ASA, tablet cores contain lactose 

monohydrate, povidone, sodium starch glycolate,  talc and magnesium stearate. Quantitative 

200 composition of the tablet cores is not disclosed.

2.4 Tablet Coating

2.4.1 Isolation layer

An isolation layer coating formulation of hydroxypropyl methylcellulose (HPMC, Methocel 

205 E5) was prepared containing 10% TEC as plasticizer. Briefly, HPMC was dissolved in water 

under magnetic stirring and then TEC was added to form a coating preparation. The coating 

preparation was sprayed onto 50 g of 400 mg 5-ASA tablet cores using a fluid bed bottom-

spray coater (Strea-1, Aeromatic AG, Bubendorf, Switzerland) to achieve a coating amount of 

3 mg polymer/cm2. The coating parameters were as follows: spray rate 3.1 g/min/kg tablet 

210 cores, atomizing pressure 0.2 bar, and inlet air temperature 40 °C.

2.4.2 Inner layer

The inner layer coating suspension was prepared using different enteric polymers as listed in 

Table 1. Additionally, one batch (F7) was prepared using HPMC as a film-forming polymer 

215 (Table 3). A brief method description using Eudragit® S as an example is described next. 

Potassium dihydrogen phosphate (10% based on polymer) and TEC (50% based on polymer) 
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were dissolved in distilled water, followed by dispersion of the Eudragit® S under mechanical 

agitation. The pH of the dispersion was then adjusted to pH 8 with 1M NaOH and left mixing 

for 1 hour. The GMS dispersion (10% based on polymer) was added and the final preparation 

220 was coated on 50 g of 400 mg 5-ASA tablet cores, using a fluid bed coater (Strea-1, Aeromatic 

AG, Bubendorf, Switzerland) until 5 mg polymer/cm2 was achieved. The coating parameters 

were as follows: spraying rate 20 ml/min/kg tablets, atomizing pressure 0.2 bar and inlet air 

temperature 40 °C.

225 2.4.3 Outer layer/single layer Eudragit® S

The coating layer containing Eudragit® S was applied as an organic coating composition. 

Briefly, 20% TEC (based on polymer weight) was dissolved in 96% ethanol followed by 

Eudragit® S under mechanical stirring. The GMS emulsion was added at a concentration of 

10% w/w (based on Eudragit S). The final coating solution was coated on to 50g of the 5-ASA 

230 tablet cores previously coated with the inner layer or as a single layer (comparator), using a 

fluid bed spray coater (Strea-1, Aeromatic AG, Bubendorf, Switzerland) to achieve a coating 

amount of 5 mg polymer/cm2. The coating parameters were as follows: spraying rate 16 

ml/min/kg tablets, atomizing pressure 0.2 bar and inlet air temperature 40 °C.

2.4.4 Outer layer/single layer Phloral™

235 High-amylose starch (Amylo N-400) dispersions were prepared in a butanol aqueous solution 

by heating to boiling and left to boil for 3 minutes, followed by cooling to room temperature 

under stirring overnight. Eudragit® S was dissolved in 96% ethanol under magnetic stirring. 

The starch dispersion was then added dropwise to the Eudragit® S solution to obtain a ratio of 

starch:Eudragit® S of 30:70. Then, 20% TEC and 5% GMS (both based on total polymer 

240 weight) were added and mixed for further 2 hours. The final preparation was coated on to 50 g 
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of 400 mg 5-ASA tablet cores, previously coated with the inner coating layer or as a single 

layer, using a fluid bed coater (Strea-1, Aeromatic AG, Bubendorf, Switzerland) until 5 mg 

Eudragit® polymer/cm2 was obtained. The coating parameters were as follows: spraying rate 

16 ml/min/kg tablets, atomizing pressure 0.2 bar and inlet air temperature 40 °C.

245

2.5 Scanning Electron Microscopy (SEM)

The morphology of the surface and cross-sectioned coated tablets was evaluated by SEM. 

Samples were placed on SEM stubs and fixed using carbon discs before being gold coated using 

an EMITEC K 550 sputter coater for three minutes at 40 mA. The samples were then transferred 

250 to a Phillips XL20 Scanning Electron Microscope for imaging.

2.6 Drug release in pH 6.8 mHanks buffer with and without pancreatin

Drug release was assessed in pH 6.8 mHanks buffer, as described elsewhere (Liu et al. 2011) 

(composition described in Table S3) using a USP type II paddle apparatus (Model PTWS, 

255 Pharmatest, Hainburg, Germany) The tests were conducted at least in triplicate, in 900 ml 

dissolution medium maintained at 37 ± 0.5 ºC. A paddle speed of 50 rpm was used throughout 

the experiments. The tests were conducted under sink conditions. The amount of 5-ASA 

released in pH 6.8 mHanks buffer from the coated tablets was determined by an in-line UV 

spectrophotometer at a wavelength of 330 nm (buffer stage). Drug release in pH 6.8 mHanks 

260 buffer was assayed after 2 hours pre-exposure of coated tablets to 0.1N HCl using the same 

dissolution apparatus and instrumental parameters as described above. The pH was kept 

constant at pH 6.8 by means of constant CO2 purging into the medium throughout the 

dissolution run as described elsewhere (Liu et al. 2011). To evaluate the robustness to 

pancreatin enzymatic digestion, during passage through the small intestine, OPTICORETM 
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265 coated tablets (e.g. F14) were also assessed in pH 6.8 mHanks buffer containing 1% (w/v) 

porcine pancreatin (8 USP). In this case the amount of 5-ASA released after 4 hours (small 

intestinal transit) was quantified using an in-house developed isocratic HPLC method (Agilent 

technologies 1200 Series) using a LichroCart 250-4 column (Merck Chemicals) and with a UV 

detection set at 228 nm. The mobile phase was composed of 95% Water, 5% Methanol and 0.05 

270 % trifluoreacetic acid (TFA) set at 1 mL /min. A column temperature of 40 °C was used.

2.7 Drug release in pH 7.4 Krebs buffer 

Drug release was assessed in pH 7.4 Krebs buffer, as described elsewhere (Fadda et al. 2009) 

(composition described in Table S3) using a USP type II paddle apparatus (Model PTWS, 

275 Pharma Test, Hainburg, Germany). The tests were conducted at least in triplicate, in 900 ml 

dissolution medium maintained at 37 ± 0.5 ºC. A paddle speed of 50 rpm was used throughout 

the experiments. The tests were conducted under sink conditions. The amount of 5-ASA 

released from the tablets was determined using an in-line UV spectrophotometer at a 

wavelength of 301 nm (acid stage) and 330 nm (buffer stage). Data were processed using Icalis 

280 software (Icalis Data Systems Ltd., Berkshire, UK). Drug release from coated tablets was 

assessed using physiologically relevant Krebs buffer pH 7.4 (with pre-exposure to 0.1N HCl 

for 2 hours using the same dissolution apparatus and instrumental parameters as described 

above). The pH was kept constant at pH 7.4 by means of constant CO2 purging into the medium 

throughout the dissolution run. 

285

2.8 Drug release in pH 6.8 human faecal slurry 

The bacteria (enzymatic) triggered drug release was assessed in faecal slurry prepared from 

human faeces (Yadav et al. 2013, Sousa et al. 2014) and adjusted to pH 6.8. Briefly inside an 
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anaerobic workstation (Electrotek 500TG workstation, Electrotek, West Yorkshire, UK) 

290 maintained at 37 °C and a relative air humidity of 70%, fresh faecal samples of 3 different 

healthly donors were homogenized (Ultra Turrax (IKA T18 Basic) in  0.1M phosphate buffer 

saline pH 6.8 to obtain a slurry at 40% w/w. The homogenized medium was sieved through an 

open mesh fabric (SefarNitexTM, pore size 350 mm) to remove any unhomogenised fibrous 

material. This medium was then diluted to 20% w/w faecal contents with a nutrient rich medium 

295 (Hughes et al. 2008) . After adjusting the pH to 6.8, the tablets were added to faecal slurry in 

individual containers with 210 mL faecal slurry which were left under anaerobic conditions and 

under continuous shaking and samples were collected hourly. Tablets were encased in small 

baskets made of a flexible mesh type material (SEFAR NITEXTM mesh size of 2000 μm). 

Further pH adjustment were made each 30 minutes in the event of pH drop. Faecal slurry 

300 samples (1.5 mL) were collected hourly up to 9 hours and a last sample was colleted after 24 

hours. Samples were then centrifuged at 13,000 rpm for 10 minutes. The supernatant was 

collected from the eppendorfs using 1mL syringes and filtered through 0.22 μm filters (Millex 

GP syringe-driven filter units, Millipore, Ireland). Thereafter, 100 μl of the filtered supernatant 

was transferred using a micropipette (Gilson, Inc., USA) into labeled 2 mL amber glass HPLC 

305 vials and diluted with 900 μl of mobile phase (95% Water, 5% Methanol and 0.05 % TFA). The 

samples were analysed for 5-ASA content by High Pressure Liquid Chromatography (Agilent 

technologies 1200 Series) using a LichroCart 250-4 column (Merck Chemicals) and with a UV

detection set at 228 nm. The mobile phase (95% Water, 5% Methanol and 0.05 % TFA) was 

set at 1 mL /min and the temperature was set at 40 °C.
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310 3 Results and Discussion

3.1.1 Development of the inner layer – polymer selection

Due to small differences in the composition of neutralized enteric coating formulations, in terms 

of plasticizer and anti-tacking agent levels, buffer capacity measurements were performed 

considering a predetermined quantity of enteric polymer (Table 2). Clearly, the Eudragit® 

315 L30D-55 neutralized dispersion showed the highest buffer capacity among the enteric polymers 

tested (Table 4). This pattern is maintained when a buffer agent is incorporated (2% and 10%). 

In contrast, the lowest buffer capacity was found in the case of the HP50 dispersion. Therefore, 

the effect of the incorporation of 2% buffer agent was much more pronounced in the HP50 and 

HP55 formulations than in Eudragit® polymer dispersions. Increasing the concentration of 

320 buffer agent to 10% (based on polymer weight) in the methacrylate polymer dispersions 

resulted in a further increasein buffer capacity (Table 4), however of lower magnitude in 

comparison to the effect seen with HPMCAS-LF, HP50 and HP55 dispersions. An increase in 

buffer agent in the hypromellose–based enteric polymers significantly increased buffer capacity 

by several orders of magnitude in comparison to the equivalent dispersions without buffer salts, 

325 highlighting the major role of the buffer agent on the overall buffer capacity of the neutralized 

coating dispersions prepared with these excipients. These enteric polymers are weakly acidic 

polymers which increase their ionized fraction as pH increases. The lower density of acidic 

groups, in comparison to Eudragit L30D-55 in hypromellose based enteric polymers associated 

with the lower pKa  (Barbosa et al. 2019) results in higher extent of ionization at pH 8, in a 

330 region where buffer capacity is much lower (more than 2 units higher than pKa).  The Eudragit 

L30D-55 dispersion when neutralized to pH 6 showed the highest buffer capacity (Table 4) 

since the balance between ionized and nonionized groups are closer to an equilibrium.

The buffer capacity determination of the neutralized enteric polymer formulations can be an 

useful tool to design an inner coating formulation that is able to accelerate the dissolution of 
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335 the outer coating composed of enteric polymers and ultimately accelerate drug release. 

Additionally, the higher the buffer capacity the higher the quantity of NaOH that is required for 

the neutralization step, which results in an increased ionic strength and osmotic pressure due to 

in situ salt formation (Liu et al. 2009a). Buffers with higher buffer capacity and ionic strength 

contribute to faster polymer dissolution (Kararli et al. 1995). The higher osmotic pressure 

340 contributes to a faster drug release from dosage froms coated with semi-permeable membranes, 

such as suitained release coatings (Marucci et al. 2007, Kallai et al. 2010, Kallai-Szabo et al. 

2014). The effect of increased osmotic pressure alone on delayed release coatings could 

however not be demonstrated in a related enteric double-coating system (Liu et al. 2009b).  

However, the film-forming properties of the neutralized formulation and its viscosity are also 

345 critical properties in order to achieve a fast and robust coating process. 

Among the methacrylate polymers, Eudragit® L30D-55 neutralized formulations had the 

highest viscosity and Eudragit® S the lowest viscosity (Table 5). This may be linked to the 

higher density of carboxylic acids in Eudragit® L30D-55 and to the different ester group, ethyl 

acrylate in the case of Eudragit L30D-55 and methyl methacrylate in the case of Eudragit S, 

350 which may result in slower chain disentanglement and dissolution. When neutralized to lower 

pH 6, the viscosity was even higher than at pH 8, demonstrating that a lower ionization extent 

of the carboxylic groups results in higher viscosity (Figure 5). Neutralized HP55 and HP50 

dispersions had comparable viscosity to the neutralized Eudragit® S formulation. The 

proportion of acidic groups are comparable between HP55 and  Eudragit® S but the latter has a 

355 higher pKa. (Barbosa et al. 2019). Interestingly, an increase in the concentration of buffer agent 

to 10% in the HPMCAS-LF and Eudragit® L30D-55 formulations resulted in a lower viscosity. 

This may result from the effect of the buffer salt in neutralizing further the enteric polymer 

allowing polymer chain disentanglement and dissolution. This reduction in viscosity 

canprovide an additional advantage, in addition to the higher buffer capacity, in terms of coating 

360 processing
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Further investigations were carried out to establish correlations between the buffer capacity, 

displayed by different neutralized enteric polymers, containing a buffer agent, and drug release 

acceleration in Krebs buffer pH 7.4. 

Surprisingly, when Eudragit® L30D-55 was used as the inner layer (F4), it failed to provide 

365 significant acceleration of drug release (Fig. 2 and Table 6) since lag times in pH 7.4 Krebs 

buffer are comparable with a standard single layer system (Table 6). For comparison purposes, 

the release profile of Eudragit® S single coated 400 mg 5-ASA cores (F1) is included. 

Neutralized Eudragit® S (with 10% buffer) formulation (F3) showed a lower buffer capacity 

than neutralized Eudragit® L30D-55, however it was able to accelerate drug release from coated 

370 tablets very efficiently. This suggests that buffer capacity alone is not the main driver of drug 

release acceleration. The higher buffer capacity is reflected by the presence of proton-carriers 

at the interface polymer/bulk buffer or polymer/inner layer which is able to accelerate proton 

diffusion and increase the solubility of the polymer (Nguyen and Fogler 2005, Barbosa et al. 

2019). When HP55 (F6) was used as the inner layer, no drug release acceleration compared to 

375 the single coating (F1) was noticed. These results would be expected, as the buffer capacity of 

this formulation was the lowest. However, drug release was comparable to F4, which showed 

the highest buffer capacity (Fig. 2).

An inner layer composed of Eudragit® L100, neutralized to pH 8 with 10% buffer was not 

possible. After coating, the inner layer was brittle and after drying at 40 ºC, the coating peeled 

380 off the tablets, therefore this polymer was excluded from the scope of this research. Since buffer 

capacity is higher when pH of the bulk solution is closer to the pKa of the polymer, an inner 

layer composed of Eudragit L30D-55 and 10% KH2PO4, neutralized to pH 6 was applied on 

400 mg 5-ASA cores and an outer coating of Eudragit® S (organic) was applied (F5). 

Neutralization of Eudragit® L30D-55 to pH 6 increased buffer capacity (β = 13.38), compared 

385 to the coating dispersion neutralized to pH 8 (β = 5.64) as described in Table 4. However, the 
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lag time in Krebs buffer pH 7.4 occurred even later when the neutralization pH was set to 6 

(F5) as can be seen in Fig. 2. The fact that the pH of the inner coating is lower than the pH 

threshold of the outer coating may explain the results, despite the higher buffer capacity attained 

at this lower pH. Similar observations were also made during the development of a Duocoat® 

390 system for drug release in the proximal small intestine (Liu et al. 2009a). Additionally, tablets 

containing an inner layer made of soluble neutral polymer, hydroxypropyl methylcellulose 

(Methocel E5) adjusted tp pH 8.0 and 10% KH2PO4 also failed to provide a significant drug 

release acceleration (F7, Table 6) as described in Fig. 2. These results suggest that the 

mechanisms responsible for polymer dissolution acceleration and consequently drug release 

395 acceleration are complex and that an interplay between buffer capacity and pH of the dissolving 

inner layer may also contribute to the overall drug release acceleration effect.

3.1.2 Additional development steps

Additional development steps were conducted in order to assess if drug release could be further 

400 accelerated from tablets comprising an inner layer made of Eudragit® S. Among the parameters 

investigated were the concentration of buffer agent, the coating level and incorporation of an 

isolation layer between the tablet core (acidic) and the alkaline inner layer. In agreement with 

the buffer capacity results (Table 4), in the case of neutralized Eudragit® S formulations, the 

addition of a buffer salt (up to 10%) plays only a minor role and thereby decreasing the 

405 concentration of buffer salt in the formulation resulted in only a minor impact on drug release 

acceleration effect (Fig. 3). Since, most of the buffer capacity of the inner layer composition is 

provided by the neutralized Eudragit® S, the buffer salt contribution is rather limited. 

Due to the acidic nature of the tablet core (high proportion of 5-ASA), the alkaline inner layer 

effectiveness in accelerating outer layer polymer dissolution may be negatively affected due to 

410 interactions at the interface core-inner layer. Thereby, the effect of an isolation layer of neutral 
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polymer (HPMC) between the tablet core and the inner layer was assessed. The inclusion of an 

isolation layer (F11) resulted in a further drug release acceleration in comparison to tablets 

coated without an isolation layer (F3), confirming that indeed an isolation layer can protect the 

functionality of the inner layer in promoting drug release acceleration (Fig. 4). The negative 

415 effect of acidic drugs or excipients present on dosage form cores on delayed drug release was 

also reported by others (Crotts et al. 2001, Varum et al. 2011). Reducing the amount on 

neutralized Eudragit® S inner coating from 5 mg/cm2 to 3 mg/cm2 (F12) resulted in an increase 

in the lag time to release (Fig.4). This may be explained by the lower availability of the proton-

carrier species, both neutralized polymer and buffer agent, thereby, decreasing the overall 

420 acceleration mechanism efficiency. Additionally, the acidic drug in the tablet core (5-ASA) can 

also compete for the buffer species in the inner layer, decreasing its functionality in promoting 

a faster dissolution of the enteric polymer in the outer coating. In contrast, further increasing 

the quantity of neutralized inner layer to 7 mg/cm2 (F13) did not resulted in a further drug 

release acceleration (Fig. 4), indicating that 5 mg/cm2 of neutralized Eudragit® S provides an 

425 optimal drug release acceleration.

3.1.3 OPTICORE™ coating  - Combining a two-trigger outer layer with accelerated 

release properties

Tablets containing a double layer coating of Eudragit® S (F3) exhibited a smooth coating 

430 surface due to the organic coating, in which the enteric polymer is fully soluble. In cross-

sectioned tablets a clear distinction between the inner layer and the Eudragit® S outer layer is 

not possible from the SEM micrographs (Fig. 5). On the other hand, in the case of 

OPTICORE™ coated tablets (F14), the outer layer clearly reveals a more rough surface due to 

the presence of starch granules which are not fully gelatinized. Moreover, a clearer distinction 

435 between the inner alkaline layer and the PhloralTM outer layer is seen due to the different coating 
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densities caused by the presence of starch in the outer coating (Fig. 6). The details of the two-

trigger system (Phloral™) have been previously described (Ibekwe et al. 2008b, Dodoo et al. 

2017, Allegretti et al. 2019, Varum et al. 2020).

The inclusion of starch in the outer coating does not impact the in vitro robustness of the coated 

440 tablets to simulated upper gastrointestinal luminal fluid. Coated tablets did not show any release 

after 2 hours in 0.1N HCl and were fully resistant for more than four hours (expected small 

intestinal transit time) in pH 6.8 mHanks buffer which closely resembles the luminal 

composition of small intestinal fluid (Liu et al. 2011, Krieg et al. 2014, Al-Gousous et al. 2019). 

Even when pancreatin was added to the bicarbonate buffer no drug release has been observed, 

445 demonstrating that the starch embedded into the coating is not enzymatically degraded by 

amylases from pancreatin extract (data not shown).

Inclusion of starch into Eudragit® S coating does not affect the gastric resistance of the coated 

tablets. Similarly, by replacing the outer Eudragit® S coating (F3) with a mixture of resistant 

starch and Eudragit® S (F14) resulted in the same onset of drug release (Fig. 7). The 

450 combination of an alkaline inner layer with drug release acceleration properties with an outer 

layer combining both pH-sensitive polymer (Eudragit® S) and enzymatic-sensitive 

polysaccharide (starch) has the potential to provide more efficient and accurate colonic 

targeting than standard Eudragit® S and Phloral™ coatings. This is due to an acceleration of 

drug release, even in the scenario of low luminal pH in the colon and/or fast transit time, when 

455 the enzymatic trigger would serve as a back-up to initiate drug release. As described in Fig. 4, 

if an isolation layer is applied between the acidic tablet core and the alkaline inner layer, a 

further drug release acceleration would be expected also in the case of OPTICORE™ coated 

tablets.

In the event that pH is not high enough or colonic transit is too fast, a drug release acceleration 

460 in the target region of the gastrointestinal tract is also desirable. As described in Fig. 8, in an in 
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vitro model of the human colon using faecal material from healthy donors (Basit et al. 2002, 

McConnell et al. 2008a, Sousa et al. 2014, Wang et al. 2015a, Wang et al. 2015b, Yadav et al. 

2016a), drug release was again initiated earlier in the case of OPTICORE™ coated tablets (F14) 

in comparison to single layer Phloral™ coated tablets (F2). Tablets coated with a single layer 

465 of Eudragit® S (F1) did not disintegrate at pH 6.8 faecal inoculation while tablets containing an 

inner layer of neutralized Eudragit® S (F3) showed a late disintegration, showing an added 

benefit but of limited extent under these conditions. These results demonstrate that drug release 

from OPTICORE™ coated tablets can be initiated rapidly when either the correct pH is reached 

or bacterial enzymes start the digestion process when pH is not high enough such as in the 

470 conditions of testing. Additionally, the drug release acceleration mechanism provided by the 

inner layer is also effective below the pH at which Eudragit® S dissolves (pH 7.0). As the outer 

layer starts to dissolve or to be digested by bacterial enzymes, the fluid ingress through the 

weakened coating towards the core contributes to the dissolution of the inner layer, generating 

a micro-environmental region of high buffer capacity and high ionic strengthat the interface 

475 inner-outer layer. This results in a promotion of a faster ionization and dissolution of Eudragit® 

S in the outer layer (Kararli et al. 1995, Varum et al. 2011, Varum et al. 2013). This is 

particularly important for drug release in the colon where fluid volumes are low and in 

situations where a fast transit time may limit full exposure of the mucosa to the delivered active 

pharmaceutical ingredient. 

480

A novel 1600 mg 5-ASA drug product comprising the OPTICORE™ technology showed a 

good safety profile and efficacy in a Phase III clinical trial (D'Haens et al. 2017), which resulted 

in its market approval and launch and is currently available for UC patients in multiple 

worldwide regions.
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485 4 Conclusions

OPTICORE™ coating technology was successfully developed by combining an alkaline inner 

layer with an outer enteric layer with embedded pH and enzymatic triggers. The coating system 

comprises an inner layer of partially neutralized enteric polymer and buffer agent and an outer 

layer of a mixture of Eudragit® S and resistant starch. Buffer capacity of polymethacrylate-

490 neutralized polymer significantly contributes to the overall buffer capacity of the formulation, 

while buffer salt concentration plays a major role in the case of hypromellose derivative enteric 

polymers. However, other factors, such as viscosity and ionic strength also contribute to the 

overall effect in terms of drug release acceleration. The inclusion of an isolation layer between 

the core and the inner layer further accelerates drug release. The inclusion of resistant starch to 

495 the Eudragit® S coating formulation does not impact coating robustness and the enteric 

properties but is designed to allow an accelerated drug release when the pH of the luminal fluid 

is above 7 (as in Krebs buffer pH 7.4) or below 7 (as in faecal slurry pH 6.8). Therefore, 

OPTICORE™ coating technology offers significant advantages, particularly for accurate drug 

delivery in the colon of ulcerative colitis patients even when using single-unit dosage forms, 

500 such as tablets.
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Figure Captions

Fig. 1. Schematic representation of the OPTICORE™ coating technology designed for colonic 

860 targeting.

Fig. 2. Effect of different neutralized enteric polymers and neutral polymers in the inner layer 

of a double-coating system on dissolution in pH 7.4 Krebs buffer after pre-exposure to 0.1N 

HCl for 2 hours (data not represented). Data represented as average and standard deviation of 

865 triplicate samples. F1) Single layer coating (control), F3) Eudragit® S, F4) Eudragit® L30D-55 

(pH 8), F5) Eudragit® L30D-55 (pH 6), F6) HP-55, F7) HPMC. 

Fig. 3. Effect of buffer agent concentration in the inner layer on drug release acceleration. F1) 

Single layer coating (control), F3) 10% KH2PO4, F8) 0% KH2PO4, F9) 2% KH2PO4, F10) 4% 

870 KH2PO4. Data represents the dissolution from coated tablets in pH 7.4 Krebs buffer (n=3) after 

pre-exposure to 0.1N HCl for 2 hours (data not represented).
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Fig. 4. Effect of an isolation layer and amount of enteric polymer in the inner layer on drug 

release acceleration. F1) Single layer coating, F3) no isolation layer, F11) with isolation layer 

875 and 5 mg/cm inner layer, F12) with isolation layer and 3 mg/cm inner layer, F13) with isolation 

layer and 7 mg/cm inner layer. Data represents the average dissolution and standard deviation 

from coated tablets in pH 7.4 Krebs buffer (n=3) after pre-exposure in 0.1N HCl for 2 hours 

(data not represented).

880 Fig. 5. Scanning electron micrographs of the surface and cross-section of double layer 

Eudragit® S tablets coated tablets (F3).

Fig. 6. Scanning electron micrographs of OPTICORE™ (F14) surface and cross-sectioned 

tablets.

885

Fig. 7. Effect of Phloral™ outer layer on drug release from double layer coated tablets 

(OPTICORE™). F1) Single layer Eudragit® S coating, F3) Inner layer neutralized Eudragit® 

S and outer layer Eudragit® S, F14) Outer layer Phloral™ (OPTICORE™). Data represents the 

average dissolution and standard deviation from coated tablets in pH 7.4 Krebs buffer (n=3) 

890 after pre-exposure to 0.1N HCl for 2 hours (data not represented).

Fig. 8. Drug release in human faecal slurry pH 6.8 from coated tablets. F1) Single Eudragit® S 

coating, F2) Phloral™ coating, F3) Eudragit® S double coating, F14) OPTICORE™ coating. 

Values and error bars on graph represent the average and the standard deviation of three 

895 individual measurements.
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Table Captions

Table 1. Summary of enteric polymers.

900 Table 2. Composition of neutralized (to pH 8) enteric polymer coating dispersions with 10% 

buffer agent (KH2PO4), based on dry polymer weight.

Table 3. Formulation summary.

905 Table 4. Buffer capacity (mmol 0.1N HCl/g polymer/∆pH) measurements of neutralized (to 

pH 8) enteric polymer coating dispersions.

Table 5. Viscosity (cp) of neutralized (to pH 8) enteric polymer coating dispersions.

910 Table 6. Summary of lag times in pH 7.4 Krebs buffer of 5-ASA 400 mg double-coated 

formulations with different neutralized enteric polymers and neutral polymer used as the inner 

layer. Outer layer composed of organic formulation of Eudragit® S.

915


