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ABSTRACT

Efficient and reproducible colonic drug delivery remains elusive. The aim of this study was to demonstrate
specific colonic delivery in vivo in domestic pigs with a novel tablet formulation based on a dual release control
concept using 5-aminosalicylic acid (5-ASA) and caffeine as drug substances. The developed controlled colonic
release (CCR) tablet formulation employs a pH-sensitive coating based on Eudragit® FS 30 D to prevent drug
release in the upper gastrointestinal tract, and a xyloglucan-based matrix to inhibit drug release after coating
removal in the small intestine and to allow microbiome-triggered drug release by enzymatic action in the colon.
CCR tablets were administered to domestic pigs and plasma concentration data was analyzed by physiologically
based pharmacokinetic modeling to estimate absorbed amounts from small and large intestine and in vivo drug
release rates by model-dependent deconvolution using immediate release (IR) tablets and intravenous solutions
as reference. Peak concentration times (tmay) and values (cpax) of CCR 5-ASA and caffeine tablets indicated
strongly delayed drug absorption and the deduced absorbed amount as a function of time confirmed absorption
overwhelmingly from the large intestine. The microbially cleaved marker molecule sulfasalazine administered
alone or together with caffeine in CCR tablets reported, in combination with telemetry measurements, gastro-
intestinal transit times and site of absorption. Drug release from CCR tablets was inferred to take place pre-
dominantly at the site of absorption at a release rate of caffeine that was much larger in the colon than in the
small intestine indicating enzymatically triggered release by the colonic microbiome. Xyloglucanase activity in
rectal and cecal samples was consistent with release data and compound recovery in fecal droppings was
consistent with 5-ASA bioavailability. The results provide evidence that the developed formulation can prevent
premature drug release and provide targeted colonic drug delivery. Clinical relevance based on the comparability
between pig and man is discussed.

1. Introduction

both premature drug release in the upper gastrointestinal tract and drug
loss in the feces. Strategies reported in the literature for colonic delivery

Drug delivery to the colon is currently exploited for the local treat-
ment of inflammatory bowel diseases (IBD). The topically active anti-
inflammatory agent 5-aminosalicylic acid (5-ASA) is administered as
first-line therapy for the treatment of mild-to-moderate disease forms
[1]. Oral formulations aiming to target the large intestine must prevent

are based on differences between gastrointestinal segments with respect
to transit time, pH, or bacterial count [2]. Commercial peroral 5-ASA
formulations predominantly rely on pH sensitive coating layers inten-
ded to dissolve during transit through the lower small intestine. Inherent
variability of pH values along the entire gastrointestinal tract, however,
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reportedly cause premature coating dissolution in the stomach and
upper small intestine, or insufficient coating removal and subsequent
defecation of tablets [3-5]. In both cases formulations fail to deliver
drugs to the targeted site. The use of a composite coating that is
responsive to pH changes and bacterial enzyme action party in combi-
nation with multiple coating layers has been in the focus of recent
research for improved colonic delivery by achieving fail-safe coating
dissolution in the colon [6-8] and demonstrated accurate drug release at
the target site using a rather complex triple tablet coating [9]. Of the
other approaches, delayed-release formulations relying on the rather
constant small intestinal transit time of 3 + 1 h [10] persistently showed
a variable onset of drug release even after the addition of an enteric
coating to alleviate variable gastric retention [8,11]. The enzymatic
trigger of the colonic microbiome is utilized by the commercially
available prodrug sulfasalazine for colonic release of 5-ASA [12] and has
been investigated in connection with bacterially degradable poly-
saccharides as matrix formers and coatings, whereby the employed
materials failed to combine a satisfactory retardation of drug release in
the upper gastrointestinal tract with a sufficient response to microbial
degradation [13-15]. A comprehensive review of the employed ap-
proaches for accomplishing colonic delivery was recently given [16].

The present authors have developed and characterized in vitro a
combination of an enteric coating with a non-readily disintegrating but
bacterially degradable polysaccharide matrix in a tablet formulation for
controlled colonic release (CCR) [16]. These CCR tablets utilize two
physiologically triggered release controlling mechanisms for efficient
and selective colonic drug delivery. In vitro tests showed that the pH
sensitive Eudragit® FS coating layer prevented drug release in upper
gastrointestinal tract conditions while the matrix consisting of the plant
polysaccharide xyloglucan strongly delayed drug release after coating
removal. The hemicellulose xyloglucan consists of a backbone of -1,4-
linked glucose moieties, with variable length sidechains containing
mainly galactose and xylose [17], and forms a gummy layer of hydrated
xyloglucan at the tablet surface seemingly preventing tablet disinte-
gration and restricting drug release. Upon transfer to the colonic
dissolution medium, xyloglucanase, an enzyme of the colonic micro-
biome, acted as potent drug release trigger by cleaving the xyloglucan
backbone, thereby accelerating matrix dissolution and drug release. CCR
tablets containing 200 mg of either 5-ASA or caffeine demonstrated
minimal drug release in in vitro simulated gastric and small intestinal test
media and significant acceleration of drug release in the presence of
physiologically relevant concentrations of microbial xyloglucanase in
the colonic dissolution medium, allowing for complete drug release
within the expected colonic transit time in humans.

Invitro models developed to best represent physiological conditions —
including pH, ionic strength, buffer capacity, osmolality, and bile salts —
and considering feeding state [18] are widely used for formulation
optimization. However, motility patterns, potential interaction with
food components, mechanical impact, and absorptive and secretion
processes cannot be appropriately simulated in vitro, rendering in vivo
experiments indispensable for ultimate evaluation of dosage form per-
formance. Both the dog and the pig animal models have been employed
in studies assessing novel oral formulations for drug delivery to the
colon [19,20]. Dog has been the most commonly employed animal
model for formulation development [21,22] offering the possibility to
administer commercial-sized peroral drug products [23]. However, high
canine gastric pH required usually premedication, yet unrealistically
low gastric pH values [23] and too brief duration of pH lowering [24]
were reported. Also, while canine colonic transit time is comparable to
the one in man, both gastric emptying and small intestinal transit are
significantly accelerated [23], hampering the assessment of time-
dependent colonic release systems. Further, small intestinal length is
approximately half of that in man [23], potentially affecting drug ab-
sorption processes, and pressure along the upper gastrointestinal tract is
strongly increased in beagle dogs [23], influencing drug release from
pressure-sensitive formulations such as swollen matrix tablets [21].
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Furthermore, dogs are unsuited animal models for 5-ASA formulation
assessment due to their differing biotransformation to that in man [25].
Pigs, on the other hand, are increasingly used as preclinical animal
model [26-28], as they share a number of anatomical and physiological
characteristics with humans for each section of the gastrointestinal tract
[28]. Porcine gastric, small intestinal and large intestinal pH and pres-
sure patterns are comparable to those measured in man [29,30] while
transit time especially of the large intestine is highly variable in both
species and highly dependent on food intake. Moreover, the digestive
capacity of porcine and human colonic microbiome have been reported
to be similar [31] by virtue also of the omnivorous attitude of pigs,
which is relevant for the assessment of microbiome-triggered formula-
tions. The highly variable gastric retention of large monolithic dosage
forms, which appears to be prolonged in pigs when compared to man
[29,30,32,33], may be the major limitation of the pig model. However,
gastric emptying in pigs is still insufficiently characterized, requiring
standardized protocols with a large study population [27].

Scintigraphy is used as the standard method to non-invasively
determine in vivo gastrointestinal transit times and tablet disintegra-
tion location. Scintigraphy studies in pigs, however, were hampered by
the ambiguous delimitation of small and large intestinal segments
[34,35]. Clinical studies were conducted using pharmacokinetics [3],
scintigraphy [36,371, or a combination of both [8,9,38] for performance
evaluation of peroral colonic drug delivery formulations. In some cases,
drug appearance in plasma was earlier than the initial formulation
disintegration [8], and differences in tablet disintegration did not al-
ways reflect pharmacokinetic profiles [38]. Hence, a combination of
scintigraphy for disintegration visualization with pharmacokinetic data
may be necessary for ultimate formulation assessment.

The aim of this work was to demonstrate specific colonic delivery
with the optimized CCR tablets in an in vivo study using the pig as an
animal model. CCR tablets were administered to female domestic pigs,
drug and metabolite plasma levels were monitored over 96 h after tablet
administration and drug recovery in the feces was measured. Intrave-
nous (iv) injection solutions and immediate release (IR) tablets were
administered as reference and used to determine pharmacokinetic pa-
rameters. Formulation transit through the intestinal tract was described
by physiologically based pharmacokinetic modeling (PBPK) and model-
bound deconvolution was employed to estimate drug release rate from
the CCR tablets and drug mass absorbed from small and large intestinal
regions as performance indicators of the developed CCR formulation.
Tablets with 5-ASA, typically employed in the treatment of IBD, and
with the model drug caffeine were evaluated. Whereas 5-ASA absorption
reportedly decreases from proximal to distal parts of the intestine
[39,40], caffeine is well absorbed throughout the gastrointestinal tract
[11,41] and served therefore as comparator. An IR formulation of sul-
fasalazine producing sulfapyridine in the colon was used to assess small
intestinal transit time in pig while transit time, pressure, and pH along
the gastrointestinal tract were monitored by telemetry with a SmartPill®
capsule. Xyloglucanase activity and microbiome composition in pig
cecum and feces were determined to substantiate the developed colonic
delivery approach and provide a basis for result translation from pig to
man. Finally, pharmacokinetic data collected with CCR tablets con-
taining a combination of caffeine with sulfasalazine were analyzed to
further confirm the location of drug release within the intestine.

2. Materials and methods
2.1. Materials

5-Aminosalicylic acid (5-ASA) was purchased from AK Scientific,
Union City, USA. Xyloglucan 3S was ordered from DSM Gokyo food &
chemical, Tokyo, Japan. Sulfasalazine was acquired from Molekula
GmbH, Miinchen, Germany. Kollicoat IR was obtained from BASF,
Ludwigshafen am Rhein, Germany. Eudragit® FS 30 D was kindly
donated by Evonik, Essen, Germany. Primojel (sodium starch glycolate
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type A) was supplied by DFE Pharma, Goch, Germany. Vivapur 101
(microcrystalline cellulose) was purchased from JRS Pharma, Rosen-
berg, Germany. Magnesium stearate, talc, titanium dioxide and Gran-
ulac 200 (lactose monohydrate) were obtained from Hanseler Swiss
Pharma, Herisau, Switzerland. Flowlac 100 was ordered from Meggle,
Wasserburg am Inn, Germany. Pharmacoat 603 (hydroxypropyl meth-
ylcellulose HPMC 3 mPa-s) was acquired from Shin-Etsu, Tokyo, Japan.
Calcium chloride, hematin, histidine, iron (II) sulfate heptahydrate,
magnesium chloride, vitamin K3, N-Acetyl-5-ASA (Ac-5-ASA), 4-amino-
salicylic acid (4-ASA), caffeine, formic acid, theobromine, theophylline,
paraxanthine, polyvinylpyrrolidone (PVP) 30, sulfapyridine, triethyl
citrate and iron (II, III) oxide black were supplied by Sigma Aldrich, St.
Louis, USA. D9-caffeine was purchased from Santa Cruz Biotechnology,
Dallas, USA. Methanol was obtained from Fischer Scientific, Waltham,
USA. Hydrochloric acid (HCI) 1 M, glycerol, potassium dihydrogen
phosphate, ammonium sulphate, L-cysteine (free base), sodium chlo-
ride, sodium dihydrogen phosphate dihydrate, sodium hydroxide
(NaOH) 32%, tris, vitamin B12, and iron (III) oxide red were supplied by
Carl Roth, Karlsruhe, Germany. Iron (III) oxide monohydrate yellow was
purchased from Strem Chemicals Inc., Newburyport, USA. NaOH 1.0 M
was supplied by Honeywell-Fluka, Charlotte, USA. Phosphoric acid 85%
was obtained from Riedel-de-Haén, Seelze, Germany. Phosphate buff-
ered saline (PBS) pH 7.4 was supplied by Thermo Fisher Scientific,
Waltham, USA. Xyloglucanase (nominal activity 1000 U/mL) was pur-
chased from Megazyme, Irishtown, Ireland. Salazopyrin® tablets of
Pfizer, containing 500 mg sulfasalazine, were bought in a local
pharmacy.

2.2. Methods

2.2.1. Peroral formulations

Six peroral formulations were prepared for in vivo application.
Commercial IR Salazopyrin® tablets containing 500 mg sulfasalazine
were cut in halves along the breaking groove and placed in a size 000
gelatin capsules (Wepa Apothekenbedarf, Hillscheid, Germany) for
facilitated administration to the animals. CCR 5-ASA and CCR caffeine
tablets with composition and manufacturing parameters previously re-
ported [16] were employed. IR 5-ASA, IR caffeine, and CCR caffeine-
sulfasalazine tablets had core and coating composition that can be
taken from Table S1 in supplementary information.

The granulation and tableting process for preparation of CCR 5-ASA
and caffeine tablet cores was previously reported [16]. CCR caffeine-
sulfasalazine tablets and IR 5-ASA tablets were prepared after a high-
shear granulation of the inner phase components with deionized water
at a mixer rate of 250 rpm and a chopper rate of 2200 rpm (Diosna,
Osnabriick, Germany). IR caffeine tablets were produced by direct
compression. After addition of lubricant and — where applicable — dis-
integrant, tablets containing 200 mg of either 5-ASA or caffeine, or a
combination of 150 mg sulfasalazine and 150 mg caffeine, were pro-
duced on a single-punch tablet press (Korsch XL 1, Korsch AG, Berlin,
Germany) with concave punches having a diameter of 12 mm and a
curvature radius of 9 mm. Tablet cores were coated in a drum coater
(GMPC 1 Mini-coater, Glatt, Binzen, Germany) with 3.9 to 5.6% weight
gain, corresponding to a l-value of 7.1 to 9.9 mg/cm?. IR tablet cores
were non-functionally coated with Kollicoat® IR and CCR tablet cores
were enteric coated with Eudragit® FS. Anti-tacking agent, pigments,
and — where applicable — plasticizer were homogenized in deionized
water for 10 min (IKA® T18 basic Ultra-Turrax®, dispersing tool S18N-
10G, IKA®, Staufen, Germany) and the suspension was slowly added
under stirring to the coating polymer dispersion, and stirring was
continued for at least another 30 min. Batch size was 600 g, whereby
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150 g tablet cores were filled up with placebo tablets, and coating
process parameters are given in Table S3 in supplementary information.

2.2.1.1. Dissolution testing. Dissolution experiments of the five tablet
formulations took place in an USP 2 paddle apparatus (Sotax AT7, Sotax,
Aesch, Switzerland) at 100 rpm paddle speed and 37 + 0.5 °C media
temperature. For the sulfasalazine capsules, the paddle was replaced by
a basket.

Dissolution testing of CCR tablets followed the four-stage protocol
previously described [16]. IR tablets were measured in 900 mL HCI 0.1
M and capsules containing Salazopyrin® tablet halves were tested in
900 mL 0.1 M KH,PO4 pH 6.8. Dissolution experiments were continued
until tablet disintegration and an increment between measured con-
centration of consecutive sampling points of generally <1.15% was
reached. Samples of 4.6 mL were withdrawn and replaced with an equal
amount of fresh media. Sink conditions were ensured during testing of 5-
ASA and caffeine tablets, but not for sulfasalazine in IR capsules and CCR
caffeine-sulfasalazine tablets. Dissolution experiments were conducted
at least in triplicate and results are expressed in % of drug detected in
solution normalized to the final measured value in each vessel corre-
sponding to the end of the dissolution process.

Withdrawn caffeine and 5-ASA samples were filtered through a 0.45
pm nylon filter (Infochroma AG, Goldau, Switzerland) and assayed
spectrophotometrically (Jasco V-630 Spectrophotometer, Jasco, Tokyo,
Japan), at 303 nm for 5-ASA (acid stage) or 331 nm (buffer stages) and
at 272 nm for caffeine. No significant loss of drug was observed after
filtration while excipients did not interfere at the employed wavelength
(data not shown). Unfiltered sulfasalazine samples were assayed at 360
nm, as filtration led to significant drug loss. Drug was quantified using
an external calibration in the range of 1-50 pg/mL, 1-24 pg/mL, and
1-16 pg/mL for 5-ASA, caffeine, and sulfasalazine, respectively.

Samples containing both caffeine and sulfasalazine were centrifuged
for 15 min at 14000 rpm and 4 °C (Eppendorf centrifuge 5427 R,
Eppendorf, Hamburg, Germany) and the supernatant was analyzed by
HPLC, after mixing 200 pL sample with 800 pL methanol for xyloglucan
precipitation. After centrifugation for 5 min at 21300 g (Eppendorf
centrifuge 5425 R, Eppendorf, Hamburg, Germany), 100 pL supernatant
were mixed with 300 pL solvent A (5% methanol, 95% H,0 with 0.2%
(v/v) formic acid),centrifuged for 5 min at 21300 g, and 30 pL were
injected onto a Spherisorb C6 column (80 A, 5 pm, 4.6 mm x 150 mm,
Waters, Milford, USA) equilibrated in solvent A at a flow rate of 0.75
mL/min. Analytes were eluted with a linear gradient from 0 to 100%
solvent B (95% methanol, 5% H,0O with 0.2% (v/v) formic acid) over 11
min. Caffeine and sulfasalazine were detected at 270 and 359 nm,
respectively, and quantified by external calibration in the range of
4-1000 pg/mL for each API subjected to the preparation procedures as
described for the samples.

2.2.2. Intravenous solutions

Isotonic, isohydric solutions containing 1% w/v of either caffeine or
5-ASA were prepared under aseptic conditions in water for injection,
and the pH was brought to 7.3-7.4 with 0.5 M NaOH. The composition
of the final solutions can be taken from Table S4 in supplementary in-
formation. Solutions were filtered consecutively through 0.45 pm and
0.22 pm sterile filter units (Sartorius, Gottingen, Germany) before being
dispensed into heat sterilized brown glass vials. The solutions were kept
at room temperature and administered to the animals within 16 h from
preparation.

Osmolality (Osmomat 3000 freezing point osmometer, Gonotec
GmbH, Berlin, Germany) and pH (827 pH Lab, Metrohm, Herisau,
Switzerland) were measured in triplicate on the day of solution
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preparation. Concentration of filtered samples (0.22 pm mixed cellulose
esters, Milles-GS, Merck, Darmstadt, Germany) was determined in
triplicate spectrophotometrically at 272 nm for caffeine and 303 nm for
5-ASA within five hours after application to the animals.

2.2.3. Telemetry

The SmartPill® GI system was used for monitoring pH, temperature,
and pressure along the gastrointestinal tract of the pigs. The recorder
was hung centrally over the individual pens at a height of approximately
one meter over the ground. After activation, the correct functioning of
the SmartPill® capsule pH sensor was checked at pH 1.2, 6.0, and 9.0.

The MotiliGI® software (Version 3.1.0) automatically performs a
temperature compensation of pH and pressure values and applies a
baseline correction to the latter measurement set. However, no such
baseline correction of pressure data was applied in this work in order to
capture the increase in baseline pressure upon arrival of the SmartPill®
capsule in the colon using temperature compensated pressure values
[30]. All datasets were analyzed in RStudio 2021.09.0 (Rstudio, PBC,
Boston, USA).

2.2.4. In vivo studies

2.2.4.1. Animals. The experimental protocol was approved by the
cantonal veterinary authority Zurich, Switzerland (License number
ZH154/19). Weaned female crossbreeds of Duroc x Piétrain x Landrace
pigs (n = 14) aged 3 months were sourced from local breeders. The pigs
weighed 42 + 2 kg in the beginning and 48 + 2 kg at the end of the
experiment (average + standard error, Table S8 in supplementary
information).

The animals were transferred to the experimental animal facility two
weeks prior to the start of the experiment for acclimatization. During
this phase, the pigs were housed in groups of two and trained by using
positive conditioning with raisins and applesauce to get them used to the
care takers and the handling in the experimental phase, especially the
blood sampling. Three days before the start of the experiment the ani-
mals were transferred to individual pens with eye and nose contact.
Alimentation during the acclimatization time consisted of 1-1.2 kg
PBS30 Viva Plus P 25-110 kg complete feed (Granovit AG, Kaiseraugst,
Switzerland) per day fed in two portions, and free access to water.

2.2.4.2. Study protocol. Experiments lasted for twelve days, from
Monday to Friday of the following week. Two animals were used in
parallel each time. On the first day, a venous port system was placed in
the jugular vein. For this, animals were pre-medicated with azaperone
(2 mg/kg), ketamine (20 mg/kg), and atropine (0.01 mg/kg) intra-
muscularly 30 min prior to surgery and transferred individually to the
surgery room. Before anesthesia, a general health check with special
attention to the cardiovascular and respiratory system was performed.
An intravenous catheter was placed in one ear and anesthesia was
induced with propofol iv (0.4-4 mg/kg). Lidocaine spray was used to
desensitize the larynx and the trachea was intubated. Anesthesia was
maintained with isoflurane (1-3% v/v in oxygen via F-circuit), propofol
(0.5-1 mg/kg/h), and ketamine (1-3 mg/kg/h). A sterile port system
(central venous catheterization set 16 G, 1.7 mm, Arrow International,
Reading, USA) was inserted into the jugular vein using the Seldinger
technique in an open surgery. The port system was immediately flushed
with heparin (300 IU/kg) and secured with resorbable suture material to
the tissue in the periphery of the vessel. The incision was closed in three
layers. The port system was closed with a safety connector for aspiration
(Safsite Valve, SSC 100, B. Braun, Sempach, Switzerland) and secured
with a bandage. The surgery wound was regularly checked and the
bandage changed if necessary. Buprenorphine iv (0.02 mg/kg) was
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administered as analgesic once at the beginning of the surgical pro-
cedure and once 4-6 h thereafter. Heparin was dosed systemically
immediately after surgery and throughout the experiment at 300 IU/kg
every 6-8 h. The pigs were allowed to recover in their pens with un-
changed feeding regimen.

Test items were administered on the second, the fifth (exceptionally
the third) and the eighth day of the experiment (Table S7 in supple-
mentary information). The last meal was given 14 h prior to dosing and
was immediately consumed while water was allowed ad libitum. The pigs
were sedated for dosage form application using ketamine (10 mg/kg)
and medetomidine (0.005 mg/kg) iv and were returned to their pens
immediately thereafter. Either two tablets, a tablet and an iv injection,
or a SmartPill® capsule and a tablet or an iv injection, were adminis-
tered at once. Dosage forms administered concomitantly contained a
different API (5-ASA, caffeine, or sulfasalazine) and were of different
type, i.e., CCR or IR or iv. Care was taken to avoid overlapping blood
levels of consecutive administrations. The sequence of test item
administration differed among the animals and is shown in Table S7 in
supplementary information. Peroral forms were applied to the back of
the tongue with a balling gun and were pushed into the stomach with a
flexible gavage tube (outer diameter 1.5 cm, Hauptner AG, Langenthal,
Switzerland). Intravenous solutions were injected into cannulated ear
veins (Surflo® iv catheter, Terumo Europe, Leuven, Belgium) as a bolus
injection of 15 mL caffeine or 8 mL 5-ASA solution. Animals were able to
stably stand and walk typically within 20-60 min after sedation. Fasting
continued for another three hours after drug administration while water
was available ad libitum. Following this, feeding consisted of 1-1.2 kg
PBS30 Viva Plus P 25-110 kg complete feed (Granovit AG, Kaiseraugst,
Switzerland) per day fed in several portions coordinated with blood
sampling.

Blood samples were drawn at predefined time points from the jugular
catheter. The first 3 mL were set aside for later reintroduction to the
blood circulation. The next 5 mL were placed in heparinized tubes,
shaken and immediately centrifuged for 5 min at 3461 g (EBA 20, Het-
tich Zentrifugen, Tuttlingen, Germany). The plasma supernatant and the
cell pellet were kept in separate vials at —20 °C until analysis (section
2.2.4.3). After reinjecting the initially drawn 3 mL of blood, 3 mL hep-
arinized saline (50 IU/mL) were injected to rinse and keep the port
system filled. In parallel with formulation administration, a feces sample
was taken directly from the rectum and kept at room temperature under
anerobic conditions until further processing and analysis (section
2.2.4.5).

All droppings were collected from the pens as immediately as
possible but at the latest when blood samples were drawn. Droppings
samples was visually inspected for defecated tablets, tablet fragments, or
the SmartPill® capsule and were subsequently homogenized to a slurry
(Moulinex easymax abm1, Moulinex, France) with one to two weight
parts of PBS pH 7.4 depending on sample viscosity, and an aliquot was
stored at —80 °C until analysis (section 2.2.4.4).

Following the last blood sampling on the twelfth experimental day,
the animals were sedated with intravenous ketamine (10 mg/kg) and
medetomidine (0.005 mg/kg) before being euthanized by iv adminis-
tration of pentobarbital (3000-6000 mg). The cecum was surgically
removed, and its content divided into 50 mL aliquots and kept at room
temperature under anerobic conditions until further processing and
analysis (section 2.2.4.5).

2.2.4.3. Plasma sample analysis. Samples were thawed at room tem-
perature, shaken, and centrifuged for 5 min at 21300 g (Eppendorf
centrifuge 5425 R, Eppendorf, Hamburg, Germany). For protein pre-
cipitation, 120 pL plasma were mixed with 400 pL methanol containing
130 ng/mL internal standard (D9-caffeine or 4-ASA, final concentration
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100 ng/mL). Mixtures were centrifuged for 10 min at 21300 g, stored for
2 h at room temperature, and finally filtered over 0.45 pm PTFE filters
(Infochroma AG, Goldau, Switzerland).

A Spherisorb C6 column (80 108, 5 pm, 4.6 mm x 150 mm, Waters,
Milford, USA) connected to an Agilent 1100 HPLC system (Agilent,
Santa Clara, USA) was used for chromatographic separation at 25 °C.
The column was equilibrated in solvent A (5% methanol, 95% H,0 with
0.2% (v/v) formic acid) at a flow rate of 0.5 mL/min. Two pL of sample
were injected and analytes were eluted with a linear gradient from 0 to
100% solvent B (95% methanol, 5% H50 with 0.2% (v/v) formic acid)
over 15 min. Analysis was performed with an Agilent 6470 QQQ MS
equipped with an AJS-ESI ion source in positive ion mode with a
capillary voltage of 3500 V (Agilent, Santa Clara, USA) and MS/MS
analysis parameters as summarized in Table S6 in supplementary
information.

For quantification, calibration curves in blank pig plasma samples —
obtained from a local butcher - spiked with analyte (caffeine, theobro-
mine, theophylline, paraxanthine, 5-ASA, Ac-5-ASA, sulfasalazine, or
sulfapyridine) at concentrations between 2.5 and 2500 ng/mL were
prepared. Sample preparation procedure followed the one described
above for ex-vivo samples. Analyte content in samples were determined
using the obtained calibration curves and corrected for deviations using
the internal standard intensities in the corresponding samples. The
analytical quantification limit was 10 ng/mL.

2.2.4.4. Fecal dropping analysis. Dropping slurries were thawed and
centrifuged for 2 min at 21300 g (Eppendorf centrifuge 5425 R,
Eppendorf, Hamburg, Germany). Three hundred pL of the supernatant
were diluted with 700 pL HO containing 215 ng/mL internal standard
(D9-caffeine or 4-ASA, final concentration 150 ng/mL) and centrifuged
for 5 min at 21300 g, and 950 pL of this supernatant were loaded onto a
Screen A SPE column (Phenomenex, Torrance, USA) equilibrated in 25
mM Tris-Acetate, pH 7.5 for sample clean-up. Analytes were eluted with
600 pL 25 mM Tris-Acetate, pH 7.5 containing 50% (v/v) methanol.
Three hundred pL eluate and 475 pL flowthrough were mixed and
centrifuged for 5 min at 21300 g before filtration over 0.1 pm PTFE
syringe filters (Infochroma, Goldau, Switzerland).

Chromatographic separation, calibration curve in spiked blank feces
extracts — obtained from local breeders — and analyte quantification
followed the LC-MS/MS method employed for plasma sample analysis as
described in section 2.2.4.3.

2.2.4.5. Xyloglucanase assay in cecal and rectal feces samples. One part of
cecal and rectal feces samples was diluted under anaerobic conditions
with two parts of PBS pH 7.4 and 20 mL of this sample-PBS slurry were
mixed with 10 mL glycerol as cryoprotectant. These final samples were
kept at —20 °C until enzymatic activity assay.

Xyloglucanase activity was determined in quadruplicate by incu-
bating two different sample volumes with xyloglucan in solution and
measuring the viscosity reduction of the solution. For this, finally diluted
cecum and rectum fecal samples were thawed at room temperature, and
100 or 200 pL of these slurries were transferred to 5 mL of a 1% w/v
xyloglucan solution at 37 °C prepared in minimal medium consisting of
13.6 g/L KH,POy, 0.875 g/L NaCl, 1.125 g/L (NH4)2S04, 0.5 g/L L-
cysteine (free base), 1.9 pM hematin, 0.2 mM histidine, 0.1 mM MgCly,
0.4 mg/L FeSO4e7 H30, 1 mg/L vitamin K3 (menadione), 8 mg/L CaCls,
5 pg/L vitamin B12. The enzymatic reaction was stopped after 20 or 30
min of incubation at 37 °C by adding 200 pL of 18% HCI to the mixture
and the viscosity of the sample was determined at room temperature.
Viscosity measurement was carried out with a SV-Al Vibro viscometer
(A&D Company, Tokyo, Japan).

The assay was calibrated by incubating 5 mL of a 1% w/v xyloglucan
solution in minimal medium with 100 pL xyloglucanase solution with
concentrations ranging from 2.5 to 50 mU/mL and following the same
protocol as for the cecum and rectum samples. The data points were
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approximated by an empirical function as described previously [16].

2.2.4.6. Pharmacokinetic modeling. The model-independent pharmaco-
kinetic parameters of maximal concentration, Cpax, and time of its
occurrence, tyax, were read directly from the plasma concentration-time
profiles. Statistical analysis was performed with a one-way analysis of
variance (ANOVA) in Excel (Version 2205, Microsoft, USA) at a level of
significance of p < 0.05.

Plasma concentration data of 5-ASA and caffeine and their respective
metabolite were further analyzed using pharmacokinetic modeling as
depicted in Fig. 1.

Gastric emptying was treated as a first order process (IR caffeine) or
was encompassed in a lag time (CCR 5-ASA, CCR caffeine, IR 5-ASA)
reflecting time to reach measurable plasma concentration. Transit
through small intestine was described by a succession of N = 7 com-
partments in accordance to PBPK [42] while the large intestine was
treated as a single compartment. A first order transfer rate constant of
dissolved mass mg between compartments equal to N/t;; was applied.
The full dose of IR tablets was assumed to be present in dissolved form
immediately after administration. CCR tablets were assumed to pass
through the small intestine at a constant velocity within the transit time
ty. Drug release from CCR tablets was assumed to be constant
throughout small intestinal passage and during large intestinal residence
but release rates were allowed to differ between the small and the large
intestine. Fecal loss was considered by adjusting the dose with the ab-
solute bioavailability. Pre-systemic metabolism and peripheral
compartment distribution of metabolite were applicable only to 5-ASA.
For caffeine, the drug fraction pre-systemically metabolized was set
equal to zero (fmet = 0). The meaning of symbols in the equations can be
taken from the legend of Fig. 1, D denotes iv, IR or CCR dose and F
absolute bioavailability.

All measured concentrations were assigned to the actual sampling
times. Dose was corrected with the pig body weight (BW) at the time of
administration (Table S8 in supplementary information). The term
‘caffeine metabolites’ denotes the sum of the three individually
measured methylxanthines. Plasma concentrations of parent drug and
metabolites below the analytical quantification limit of 10 ng/mL were
treated as missing values.

The following systems of ordinary differential equations were
established based on the pharmacokinetic model (Fig. 1). Egs. (1) to (3)
apply to IR caffeine, Egs. (4) to (5) apply to IR 5-ASA, Egs. (6) to (7)
apply to CCR caffeine and CCR 5-ASA, and Egs. (8) to (12) apply to all
types of formulations (iv, IR, CCR) and both drug substances.

dmy
dt[ = _kgz'mst (@)
kgk'ms't - ka.xi'mxi <l) mL(l)7 | =
dmg(i) tw/N @
. (i—1 .
il D) g omg (1) =22 =0
tw /N tw /N
dm[,- m‘,(7)
=0 ke 3
dt ty/N i T ®

The following boundary conditions applied at t = 0: my = Fap; © D/
BW, ms; =0, m; =0

O: [O, zlag)
dmy(i) —kgsi-myi (i) — mji(i). {t, o oo) Ni=
— a.,st 'St ’ ags 4
A te/N @
ms[(i - 1) . msi(i) .
— ko oaema(i) — =2-
ft,-/N ku..sl m.sl(l) l‘r,/N7 tlag7 oo A N
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Fig. 1. Pharmacokinetic model for in vivo data anal-
ysis. mg, mg;, and my;: dissolved mass in the stomach
(gastric), small intestinal (si), and large intestinal (1i)
compartment, mc ap; and M mei: mass of parent drug
and metabolite, respectively, in the central compart-
ment, m,me: mass of metabolite in the peripheral
compartment, Vgap; and Vgmee central volume of
distribution of parent drug and metabolite, respec-
tively, kg: first order gastric emptying rate constant,
tlag: lag time, t,: transit time through the small in-
testine, tenq: endpoint of drug release from CCR tab-
lets during colonic residence, Krej si and Ky 3; (in blue):
zero order drug release rates from CCR tablets in the
small and in the large intestine, respectively, k, s and
kyi: first order absorption rate constant from the
small and the large intestine, respectively, fmet: drug
fraction pre-systemically metabolized, ky,: first order
metabolic rate constant in the central compartment,
Kep,met @and Kpe mee: first order transfer rate constants
from central to peripheral and from peripheral to
central compartment, respectively, Kej apr and Kejmet:
first order elimination rate constant for parent drug
and metabolite, respectively. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this article.)

The following boundary conditions applied at t = tjq: mg(1) =
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Faprime: ¢ D/BW, mg(2 — N) = 0, m; = 0

(6)
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0, [0, f156) For model fitting of the IR data, the average value of total clearance

of parent drug (Eq. (15)) obtained from the iv experiments was used as a

dmy; _ ’;%i/(]z/) — kg, [ tiag, (tiag + tw)) A [ (tiag + tir + tena), ) e constant in the optimization. The absolute bioavailability for caffeine
dt " (Fapp) and 5-ASA (Faprimet) Was estimated from the individual AUC of IR
koo -+ mg(7) Kwirmis [(tog + 1) (tg + o+ 1ond)) jadmmls.tr.atlon. data of eac.h animal with reference to th.e average AUC of

te/N iv administration according to Eq. (17). For 5-ASA in particular, the

fraction of dose that was systemically metabolized (kpy/(km + kel ap1),

The following boundary conditions applied at £ = tiqg: msi(f) = 0, my; = Eq. (16)) was assumed to be equal to 0.8 based on literature reports,

0 taking also into account species differences as well as dose-dependent
0.10.1,)
dme apy _ N (8)
di (1 — fmer)- Zku,.\i'm.ri(i) + (1 — fimet)-ky ji-my; — KM papr — Kepapr-meapr, [l/agv 00)
i=1
0, 10, ti4q
dmr.mel _ ' [ i 1/\/‘g> (9)
dt fmet- Z kosi ® mgi (i) + finet-kyii-my; 4 kiy-Meapr — Keppmer Memer — Kep et Me et & Ko et My et [ tiag, 00)
i=1
metabolism [44-46]. The expression of elimination and distribution
dm 0, [0, 10,) parameters given by Eq. (18) was calculated a priori from the ratio of
pmet { k’ ""“g k ) (10) AUC between API and metabolite of the IR administration individually
di wpane Mener ~ Kot Myt [ Hog 00) for each experiment and the value obtained was used as a constant in the
Mo apt optimization.
CeAPl = TAH an For model fitting of the CCR data, parent drug clearance (Eq. (15))
and the expression of elimination and distribution parameters of Eq.
e, = Memet 12 (18) were kept constant similarly to the IR data. Additionally, small
’ Vimer intestinal absorption rate constant, ks, estimated from the IR experi-
The following boundary conditions applied at t = 0: m¢ op; = D/BW ments was kept constant in the CCR fit.
(for iv); at t = tjqg: M ap; = O (for IR and CCR),m¢ mer = 0, My mee = 0. Clap; = (km + ke,yAP,).deAP, (15)
For iv injections, tiag, Kasi, Kajli, and fmet were equal to 0. For IR
caffeine, tjog = 0. Cl. — Dy ki 16)
The system of Egs. (8) to (12) with either Egs. (1) to (3) for IR " AUCeriy ko + ket apr
caffeine, or Egs. (4) and (5) for IR 5-ASA, or Egs. (6) and (7) for CCR 5-
ASA and CCR caffeine was fitted to individual measured plasma con-
centration data following numerical solution using least square-based
F _ AUCAPI,IR'Div _ AUCAPI.CCR'Div
APl — 5~ OrFAPI_i
AUCAPI,!'V'D[R AUCAP[.iv'DCCR (17)
F _ <AUCAPI.IR AUCmer.IR km ) Div _ (AUCAPI‘CCR AUCmel,CCR km > Div
API+met — - or FAPI+me/ -
AUCAP[.iv AUCmel.iv km + kL’].API DIR AUCAPI,[V AUszt.iv km + keIAP[ DCCR
regression analysis (EasyFit® 5.12, K. Schittkowski, Germany) [43].
Vd,API: Vd,mets kge, tlag, tend, krel,si; krel,li, ka,sis ka,li’ fmet, km, kel,API, kel,met, AUC zp; _ Vd,mez‘kel,mez 1 7fmet 18)
Kep,met, and kpc met Were treated as adjustable parameters. Area under the AUCp  Vaapr  fimet (kn + kepapr) + k- (1 — fimet)
curve (AUC) was calculated by numerical integration of fitted plasma
concentration-time curves until the relative increase of AUC was <0.1% oy
(Egs. (13) and (14)). All reported values represent average + standard Maps.si = / ko siomg(i)-dt 19)
error of individual experiments. 0 =l
AUCxp = /CL:API'd’ 13 Maps li = /ka,zi'mli'dl (20
0 0
2 The estimated values of drug release rates from CCR tablets, ke
AUC e = / Cemerdt 14) and ke ji, and the quantities mupssi and maps 3; calculated by numerical
0 integration of Egs. (19) and (20) and expressing the drug amount

absorbed from the small and the large intestine, respectively, were
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obtained by the deconvolution process and were employed as perfor-
mance indicators of the developed CCR formulation.

3. Results
3.1. Invitro characterization of applied formulations

Drug release profiles of CCR 5-ASA and CCR caffeine tablets were
previously reported [16]. In vitro release profiles of IR 5-ASA and
caffeine tablets, and IR sulfasalazine capsules, are shown in Fig. S1 in
supplementary information. All three IR formulations released >85% of
their respective dose within 15 min, and complete dose dissolution was
measured within 30 min.

API release from the CCR caffeine-sulfasalazine tablet (in combina-
tion) was slightly slower than from CCR caffeine and 5-ASA tablets for 1
U/mL xyloglucanase concentration in the colonic test stage (Fig. S2 in
supplementary information), whereby sulfasalazine showed a somewhat
larger delay than caffeine. Complete drug dissolution was measured
after 9 to 11 h in the colonic dissolution stage.

Table S5 in supplementary information summarizes characteristics
of the iv solutions. Osmolality (300-310 mOsm/kg) and pH values
(7.3-7.4) were comparable for both drug substances and API content
ranged from 101.1 to 104.3% after overnight storage at room
temperature.

3.2. Pharmacokinetic analysis of caffeine and 5-ASA formulations

Plasma concentration profiles as a function of time of parent drug
and main metabolites as well as the corresponding fitted curves are
shown in Fig. 2, Fig. 3, Fig. 4, Fig. 5, Fig. 6, and Fig. 7.

Table 1 summarizes deduced pharmacokinetic parameters. Goodness
of fit [43] for caffeine and its metabolites was >0.97 after IR and > 0.98
after CCR administration. For Ac-5-ASA, goodness of fit was >0.90 and
> 0.92 after IR and CCR administration, respectively. Complete lists of
average deduced parameter values for each formulation can be taken
from Table S9, Table S10, Table S11, Table S12, Table S13, and
Table S14 in supplementary information. A representative profile of
deconvoluted caffeine absorption over time after administration of an IR
and of a CCR tablet is shown in Fig. S3 in supplementary information.
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Caffeine clearance obtained from iv data (Fig. 2) was 0.0341 +
0.002 L/kg/h (Table S9 in supplementary information). Caffeine me-
tabolites appeared delayed in plasma with a tpax of 19 + 3 h and showed
a rather slow elimination.

Gastric emptying rate constant after IR caffeine tablet administration
(Fig. 3) was 2.90 £+ 1.26 h! and kasi was estimated to 4.5 h!
(Table S10 in supplementary information). The ratio of AUC between
API and metabolites amounted to 2.37 + 0.27. IR caffeine tablets gave
an absolute systemic bioavailability, Fapj, of 77.4 + 5.7%. Time until
maximal plasma concentration, tpnax, was 2.7 + 0.8 h for caffeine and
16.5 £+ 2.4 h for the metabolites. Almost 100% of caffeine absorption
was estimated to take place from the small intestine, and total calculated
absorbed mass was in perfect agreement with measured bioavailability
values (Table 1).

In comparison to IR, CCR caffeine tablets (Fig. 4) yielded a signifi-
cantly increased tmax (p < 0.001) and a significantly reduced cpax (p <
0.001) (Table 1). A lag time, tjog, of 2.1 & 0.6 h (Table S11 in supple-
mentary information) was found for CCR caffeine tablets. The ratio of
AUC between API and metabolites was 2.17 + 0.22 (Table S11 in sup-
plementary information). CCR caffeine tablets showed an absolute
bioavailability of 58.2 + 6.2%, corresponding to 75% relative
bioavailability when compared to the IR administration. Roughly 96%
of caffeine absorption for CCR tablets was estimated to take place in the
large intestine. Deduced mass absorbed from the small intestine was
significantly (p < 0.001) smaller for CCR compared to IR caffeine tablet
administration. Total calculated absorbed mass was in perfect agree-
ment with measured bioavailability values. Deduced caffeine release
rate from the CCR tablets was significantly larger in the large intestine
than in the small intestine (krel ;i = 30.9 pmol/h and kel si = 9.8 pmol/h,
respectively, p < 0.05). The relative standard deviation of the individual
estimates [43] from model fitting to data of each animal varied between
0.1 and 8% for Krey1; and between 3 and 71% for K si. Release was
estimated to terminate 19.9 + 2.2 h after colonic arrival of the tablet.

After iv 5-ASA administration (Fig. 5), metabolite appearance in
plasma was very rapid with tp.x values coinciding with that of parent
drug, in line with human data after low dose application of 100 or 250
mg, whereas saturation of acetylation and slower metabolite formation
has been shown at higher doses [44,45]. Clearance of parent drug 5-ASA
and main metabolite Ac-5-ASA obtained from iv data modeling was 2.80
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Fig. 2. Individual plasma concentration profiles after iv caffeine administration as a function of time for parent drug (black) and metabolites (grey). Points represent

measured data and lines fitted model functions.
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Fig. 3. Individual plasma concentration profiles after IR caffeine tablet administration as a function of time for parent drug (black) and metabolites (grey). Points

represent measured data and lines fitted model functions.

+ 0.40 and 0.64 + 0.04 L/kg/h, respectively (Table S12 in supple-
mentary information), whereby the fraction that was systemically
metabolized was set equal to 0.8 [44-46].

Delayed plasma appearance after IR 5-ASA tablet application (Fig. 6)
was measured with a tag of 2.3 £ 0.5 h. The small intestinal absorption
rate constant was estimated to be 2.96 + 1.44 h™1, A significant pre-
systemic metabolism of 92 + 3% was found (Table S13 in supplemen-
tary information) and parent drug plasma concentrations remained
below analytical quantification limit throughout sampling time in three
animals. Wherever measurable, ty,,x of parent drug was identical to that
of metabolite. The ratio of AUC between API and metabolite was equal
to 0.025 + 0.011 (Table S13 in supplementary information). Systemic
absolute bioavailability considering parent drug and its main metabo-
lite, Fap1+met, amounted to 67.0 &+ 7.2%. Absorption was estimated to
take place from both the small and the large intestine, contrasting the
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caffeine results. Total calculated absorbed mass was in perfect agree-
ment with measured bioavailability values.

Comparison between IR and CCR 5-ASA parameters was based on the
main metabolite Ac-5-ASA as justified by the coinciding tyax of parent
drug and metabolite and in accordance with previous in vivo experi-
ments [8], since CCR 5-ASA tablets gave plasma concentration of parent
drug mostly below the limit of analytical quantification (Fig. 7). A lag
time of 2.7 + 0.8 h (Table S14 in supplementary information) was
found. CCR 5-ASA tablets gave a significantly increased ty,x (p < 0.01)
and a significantly reduced cpax (p < 0.05) when compared to the IR
formulation (Table 1). Absolute bioavailability of CCR 5-ASA tablets
amounted to 42.2 + 8.8%, corresponding to 63% relative bioavailability
when compared to the IR formulation. Because of the unquantifiable
plasma levels of 5-ASA, the average values of the pre-systemic meta-
bolism fraction, fmet, and of the expression given by Eq. (18) obtained
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Fig. 4. Individual plasma concentration profiles after CCR caffeine tablet administration as a function of time for parent drug (black) and metabolites (grey). Points

represent measured data and lines fitted model functions.

from the IR 5-ASA experiments were used as constants in model fitting of
the CCR 5-ASA data. A much larger mass was estimated to be absorbed
in the large intestine compared to the small intestine and deduced ab-
sorption from the small intestine was smaller for CCR tablets than for IR
tablets, these model-based estimates for the CCR 5-ASA tablets, how-
ever, are interpreted only as trends and no reliable estimation of 5-ASA
release rates was possible due to the mentioned adoption of the IR values
in the CCR fitting operation and because of the small number of avail-
able plasma concentration data points leading to over-parametrization.
Release from CCR 5-ASA tablets was found to terminate 7.7 + 1.4 h after
colonic arrival. Compared to CCR caffeine tablets, CCR 5-ASA formu-
lations showed a shorter release duration after colonic arrival, and a
lower bioavailability.

Full agreement of calculated total absorbed masses with measured
absolute bioavailability values endorsed pharmacokinetic model val-
idity for all formulations with the exception of CCR 5-ASA, probably
because the used fmet and Eq. (18) values were under- and over-
estimated, respectively (see above).

3.3. Pharmacokinetic analysis of sulfasalazine formulations

3.3.1. IR sulfasalazine

Plasma concentration profiles of sulfasalazine, a diazo prodrug,
sulfapyridine cleaved from sulfasalazine by azoreductases in the large
intestine [12], and the metabolite Ac-5-ASA are displayed in Fig. S4 in
supplementary information. The onset of measurable plasma concen-
tration of sulfapyridine was noted 2 to 3 h after tablet administration.
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The 5-ASA plasma concentration remained below quantification level
throughout the experiment.

3.3.2. CCR caffeine-sulfasalazine

Plasma concentration profiles of caffeine and sulfasalazine as well as
their respective metabolites after co-administration with the same tablet
are displayed in Fig. S5 in supplementary information. The 5-ASA
plasma concentration remained below quantification level. The onset
of measurable plasma concentration was noted 6 to 8 h for sulfapyridine
and 2 to 5 h for caffeine after tablet administration. Time to reach
maximal plasma concentrations, tmax, was practically identical for these
two substances in two out of three experiments and the terminal seg-
ments of their plasma profile were parallel indicating comparable
elimination behavior (Fig. 8).

3.4. Caffeine, 5-ASA, and metabolite content in fecal droppings

Amount of parent drug and metabolites recovered in droppings after
administration of peroral caffeine and 5-ASA dosage forms is shown in
Fig. 9. Despite the practical difficulty of quantitatively collecting fecal
droppings from the pens, leading inevitably to uncertainty, these results
reveal clear trends. Predominately the metabolite Ac-5-ASA was found
in droppings and its cumulative amount represented a large proportion
of the 5-ASA dose administered with the tablets. For caffeine, an overall
small amount of the parent drug and no metabolites was recovered. No
clear difference between IR and CCR administration was detected in
terms of fecal recovery.
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Fig. 5. Individual plasma concentration profiles after iv 5-ASA administration as a function of time for parent drug (black) and metabolite (grey). Points represent

measured data and lines fitted model functions.

3.5. Xyloglucanase activity

Average xyloglucanase activity measured in rectal samples and, after
euthanasia, in cecum samples is shown in Fig. 10. The average (+ SE)
enzyme activity over all rectal samples was 280 (+ 38) mU/g ranging
from 22 to 1210 mU/g while the average value in cecum was 35 (+ 4.6)
mU/mL ranging from 13 to 69 mU/mL (Fig. S6 in supplementary in-
formation). Values of rectal feces samples showed considerable intra-
and interindividual variability but no general effect of study time on
enzyme activity. For each animal, cecal xyloglucanase activity was
lower than the minimal value of the rectal samples.

3.6. Telemetry

SmartPill® telemetric capsules were administered to ten animals.
Data analysis was possible for nine of them, as one capsule did not
transmit any data. The results of pH, temperature, and pressure are
shown in Fig. S7 in supplementary information. Capsule ingestion was
detected by an abrupt temperature increase from room to physiological
body temperature. Gastric emptying was identified by a sharp pH rise of
at least three units. Colonic arrival time corresponding to the ileocecal
junction was detected by a sudden pH decrease of more than one pH unit
and small intestinal transit time was calculated as the difference be-
tween colonic arrival and gastric emptying time. Capsule excretion was
detected by either visual recovery in feces samples or a sharp temper-
ature drop, and the whole gut transit time was determined as the time
from ingestion to excretion [21]. Individual transit times are
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summarized in Table 2.

Gastric emptying time of the telemetric capsule was long and highly
variable and exceeded the battery life of the capsule in four out of nine
pigs. Whole gut transit time could be measured for five animals, for
which small intestinal transit time ranged from 2.6 to 4.5 h while colonic
transit time varied from 18.5 to 62.8 h. Defecation was detected after
whole gut transit times of 99.1 to 135.9 h.

No post-run calibration of the pH measurement could be conducted
(see section 4.5) because the capsules were either not defecated or had
insufficient battery capacity after recovery in the fecal droppings. The
observed pH drift was therefore not corrected and only relative changes
of measured pH values marking the transition between segments of the
gastrointestinal tract were interpreted. The pH profiles showed large
variability during gastric residence yet the passage from the stomach to
the duodenum and the entry into the ascending colon could be clearly
demarcated.

The highest pressure (227 + 14.5 mbar, n = 9) was detected in the
stomach. A pressure baseline change occurred between 0 and 3.5 h after
colonic arrival.

4. Discussion
4.1. Invitro formulations analysis
Dissolution testing and drug release from CCR tablets in vitro was

extensively discussed previously [16]. The slightly lower release rate of
caffeine from CCR tablets containing caffeine and sulfasalazine
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Fig. 6. Individual plasma concentration profiles after IR 5-ASA tablet administration as a function of time for parent drug (black) and metabolite (grey). Points

represent measured data and lines fitted model functions.

compared to the pure caffeine CCR tablets is probably because of the
different granulation methods used, producing higher density particles
by high shear granulation in the former compared to fluidized bed
granulation in the latter ([16] and Table S2 in supplementary infor-
mation). Sulfasalazine release was slower than caffeine release under
colonic test conditions which was probably because of the lower solu-
bility and the non-sink measurement conditions of sulfasalazine [47,48]
compared to caffeine [49].

Release characteristics of IR caffeine and 5-ASA formulations were
confirmed in gastric dissolution media while capsules containing Sala-
zopyrin® tablet halves showed IR characteristics when tested in intes-
tinal media confirming the absence of influence of the manipulation of
the commercial product on dissolution. Testing was carried out in in-
testinal media because of the poor solubility of sulfasalazine in acidic pH
[48].
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4.2. Modeling and basic pharmacokinetic parameters

Release rates of CCR tablets and absorbed drug quantities from small
and large intestine for IR and CCR tablets were estimated from measured
plasma concentration profiles by deconvolution based on fitting of the
PBPK model. Parent drug and metabolite data were both used in the
model, as plasma concentrations of 5-ASA were highly variable and
mostly not quantifiable when CCR tablets were administered. Results of
each animal were modeled individually and average values with stan-
dard errors of estimated parameters are reported to convey a sense of
interindividual variability. Average API clearance from the iv experi-
ments and an expression of disposition parameters (Eq. (18)) of each
individual animal experiment were used as constants in model fitting of
the data of the respective experiment to provide stability of optimiza-
tion, since no randomized cross-over study design was employed. Both
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Fig. 7. Individual plasma concentration profiles after CCR 5-ASA tablet administration as a function of time for parent drug (black) and metabolite (grey). Points
represent measured data and lines fitted model functions. Parent drug curves are simulated (with one exception) and remain below the limit of analytical

quantification.

these quantities exhibited small variability (see Results section). For
CCR 5-ASA tablet data, the average value of Eq. (18) calculated from the
IR 5-ASA experiments was used as a constant in the optimization
because API plasma levels in the former were mostly not quantifiable
(see Section 3.2). Dose fraction absorbed in the IR experiments was
defined as absolute bioavailability, which in the case of 5-ASA included
the metabolite to account for the extensive pre-systemic metabolism.
First order gastric emptying was appropriate for modeling IR caffeine
but not IR 5-ASA data. Sedation, necessary for drug administration, did
not seem to affect gastrointestinal motility of the pigs, as demonstrated
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by the rapid plasma appearance of drug after IR caffeine administration.
To estimate first order small intestinal absorption rate constant, ks s, of
caffeine, values within a wide range were assigned to this parameter and
the value providing the smallest cumulative residuals of the optimiza-
tion over all experiments was determined. The resulting k, s; value of 4.5
h~! was in the range of reported absorption rate values for caffeine in
man [50] while a gastric emptying rate constant and variability thereof
were obtained in general agreement with reports about gastric emptying
in pigs [29,34,51].

Contrary to caffeine and agreeing with previous work [3], a lag time
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Table 1
Deduced pharmacokinetic parameters from animal study (mean =+ standard
error).

Tablet formulation Parameter Caffeine 5-ASA
Replicates 8 8
Dose (pmol) 1030 1306
tmax (h) 2.7 £0.8 48 £ 1.1%

IR Cmax (MM) 33.4+22 7.5 £ 2.0*
F (%) 77.4 £ 5.7 67.0 + 7.2%*
Mabs,si (mol) 796 + 59.0 561.6 + 180.6"*
Myps 1 (Hmol) 0.2+0.1 311.7 £ 107.6**
Replicates 5 8
Dose (pmol) 1030 1306
tmax (h) 25.8 £ 2.2 13.2 + 1.8%
Cmax (UM) 13.0 £ 1.5 1.6 + 0.9%

CCR F (%) 58.2 + 6.2 42.2 + 8.8%*
Maps,si (pmol) 27.3+£5.9 61.0 + 15.5"
Maps,1i (Pmol) 580.1 + 65.0 610.5 + 146.9" 7
Krelsi (pmol/h) 9.8 +21 -
Krey1i (pmol/h) 30.9 + 6.0 -

" Based on the drug metabolite Ac-5-ASA.
" Based on the sum of parent drug, 5-ASA, and drug metabolite, Ac-5-ASA.
# Estimated using fmet and Eq. (18) values of the IR experiment.

was required for modeling plasma profiles of IR 5-ASA tablets. This may
be related to the extensive intestinal and liver first-pass metabolism,
which is saturable as absorption rate increases [52], in combination with
an initially incomplete dissolution of the administered 5-ASA dose in the
upper small intestine, lowering the absorption rate. Indeed, 5-ASA sol-
ubility is highly pH-dependent and ranges from 1.4 to 9.4 mg/mL
[14,53] at physiological pH values in the small intestine considering
microenvironmental pH decrease upon 5-ASA dissolution at the given
buffer capacity [54]. Dissolution of the administered dose in 100 mL of
fluid yields a concentration within this range indicating that saturation
might be reached in vivo. The employed dose of 200 mg in the 5-ASA
tablets, although proven in this work to be too low for facile pharma-
cokinetic analysis, was chosen in order to be equal to the one of caffeine
and allow the manufacture of tablets with identical size, shape, and drug
load for both APIs. The determined k, s value of 2.96 h™?! for 5-ASA is
comparable to that of caffeine. The large fraction of pre-systemic
metabolism, fmet, after peroral 5-ASA administration probably resul-
ted from the comparatively small dose employed and is in agreement
with undetectable 5-ASA but substantial Ac-5-ASA plasma levels after IR
sulfasalazine administration.
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A typical small intestinal transit time of three hours was derived from
the time until notable increase in sulfapyridine plasma concentration
occurred after peroral administration of IR sulfasalazine (Fig. S4 in
supplementary information), in combination with the results of the
telemetry measurements (Table 2). This transit time is supported by
literature and was reported to show rather small intra- and interindi-
vidual variability [10].

The sum of the three caffeine metabolites was used for simplicity in
the present pharmacokinetic analysis. Although caffeine metabolism
was described to differ between species in terms of variable ratio be-
tween the three methylxanthines [55,56] this was not deemed relevant
in this study. Nevertheless, reported caffeine clearance is similar for man
and pig [57] and comparable to the results of this work. Pharmacoki-
netics and biotransformation of 5-ASA are identical in man and pig [25].

A two-compartment model provided better goodness of fit of Ac-5-
ASA data and has been used for 5-ASA previously [3,39]. For all other
molecular species, one compartment model was adequate. The caffeine
doses employed in this study displayed linear pharmacokinetics while
both linear and dose-dependent pharmacokinetics were presented in the
literature [58,59].

4.3. Evaluation of colonic delivery

The CCR formulation had a significant impact on model-independent
pharmacokinetic parameters ¢y ,x and ty,,x compared to the IR tablets for
both drug substances. The strong increase of ty,x and accompanying
decrease of cyax as well as the magnitude and reproducibility of tyax
(25.8 + 2.2 and 13.2 + 1.8 h for caffeine and 5-ASA, respectively) for
CCR tablets are viewed as indications of drug absorption taking place
from the large intestine. The increase of tpyay Was stronger for caffeine
than for 5-ASA. This results, firstly, from the longer ty,x of IR 5-ASA
compared to IR caffeine (4.8 vs. 2.7 h, respectively), which is consis-
tent with the lag time of IR 5-ASA of 2.3 h, and secondly from the shorter
tmax Of CCR 5-ASA compared to CCR caffeine. The latter might be
attributed to less efficient absorption of 5-ASA in lower regions of the
large intestine (see discussion below).

Co-administration experiments of caffeine and sulfasalazine formu-
lated in the same CCR tablet were performed to test the hypothesis of
drug absorption for these tablets taking place predominantly in the large
intestine. The onset of measured caffeine plasma concentration was the
same as the tj,¢ of the pure CCR caffeine tablets and manifested delayed

12'000 - r 5000
10'000 - | 4000 o
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t 3000 2
6'000 1 3
b 2000 &
4000 1 ]
000 B

2'000 1 L 1000

0 4 0
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Time (h)

Fig. 8. Individual plasma concentration profiles after CCR caffeine-sulfasalazine administration as a function of time for caffeine (grey circles) and sulfapyridine
(blue squares). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 2

Individual transit times of a telemetric capsule administered to fasted pigs. GET: gastric emptying time, SITT: small intestinal transit time, CAT: colonic arrival time,

CTT: colon transit time, WGTT: whole gut transit time.

Pig replicate 1 2 3 4 5 6 7 8 9 10
GET (hh:mm) 45:57 >136 >91 44:28 >84 108:53 - >124 70:00 69:18
SITT (hh:mm) 2:36 - - 3:36 - 2:56 - - 4:27 3:46
CAT (hh:mm) 48:33 - - 48:04 - 111:49 - - 74:27 73:04
CTT (hh:mm) 50:33 - - 54:10 - 18:46 - - 34:24 62:47
WGTT (hh:mm) 99:06 - - 102:14 - 130:35 - - 108:51 135:51

absorption compared to IR tablets. This onset of measured caffeine
plasma concentration occurred 3 to 4 h earlier than the one of sulfa-
pyridine which is consistent with the observed delay of sulfapyridine
plasma appearance upon administration of the IR sulfasalazine formu-
lation (Fig. S4 in supplementary information). This suggests that after
release of caffeine and sulfasalazine from the CCR formulation, sulfa-
pyridine is generated by microbial enzymes [12] upon arrival of
released sulfasalazine in the large intestine from where sulfapyridine is
subsequently absorbed. Notably, the practically identical ty,,x of the two

434

substances following a steep concentration rise (Fig. 8) indicates that
they are absorbed concomitantly and supports the hypothesis that
caffeine is absorbed from the large intestine when administered with
CCR tablets. One of the CCR caffeine-sulfasalazine co-administration
experiments yielded plasma profiles with a different shape of the
ascending part that differed also in their ty,,x and were thus inconclusive
in this respect invoking the exclusion of such results from further
evaluation.

Model-based analysis reveals overwhelming absorption of caffeine



V. Doggwiler et al.

for CCR tablets in the large intestine while absorption of caffeine for IR
tablets is calculated to take place practically exclusively in the small
intestine (Table 1). Absorption as a function of time for both tablet
formulations is depicted in an example in Fig. S3 in supplementary in-
formation. These results are consistent with literature reports about
good caffeine absorption throughout the gastrointestinal tract [11,41]
and the generally rapid absorption of caffeine in man [60]. For CCR 5-
ASA tablets, predominant absorption in the large intestine is deduced
on account of the metabolite detected in plasma. Decreasing 5-ASA
absorption from proximal to distal regions of the gastrointestinal tract
has been described [44,52] yet the previously held assumption that 5-
ASA exhibits practically no absorption from the colon [61] has been
proven inaccurate by sulfasalazine administration experiments, in
which 5-ASA was measured in plasma in man [39,62]. In the present
work, however, 5-ASA is completely metabolized pre-systemically in the
liver. Absorption for IR 5-ASA tablets appears to take place from both
the small and large intestine. In view of reports describing rapid 5-ASA
absorption from the upper gastrointestinal tract in man [44] this result
may be due to slow drug dissolution leading to a lag time (see above) and
incomplete dose absorption in the small intestine considering also the
small intestinal transit time of three hours employed in the model.
Notably, the estimated absorbed mass from the small intestine was
significantly smaller for CCR than IR tablets and amounted to 2.6% of
the initial caffeine dose and a similarly small percentage of the 5-ASA
dose.

Drug release from CCR tablets and drug absorption are modeled as
distinct kinetic processes allowing for independent transport of tablet
and dissolved drug along the gastrointestinal tract. Absorption from the
large intestine practically commences when time exceeds the sum of lag
time plus small intestinal transit time given that both drugs are reported
to be readily absorbed in the small intestine [44,60] and that the
deduced absorption rate constants in the small intestine were large (K, s
=4.5h"! and 2.96 h™! for caffeine and 5-ASA, respectively). Therefore,
it can be inferred from the present results that drug release from CCR
tablets took place predominantly in the large intestine. This data,
therefore, provides evidence of controlled colonic delivery. Also, very
limited drug release in the small intestine is implied. This underscores
the function of the xyloglucan matrix to prevent release after coating
dissolution and before tablet entry into the colon. The release delaying
function of the coated polysaccharide matrix is further manifested by the
increased t5¢ of the CCR tablets for all tested substances compared to
their IR counterparts which is considered to comprise the time until
coating dissolution and begin of release from the matrix in the small
intestine.

Deduced drug release rate from CCR caffeine tablets in vivo was much
larger in the large intestine compared to the small intestine (Table 1).
The significant increase of release rate in the colon reflects the action of
bacterial enzymes on the tablet matrix eliciting hydrolysis of xyloglucan
and confirms the drug release-triggering mechanism by the colonic
microbiome. Considerable release acceleration by bacterial xylogluca-
nase was demonstrated with these tablets in vitro [16]. Caffeine release
rates of 65 and 105 pmol/h were measured at 0.1 and 1 U/mL xylo-
glucanase concentration, respectively. The deduced in vivo value for
large intestine of ke ;; = 30.9 pmol/h in the present work is broadly
comparable with the in vitro results considering the differences in media
volume, texture and composition [63,64]. Notably, the xyloglucanase
activity concentration determined in rectal and cecal samples (Fig. 10) is
within the range of the in vitro values corroborating these release rates.
This work, hence, demonstrates an interesting example of in vitro — in
vivo correlation in colonic drug delivery.

The absolute systemic bioavailability of caffeine of 77.4% after IR
administration was in line with reported data for oral caffeine dosing in
pig [57] and man [50]. A still reduced bioavailability was observed for
the CCR caffeine tablets yielding considerably slow controlled drug
release yet no evidence of pre-systemic caffeine metabolism that might
contribute to this effect can be found in the literature. It can be ruled out,
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however, that this reduced bioavailability is due to poor absorption or
incomplete release of the drug from the tablets since only a very limited
caffeine amount was recovered in the fecal droppings (Fig. 9). Phar-
macokinetic analysis revealed that constant caffeine release continued
for and was completed within 19.9 h after large intestinal arrival. This
duration is within the colonic transit time of the animals (Table 2) and is
compatible with typical colonic transit time in man [65] underlining the
capacity of these CCR tablets for efficient colonic delivery.

The obtained 67.0% absolute systemic bioavailability after IR 5-ASA
administration was despite the inclusion of the main metabolite lower
than in previous reports describing rapid 5-ASA absorption from the
upper gastrointestinal tract in man [44]. The comparatively low dose in
combination with slow dissolution and extensive pre-systemic meta-
bolism (see discussion above) are likely responsible for this result. The
still lower bioavailability of CCR 5-ASA tablets, providing controlled
slow release, is probably related to the non-linearity of the pre-systemic
intestinal metabolism and/or the reported diminished efficiency of ab-
sorption from distal regions of the gastrointestinal tract [44,52]. The
substantial amount of Ac-5-ASA metabolite recovered in the fecal
droppings for the IR and the CCR form (Fig. 9) indicates intestinal
epithelial metabolism and metabolite efflux into the lumen, given that
the colonic microbiome has reportedly a negligible acetylation capacity
[46,66,67]. The results also demonstrate complete release of 5-ASA from
the CCR tablets as no parent drug was recovered in the droppings.
Deduced release duration of 5-ASA in the large intestine was 7.7 h, being
much shorter in comparison to caffeine. This likewise reflects reduced
absorption efficiency in the large intestine and the dominating epithelial
pre-systemic metabolism in combination with apical metabolite efflux
and is congruent with colonic delivery; this value, nevertheless, likely
represents an underestimate of the true release duration from the tab-
lets. Double peaks observed in plasma profiles after CCR 5-ASA
administration are hypothesized to correspond to absorption in the
small and the large intestine and be due to pH difference between those
segments affecting solubility, as well as the onset of enzymatic action in
the colon.

Taken together, results of this animal study provide evidence that
colonic delivery can be achieved with the developed CCR tablet
formulation. While xyloglucanase activity in porcine rectal samples was
in line with human data (section 4.4), enzyme concentration is insuffi-
ciently characterized in IBD patients. However, considering the broad
dietary prevalence of xyloglucan, a complete absence of enzyme activity
towards this hemicellulose is seen as unlikely [68]. Yet a fairly large
variation of enzymatic activity in man considering also different dietary
habits may be expected. Such a variation was actually found in the pigs
(Fig. 10) but this was not reflected in the pharmacokinetic data
(Table 1). Interestingly and in agreement with this animal study, in vitro
data demonstrated that a ten-fold difference in enzyme concentration
resulted in a less than two-fold difference in drug release rate [16]. This
weak dependence of drug release rate on the enzymatic activity is
examined in a follow-up mechanistic manuscript which shows that
xyloglucan matrix erosion, being largely responsible for drug release,
depends primarily on aqueous media ingress velocity into the matrix and
xyloglucan dissolution rate and to a lesser degree on enzyme concen-
tration. Therefore, the anticipated enzyme variability in man including
that in the state of disease should not be expected to have a jeopardizing
influence on colonic delivery performance of the developed CCR dosage
form in the clinical setting. Further, a prolonged transit through the
proximal large intestine [69,70] as well as transit acceleration in ul-
cerative colitis patients were reported [71], while free fluid volume may
also influence colonic drug delivery. Yet despite the considerable vari-
ability of reported colonic transit time in man, release duration of the
CCR tablets largely conforms with average transit time values thus as-
suring local bioavailability of the luminal drug dose at the site of action
based in which therapeutic efficacy in man may be expected.
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4.4. Xyloglucanase activity

Xyloglucanase activity in cecum was lower than in rectal samples for
each individual pig, being consistent with an increasing bacterial den-
sity from proximal to distal parts of the gastrointestinal tract [72]. Given
the median retention time at the ileocecal junction of 43 min [73], CCR
matrix degradation by microbial xyloglucanase and concomitant drug
release is expected to take place primarily in the colon. No systematic
influence of the study protocol — with its recurrent sedation or the
employed drug substances — on xyloglucanase activity and thus the
microbial digestive capacity towards xyloglucan could be detected
within data variability.

Measured enzyme activity was comparable to preliminary data ob-
tained for healthy human volunteers [16]. Microbial species distribution
in cecal and rectal pig samples was in accordance with previous studies
[74,75]. Firmicutes and Bacteroidetes phyla were dominant in porcine
cecal and rectal samples, these two phyla being also predominant in the
human colonic microbiome [76]. A comprehensive report on the porcine
microbiome is the subject of an upcoming manuscript.

4.5. Telemetry and gastrointestinal transit times

The small intestinal transit times between 2.6 and 4.5 h obtained in
this study are highly similar to previously reported human [77] and pig
[30] data and are in agreement with results of sulfapyridine appearance
in plasma after IR tablet administration. Further, small intestinal transit
times as measured by the SmartPill® capsule were reported to be
comparable to those of monolithic dosage forms [30], providing the
basis for the small intestinal transit time of three hours used in the
present pharmacokinetic evaluation.

Colonic transit time between 18.8 and 62.8 h varied within previ-
ously reported ranges in pigs [30,34] while the correspondence to man
is difficult to establish given the variability of reported data [10,65,78].
Colonic transit times measured by the SmartPill® capsule are reportedly
comparable to those of monolithic dosage forms [30], whereas large
dosage forms progress faster through the colon than small particles
[21,79]. The measured values may therefore be regarded as lower limit
when used to predict the behavior of the CCR tablet.

The gastric emptying times ranging from 44 to >136 h measured in
this study are in a similar range as the 68-233 and 20-118 h reported
previously for fasted and fed Landrace pigs, respectively [30]. Size and
density of the SmartPill® [21,80], but also physiological and anatomic
characteristics of the pigs such as the motor activity [81,82], the size of
the pylorus [30], or the shape of their stomach [30] might explain the
rather long and variable gastric retention. All studies describing delayed
gastric emptying of solids in pigs employed oblong devices with high
density such as the SmartPill® [30], the BRAVO [80], or the Heidelberg
pH capsule [81,82]. It was reported that several interdigestive migrating
motor complex cycles may be necessary for transferring large telemetric
capsules from the stomach to the duodenum of pigs [77,83]. However,
non-disintegrating tablets could be emptied from fed stomach into the
small intestine in as few as 0.08 to 2.2 h after meal ingestion [83].
Further, comparatively short gastric emptying times in the range of 1.5
to 6 h were obtained from scintigraphy measurements in pigs [34]. The
results of the present study concerning tiag, tmax and their good repro-
ducibility are consistent with moderate gastric emptying times for
monolithic dosage forms and subsequent drug release in the colon. They
do not generally agree with the large and hugely variable gastric
emptying time obtained with telemetric devices, although individual
deviations should be carefully examined. Differences in size, shape, and
density between the CCR tablets and these devices may be responsible
for the observed differences in gastric emptying.

Passage from one gastrointestinal compartment to another charac-
terized by relative pH differences were finally supported by temperature
and pressure data: Temperature measurements by telemetric capsules
during gastric residence are influenced by the temperature of liquid or
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food ingested [21], while colonic pressures showed a different baseline
than small intestinal regions [30].

5. Conclusion

Analysis of pharmacokinetic data of two active ingredients, caffeine
and 5-ASA, and a marker compound, sulfapyridine, in plasma and in
feces including absolute bioavailability and deconvolution-derived in-
testinal absorption and drug release figures are consistent with colonic
delivery and provide compelling evidence that the developed CCR tablet
formulation affords predominant drug release in the colon. This repre-
sents in vivo proof of principle of the dual release control concept con-
sisting of an enteric coating and a microbially-digested xyloglucan
matrix for efficient colonic delivery. The domestic pig model provides
data reasonably allowing the conclusion that the concept can be appli-
cable in man.
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