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Abstract

Background: Enteric microencapsulation of the potential immunosuppressant TRAM-34 was investigated as a
means of enhancing oral drug delivery and minimizing or eliminating hydrolysis of pyrazole-substituted
triarylmethane to the respective alcohol. Method: TRAM-34 was successfully enteric microencapsulated by
a coacervation method using the pH-sensitive Eudragit L 100 polymer. In this study, we utilized
water-miscible organic solvents such as acetone and ethanol, which are considered safe class 3 solvents
according to the ICH guideline. We deemed such an approach suitable for safe scale up and for enteric
coating application to other compounds of a similar lipophilicity. Results: The resulting microparticles
were spherical and uniform with an average particle size of 460 um at 15% theoretical loading. The encap-
sulation efficiency was 90 + 1.9% and the percentage yield was found to be 91.5 + 0.3%. The oral adminis-
tration in rhesus macaques of TRAM-34-loaded enteric-coated microparticles illustrated six times
enhancement in its oral bioavailability. However, the TRAM-34 plasma concentration was less than the
therapeutic effective level. Conclusion: The low oral bioavailability, even after enteric coating, could be

attributed to the compound's inherent absorption characteristics and high lipophilicity.
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Introduction

Formulations play a key role in assessing the biological
properties of a molecule during drug discovery. Maxi-
mizing exposure is the primary objective in early animal
experimentation, so that the pharmacokinetics, phar-
macodynamics, and toxicological signals can be
matched to the pharmacodynamic response. However,
discovery screening hits or early lead compounds often
exhibit poor physicochemical properties, solubility, and

pharmacokinetic attributes, making in vivo assessment
of the ‘drug ability’ a challenge. Thus, enhancement
through formulations have become an increasingly
important addition to traditional drug efficacy and tox-
icity evaluations, as pharmaceutical scientists strive to
accelerate drug discovery and development processes
in a time- and cost-effective manner'2.

The antimycotic clotrimazole, a potent inhibitor of the
intermediate conductance calcium-activated K* channel
(KCa3.1), was suggested as immunosuppressant® based
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Figure 1. Structure of 1-[(2-chlorophenyl)-diphenylmethyl]-
1H-pyrazole (TRAM-34).

on the fact that KCa3.1 is upregulated in naive T cells fol-
lowing mitogenic or antigenic activation*®. However,
clotrimazole’s inhibition of cytochrome P450 enzymes
limits its therapeutic value, creating a need for a truly
selective KCa3.1 inhibitor. By identifying and exploit-
ing differences in the pharmacophores required for
channel block and cytochrome P450 inhibition, Wulff
etal. designed and synthesized TRAM-34 (1-[(2-chlo-
rophenyl)-diphenylmethyl]-1H-pyrazole) (Figure 1)°.
TRAM-34 was found to inhibit the cloned and the native
KCa3.1 channel in human T lymphocytes with an ICg,
of 20 nM to exhibit an excellent selectivity over other ion
channels and to effectively inhibit T-cell proliferation®.
Therefore, TRAM-34 was proposed as promising new
immunosuppressant. However, the compound’s high
lipophilicity (log P = 4) and its susceptibility to acidic
hydrolysis hindered the preclinical in vivo testing.

As oral delivery is impossible without passing the
acid stomach, we report here the development and the
evaluation of drug-loaded enteric microparticles suit-
able for lipophilic and acid-labile compounds, such as
TRAM-34, as a means of enhancing oral drug delivery.

Among the numerous methods described for
microencapsulation’, a coacervation process appeared
to be most suitable for the enteric coating of TRAM-34,
which is practically insoluble in water and soluble in
some organic solvents. Eudragit L 100 (poly(meth-
acrylic acid-co-methyl methacrylate) 1:1) was utilized
as the enteric coating polymer. The formulation of a
multiparticulate system is thought to be preferable to a
single-unit dosage form because the small particles
spread out more uniformly in the gastrointestinal tract.
However, multiparticulate system enteric coating could
be a challenge sometimes because of the aggregation of
microparticles during coacervation. The rapid rise in
apparent viscosity of the polymer-rich region causes
undesirable cohesion and aggregation of microparticles.

This could be reduced by using a shock-preventing
agent such as hydroxypropylmethylcellulose (HPMC)
or cationic surfactants that are strongly adsorbed at
the interface of the coacervate and its surrounding
medium, reducing the interfacial tension and reduc-
ing the tendency of the particles to aggregate”®.

As toxic organic solvents can interfere with the in
vivo testing’ and also might pose problem for later
industrial scale-up, we used safe water-miscible organic
solvents (ICH class 3 solvents) to dissolve TRAM-34.
HPMC and phosphate buffer were then utilized to
induce a phase separation of the polymer and subse-
quent forming of the enteric microparticles by coacer-
vation. To test its bioavailability, TRAM-34 was then
administered to Rhesus Macaques intravenously, orally
without enteric coating and orally with enteric coating
as microcapsules.

Materials and methods

Materials

TRAM-34 was synthesized as previously described®.
Eudragit L 100 was obtained from Degussa AG
(Darmstadt, Germany). HPMC was obtained from
DOW Chemical Company (Pevely, MI, USA). Acetone,
ethanol, monobasic potassium phosphate, sodium
hydroxide, and high-performance liquid chromatog-
raphy (HPLC)-grade solvents were obtained from
Fisher Scientific (Fairlawn, NJ, USA).

Preparation of drug-loaded enteric microparticles

Enteric microparticles were prepared by modified coac-
ervation techniques”®. The aqueous polymer phase was
prepared by dissolving 1 g HPMC in 1000 mL phosphate
buffer (0.1 M, pH 7.2). The organic enteric polymer
phase was prepared by dissolving the enteric polymer
Eudragit L 100 (16.1%, w/w) and TRAM-34 (3.2%, w/w)
in acetone. The phase separation of enteric polymer
solutions and precipitation of TRAM-34 upon addi-
tion of the aqueous phase to the organic polymer/
TRAM-34 phase was evaluated by the addition of 1%
(w/w) HPMC aqueous solution to 10 g solutions con-
taining 20% (w/w) enteric polymer in either acetone or
ethanol (ICH class 3 solvents) while stirring at 700 rpm
(Barnstead International, Dubuque, IA, USA). The
phase separation and precipitation point was the vol-
ume at which the solution became turbid. Acetone was
used after trials to optimize the enteric coating formu-
lation process. The enteric microparticles were formed
by gradual mixing of 15 g aqueous polymer solution (1%
HPMC) into 10 g organic phase containing the enteric
polymer and TRAM-34 while stirring at 700 rpm for
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8 minutes. The order of mixing of the organic phase and
aqueous polymer solution was investigated. The result-
ing viscous microparticles suspension was diluted with
50 mL water and stirred for 10 minutes. The micro-
particles were then collected by centrifugation (349 x g,
10 minutes), freeze-dried (14 hours), and stored in des-
iccators until use.

High-performance liquid chromatography

The HPLC analysis was performed using Agilent 1100
series chromatographic system (Agilent Technologies,
Palo Alto, CA, USA) equipped with a C,4 Sunfire™ col-
umn (4.6 X 150 mm; 5 um) (Waters, Milford, MA, USA)
preceded by a SecurityGuard™ in-line filter frit
(Phenomenex®, Torrance, CA, USA). The mobile phase
consisted of acetonitrile 60% (v/v), water 25% (v/v), and
methanol 15% (v/v) at a flow rate of 1.5 mL/min. The
injection volume was 10 uL. Chromatographic analysis
was performed at 220 nm. The enteric polymer carrier
did not interfere at this wavelength and chromato-
graphic conditions. Furthermore, data analysis,
including peak recording and integration, was per-
formed utilizing Agilent ChemStation software (version
4.2 Agilent Technologies Inc., Santa Clara, CA, USA).
The method was validated over the concentration range
used and deemed suitable for TRAM-34 analysis.

In vitro characterization of microparticles

The morphology and size distribution of the enteric
microparticles were observed using Philips Tecnai 12
Biotwin microscope with an accelerating voltage of 100
kV at the University of Kentucky Medical Center Imag-
ing Facility. A dried microparticle sample was dispersed
directly into distilled water, and then a copper grid
coated with a carbon film was put into the previous sus-
pension several times and left to incubate for 2 minutes
at room temperature. After drying and removal of
excess fluid, the samples were negatively stained with
2% uranyl acetate, and the grids were examined and
recorded with the transmission electron microscope
images. The surface morphology of the TRAM-34-loaded
microparticles was examined with a scanning electron
microscopy (Hitachi SEM-4300, Hitachi Inc., Ibaraki,
Japan) operated at 3 kV. The microparticles were spread
and fixed on a holder with double-sided tape and coated
with gold-palladium under an argon atmosphere (SCD
040; Balzers Union, Balzers, Liechtenstein).

The TRAM-34 loading in the microencapsules was
determined in triplicate by dissolving 100 mg micropar-
ticles in 25 mL phosphate buffer (pH 6.8) followed by
addition of 75 mL of acetonitrile. The drug content of
the resulting solution was determined by HPLC as
described above. The encapsulation efficiency (EE) of

TRAM-34 in the resulting enteric microcapsules was
determined as the mass ratio of the actual and theoreti-
cal TRAM-34 loading, expressed on a percentage basis.
The microparticle yield was the ratio between the
amount of microparticles recovered and the weight of
drug and polymer used for the preparation of the
microparticles, expressed on a percentage basis.

In vitro TRAM-34 release

In vitro dissolution studies were carried out on the
microspheres at 37°C (2£0.5°C) at 100 rpm with USP Dis-
solution Apparatus II using the procedure for enteric-
coated products at two successive different pH media
(500 mL of 0.1 N HCl or pH 6.8 phosphate buffer,
50 rpm, 37 + 0.5°C, n = 3) (VanKel 7000; Vankel Indus-
tries, Edison, NJ, USA). At predetermined time intervals,
1-mL samples were withdrawn and replaced with fresh
dissolution medium.

Pharmacokinetics of TRAM-34 microcapsules

Four male adult SIV-negative Rhesus Macaques (Macaca
mulatta) of comparable age and weight (12-17 kg) were
housed in standard steel cages at an ambient tempera-
ture of 26 + 3°C and 20-40% humidity, with free access to
food and water, at the Yerkes National Primate Research
Center of Emory University. Their housing, care, diet,
and maintenance were in conformance to the guidelines
of the Committee on the Care and Use of Laboratory Ani-
mals of the Institute of Laboratory Animal Resources,
National Research Council, and the Health and Human
Services by standard guidelines ‘Guide for the Care and
Use of Laboratory Animals’.

The monkeys were randomly divided into two
groups to investigate the TRAM-loaded enteric micro-
particles (25 mg/kg) and powdered TRAM-34 (50 mg/kg).
The animals were fasted but had free access to water
overnight. Each monkey received the dose mixed into
chocolate treat. The accurate dose was calculated per
the ingested amount.

For intravenous (i.v.) administration after 2 weeks
washout period, TRAM-34 was dissolved at 5 mg/mL in
amixture of 25% Cremophor®EL and 75% phosphate-
buffered saline at 5 mg/kg dose. After dose adminis-
tration, monkeys were anesthetized with 10 mg/kg of
ketamine hydrochloride that was administered intra-
muscularly for multiple sampling every 1-2 hours as
needed. Blood samples (0.5 mL) were collected into
EDTA blood sample collection tubes predose and at
0.5, 1, 2, 4, 6, 8, 12, and 24 hours postdose. Plasma
was then collected by centrifugation at 1,398 x g for
10 minutes. The obtained plasma samples were stored at
—80°C until analysis by liquid chromatography-mass
spectroscopy (LC-MS).
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LC-MS assay

Plasma samples were purified using C, 4 solid phase extrac-
tion (SPE) cartridges. Eluted fractions corresponding to
TRAM-34 were dried under nitrogen and dissolved in
acetonitrile. LC-MS analysis was performed with a
Hewlett-Packard 1100 series HPLC stack equipped with
a Merck KGaA RT 250-4 LiChrosorb RP-18 column
interfaced to a Finnigan LCQ Classic MS. The mobile
phase consisted of acetonitrile/water with 0.2% formic
acid. The flow rate was 1.0 mL/min and the gradient
was ramped from 20/80 to 70/30 in 5 minutes and then
to 80/20 over 11 minutes. With the column temperature
maintained at 30°C, TRAM-34 eluted at 14.4 minutes
and was detected by a variable wavelength detector set
to 190 nm and the MS in series. Using electrospray
ionization MS (capillary temperature 270°C, capillary
voltage 1 V, tube lens offset -15 V, positive ion mode)
TRAM-34 was quantified by its base peak of 277 m/z
(2-chlorotrityl fragment) and concentrations calculated
with a five-point calibration curve from 25 nM to 2.5 uM.
Concentrations above 2.5 pM were quantified by their
UV absorption at 190 nM. The related compound
TRAM-46 (base peak of 261 m/z, 2-fluorotrityl frag-
ment) was used as an internal standard.

Pharmacokinetic analysis

The AUC (area under concentration-time curve), Ty,
(time at which maximum concentration occurs), C .«
(maximum concentration), Clg (systemic clearance),
and Vg4 (volume of distribution) were calculated when
possible for the data using WinNonlin version 5.0 (Phar-
sight Corp., Mountainview, CA, USA). No statistics were
performed as only two RMs were used. The bioavail-
ability of the oral microcapsules was calculated using

the following formula:

ax

AUC,,, /Dose,,

Bioavailability = ,
AUC;, /Dose;,

where AUC,,, and Dose,,, are the AUC and dose following
oral administration of either the powder or the micro-
capsules, respectively, and AUC;, and Dose;, are the
AUC and dose for the i.v. dose, respectively.

Results and discussion

TRAM-34 was successfully microencapsulated by a
coacervation method. Coacervation was achieved
through a separation of the polymeric solution into two
immiscible phases: a dense coacervate phase, which is
concentrated in polymer, and a dilute equilibrium

phase!®, In this study, we utilized water-miscible
organic solvents such as acetone and ethanol, which are
considered safe class 3 solvents according to the ICH
guideline. We deemed such an approach suitable for
safe scale-up and for the later application to other com-
pounds of a similar lipophilicity. Eudragit L 100, an
anionic copolymer based on methacrylic acid, was cho-
sen as enteric polymer.

The amount of HPMC (1%, w/w) aqueous solution
needed to cause the phase separation when added to
10 g Eudragit L 100 (20%, w/w) organic solution differed
depending on the organic solvent used to dissolve the
enteric polymer. A total of 9.2 g of HPMC solution was
needed to induce phase separation when ethanol was
used, while less HPMC solution (6.1 g) was needed
when acetone was the solvent. This can be explained
based on the different enteric polymer solubility in the
organic solvent. The polymer Eudragit L 100 dissolves
better in ethanol than in acetone. Thus, larger amounts
of HPMC aqueous solution were needed to induce
phase separation when ethanol was the solvent.

Formulation enhancement utilizing different organic
solvents revealed that both Eudragit and TRAM-34 were
soluble in acetone. On the other hand, TRAM-34 solu-
bility in ethanol was found to be 4 mg/mL. Thus, we
could not obtain a transparent film of polymer and drug
solution. Hence, acetone was used as the organic
solvent to ensure reproducibility in enteric microen-
capsulation process. Furthermore, the microparticles
obtained with acetone as a solvent were larger in size
and uniformly distributed with high reproducibility
from batch to batch. We therefore chose acetone for fur-
ther formulation development.

Appropriate quantity of water was added afterwards
to the viscous suspension of TRAM-34-loaded micro-
particles and the resulting coacervate was freeze-dried
and stored.

The order of mixing of the organic enteric and the
aqueous polymer solution was very important. Adding
the organic phase into the aqueous solution resulted in
the formation of large polymer precipitates because
small amounts of the enteric polymer organic solution
were in contact with a large excess of the aqueous
polymer solution, resulting in a rapid organic solvent
diffusion and polymer precipitation because of the
complete miscibility of the acetone polymer solvent and
the aqueous phase. Such issue could of course be over-
come if water-immiscible organic solvents were used.
However, residual organic solvents will be a limiting
factor in a scale-up production because of safety con-
cerns. On the other hand, adding the aqueous phase
solution dropwise to the organic phase, while stirring,
resulted in the formation of smaller polymer precipi-
tates that were uniform in size (Figure 2). At 15% theo-
retical TRAM-34 loading, the EE was 90 = 1.9% and the
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Figure 2. Transmission electron microscopy of enteric-coated
TRAM-34-loaded microparticles.

Table 1. Characterization of TRAM-34-loaded enteric-coated
microcapsules.

Theoretical TRAM-34 Microparticles Encapsulation Particles

loading (%) yield (%) efficiency (%) size (um)
5 90.0+1.2 89.6t1.4 310+ 90

15 91.5+0.3 90.0+1.9 460+ 120

20 90.0+0.8 88.2+2.1 522+ 65

percentage yield was found to be 91.5 £ 0.3% (Table 1).
Thus, there was no significant difference in EE or in
microparticles percentage yield at the drug loading lev-
els used in this study. Furthermore, scanning electron
microscopy imaging (Figure 3) revealed spherical
TRAM-34-loaded microparticles with a smooth surface
without visible drug crystals, which suggested that
TRAM-34 was molecularly entrapped (dissolved) in the
polymeric matrix. The average particle size of the
microcapsules was 460 + 120 um. The particle size was
found to increase with increasing drug loading (Table 1).
This was most likely because of the formation of hydro-
gen bond between the p-electron-rich pyrazole aro-
matic ring and carboxylic acid hydrogens of the enteric
polymer. Also, the increased lipophilicity of the drug/
polymer complex and high drug loadings might lead to
a faster drug/polymer precipitation and larger particles.
The presence of HPMC in the aqueous phase acted as a
shock-preventing agent that reduces the undesirable
cohesion and aggregation of the microparticles. The
size of the enteric microparticles was also strongly
affected by the organic solvent used. Interestingly, the
use of acetone resulted in larger particles upon the
addition of the aqueous polymer solution. This can be
explained based on the moderate hydrogen bond

Figure 3. Scanning electron micrographs of an enteric-coated
TRAM-34-loaded microparticle.

capability and poor solvent property for the enteric
polymer when compared to ethanol'®.

The pH of the gastrointestinal tract increases pro-
gressively from the stomach (pH 2-3), small intestine
(pH 6.5-7) to the colon (pH 7-8)'2. Formulation of acid-
labile substances for oral use is possible by coating the
dosage form with an enteric coating'. Enteric coating
prevents deterioration of the acid-labile drugs in the
stomach and releases them in the more suitable alka-
line region of the intestine. Enteric polymers are insolu-
ble in water and acidic media but soluble beyond pH
5.5-7. They are also good carriers for lipophilic drugs'*.
The enteric microencapsulation formulation-based
approach was utilized in this research to protect TRAM-
34 from gastric degradation upon oral ingestion in an
effort to increase the compound exposure during ani-
mal testing.

TRAM-34 enteric-coated capsules were subjected to
dissolution to measure the release of TRAM-34 in both
acidic and basic media. Enteric-coated particles
showed an average release of small amounts around
15% of loaded TRAM-34 in acidic medium (0.1 N HCI)
after 1 hour. Most of the TRAM-34 released during this
time in acidic media was mainly due to the initial
release and could be removed with an acid wash prior
to the dissolution analysis. As Eudragit L 100 polymer is
insoluble in this acidic medium, it is expected to have
such low levels of TRAM-34 release from the enteric-
coated microparticles that act as a protective coat
around the compound. The transfer of the microcap-
sules to pH 6.8 resulted in a total release of around 70%
after 2 hours (Figure 4).

TRAM-34 was administered to Rhesus Macaques
intravenously (5 mg/kg), orally without enteric coating
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Figure 4. Effect of pH change (pH 1.2-6.8 after 60 minutes) on the
TRAM-34 release from Eudragit L 100 microcapsules.
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Figure 5. Concentration-time profile of intravenous dosing of
TRAM-34 to Rhesus Macaques at single dose of 5 mg/kg.

(50 mg/kg), and orally as enteric microcapsules with
Eudragit L 100 (25 mg/kg). The concentration-time
profiles after TRAM-34 i.v., oral powder, and TRAM-34
enteric microparticles administration are shown in
Figures 5 and 6, respectively. The pharmacokinetic
parameters are shown in Table 2. The T,,,, was delayed
2 hours for the oral enteric microparticles when
compared to TRAM-34 given orally without enteric
coating. C,,, was higher for TRAM-34 microcapsules as
well (mean of 38 nM for enteric microparticles com-
pared to 22.5 nM for TRAM-34 powder). The volume of
distribution following i.v. administration was 11.1 L/kg.
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Figure 6. Concentration-time profile of TRAM-34 powder at 50 mg/
kg oral dose (¢) and TRAM-34 enteric microparticles at 25 mg/kg
oral dose (M) to Rhesus Macaques primates.

This high volume of distribution is consistent with the
lipophilicity of TRAM-34. The systemic clearance was
calculated to be 3.2 L/h/kg. When calculating the bio-
availability for TRAM-34 oral powder and TRAM-34 oral
microcapsules, the average bioavailability values were
0.003 and 0.017, respectively. Although the bioavailabil-
ity for the TRAM-34 enteric microparticles exceeded the
TRAM-34 neat powder form six times, it was still rela-
tively low (1.7%). The microcapsules enhanced the
bioavailability due to bypassing the gastric acidity. How-
ever, there are other factors that need to be considered
here. The low oral bioavailability might be because of the
inherent absorption characteristics of TRAM-34. The com-
pound’s high lipophilicity is probably the greatest obstacle
to its absorption'®. It was reported that drugs with log P
greater than 3.5 exhibit decrease in the in vitro permeabil-
ity through intestinal epithelial cell models'®. Further-
more, first-pass metabolism and efflux transport effects
reducing bioavailability cannot be ruled out at this stage.
Currently, formulations and structural modifications are
investigated to improve the compound’s oral delivery.

Conclusion

TRAM-34 was successfully microencapsulated by a coac-
ervation method utilizing water-miscible organic solvents
such as acetone and ethanol, which are considered safe
class 3 solvents as per the ICH guideline. This enteric

Table 2. Pharmacokinetic parameters average calculated for TRAM-34 in Rhesus Macaques after i.v. and oral administration of TRAM-34

powder and TRAM 34 enteric microcapsules.

Pharmacokinetic Dose AUC (0-24) Crnax Tinax Cl, Vy Bioavailability
parameter (mg/kg) (hour x nM) (nM) (hours) (L/h/kg) (L/kg) (F)
Intravenous 5 3643 — — 3.2 11.1 1

Oral powder 50 102.5 22.5 2 — 6.5 0.003
Oral enteric 25 311 38 — 6.6 0.017

microparticles
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microencapsulation method could also be used for other
acid-labile lipophilic compounds. The bioavailability of
TRAM-34 was improved six times using enteric-coated
microparticles compared to TRAM-34 in powder form.
However, the oral bioavailability of TRAM-34 from the
enteric microcapsules was still poor (1.7%) and the com-
pound plasma concentration is below the therapeutic
effective dose. This could be attributed to the com-
pound’s inherent absorption characteristics and high
lipophilicity.
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