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Purpose. Solid dispersions containing various stabilizers and tacrolimus (TAC) prepared by an Ultra-
rapid Freezing (URF) process were investigated to determine the effect on their ability to form
supersaturated solutions in aqueous media and on enhancing transport across biological membranes.
Materials and Methods. The stabilizers included poly(vinyl alcohol; PVA), poloxamer 407 (P407), and
sodium dodecyl sulfate (SDS). In vivo absorption enhancement in rats was also investigated. Dissolution
studies were conducted at supersaturated conditions in both acidic media for 24 h and at delayed release
(enteric) conditions to simulate intestinal transit.

Results. The rank order of C/Ceqay in the dissolution studies at acidic conditions was URF-P407>URF-
SDS>Prograf® (PRO)>URF-PVA:P407. For C/Ceqpmayx under enteric conditions, the order was URF-
SDS>PRO>URF-PVA:P407>URF-P407, and for the extent of supersaturation (AUC) in acidic and pH
shift conditions it was URF-SDS>PRO>URF-PVA:P407>URF-P407. The pharmacokinetic data
suggests URF-P407 had the greatest absorption having higher Cp,x with a 1.5-fold increase in AUC
compared to PRO. All URF compositions had a shorter 7,,,x compared to PRO.

Conclusions. The nanostructured powders containing various stabilizing polymers formed by the URF
process offer enhanced supersaturation characteristics leading to increased oral absorption of TAC.

KEY WORDS: amorphous; in vitro-in vivo correlation; nanoparticle; particle engineering; rapid

freezing; supersaturation; tacrolimus.

INTRODUCTION

Tacrolimus (TAC) is a hydrophobic macrolide antibiotic
(MW 822.1 kDa) that has shown promise as a potent
immunosuppressive agent (1). Clinical and pharmacokinetic
studies revealed that TAC may have superior immunosup-
pressive properties compared to cyclosporine A (CsA), but
similar erratic absorption properties have limited its potential
(2-4). Mean oral bioavailability is reported to be 25% and
ranges from 4 to 93% (5,6). Various strategies have been
employed to increase the bioavailability of TAC including
compounding TAC as an oral liquid (7), solid dispersions (8),
complexation with cyclodextrins (9,10), and incorporation
into liposomes for oral (11,12) and pulmonary (13) delivery.

The formation of a supersaturated state with solid
dispersions and solid solutions may increase oral bioavail-
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ability of active pharmaceutical ingredients (APIs) which
suffer from poor/erratic bioavailability. In fact, it was
proposed that increasing the solubility greater than twofold
through polymorphism can have a significant increase in
biopharmaceutical activity (14-16). Mechanistically speaking,
APIs in a polymorph with a higher thermodynamic activity
form a supersaturated solution with a apparent solubility
above the equilibrium solubility and therefore have an
increased driving force for transport across biological mem-
branes such as the epithelial membrane within the GI tract
(17). Another challenge, however, is to maintain the super-
saturated state and prevent precipitation of the API out of
solution. Stabilizing polymers such as hydroxypropylmethyl
cellulose (HPMC), which are known to form hydrogen bonds
with the API preventing precipitation (18,19), can be
incorporated into the composition. HPMC and polyvinylpyr-
rolidone (PVP) have been shown to be two of the best
polymers for maintaining supersaturation of poorly water
soluble APIs by preventing precipitation of the API into
solution. However, the ability of other polymers/surfactants
to stabilize supersaturated solutions and prevent precipita-
tion is largely unknown.

Rapid freezing processes such as the Spray Freezing into
Liquid (SFL; 20-22) and Ultra-rapid Freezing (URF; 23,24)
have been shown to produce particles with enhanced
dissolution rates for biopharmaceutical classification system
(BCS) class II active pharmaceutical ingredients (API).
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168

Recently, in vivo studies have shown that nanostructured
danazol particles produced from SFL have increased oral
absorption in mice (21) and nanostructured itraconazole
particles from SFL have improved both oral and pulmonary
absorption in mice compared to the commercial product (25).
The URF process utilizes a cryogenic surface to rapidly
freeze the API/polymer solution to produce nanostructured
powders characterized by their high surface area, increased
wettability, amorphous API structure, and rapid dissolution
rates. Briefly, the process involves freezing an API/polymer
solution directly onto the surface of a cryogenic substrate
with a thermal conductivity k£ between 10 and 20 W/(mxK),
collecting the frozen particles and removing the solvent via
lyophilization.

However, determining an in vitro-in vivo correlation
with amorphous particles can be problematic as supersatura-
tion levels in the GI tract may not correlate with levels in the
dissolution vessel. Premature precipitation of the active
following oral administration can decrease the overall
absorption of the API by decreasing the driving force for
transport across the biological membrane and limiting the
time available for absorption. Although the mechanism for
inhibition of recrystallization in supersaturated solutions has
not been established (26), it is believed that adsorption of
polymer onto the hydrophobic surface of crystals inhibit
growth of embryo that nucleate from metastable solutions
(27) and suspensions (28). Recently, Raghaven ef al. (18,29)
have proposed hydrogen-bonding as a mechanism to inhibit
or retard crystal growth of hydrocortisone acetate in super-
saturated solutions containing HPMC. Therefore, inclusion
of polymers such as HPMC and PVP which have a number of
hydrogen-bonding acceptor and donor sites have been shown
to maintain supersaturation of TAC, hydrocortisone acetate,
and an experimental poorly water soluble compound RS-
8359 for up to 24 h (8,19,30). However, the effectiveness of
the polymer stabilizer is API dependent as illustrated for
HPMC, which is known to maintain a supersaturated solution
of hydrocortisone acetate for up to 72 h. However the
supersaturation of an oestradiol solution decreased 60%
after only 6 h (26).

The objective of this study was to assess the effects of
combinations of stabilizers on the maximum degree and
extent of supersaturation of TAC, and attempt to establish if
an in vitro—in vivo correlation exists between supersaturation
and improved pharmacokinetic parameters for orally dosed
TAC. The selected polymers were partially hydrolyzed
polyvinyl(alcohol; PVA) which has been shown to increase
drug concentration in vivo (31) and poloxamer 407 (P407)
which has been shown to alter surface properties of crystals
(32). Sodium dodecyl sulfate (SDS), a non-polymeric
anionic surfactant, may be expected to facilitate wetting
and dissolution rates, but supersaturation of pharmaceuticals
with SDS has not been reported below the critical micelle
concentration. TAC/excipient particles were manufactured
using the Ultra-rapid Freezing Process (URF) and the
physico-chemical properties were compared with those of
the bulk API, as well as the commercially available amor-
phous solid dispersion of TAC and HPMC (33). Maximum in
vitro supersaturation levels (C/Cequmax), defined as the ratio
of the highest instantaneous TAC concentration (C) to the
equilibrium solubility of crystalline TAC (Ceq), and extent of
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supersaturation defined as the total supersaturation over
time, measured by the area under the supersaturation curve
(AUC). These properties were used to assess the perfor-
mance of the URF compositions in both acidic media (for
24 h) and under shifting pH conditions defined in the US
Pharmacopoeia. Pharmacokinetic analysis of orally adminis-
tered TAC compositions in a single dose study design was
conducted to determine the performance of the compositions.

MATERIALS AND METHODS
Materials

Bulk tacrolimus (TAC) and Prograf® (PRO) capsules (5
and 1 mg, Fujisawa) were generously donated by the Dow
Chemical Company (Midland, MI, USA). Poly(vinyl) alcohol
(PVA, Mw 13,000-23,000, 87-89% hydrolyzed) and sodium
dodecyl sulfate (SDS) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Poloxamer 407 [(P407), Mw 9,800—
14,600] was purchased from Spectrum Chemicals (Gardena,
CA, USA). Sodium phosphate tribasic (Na3PO,) was pur-
chased from Fisher Scientific chemicals (Fair Lawn, NIJ,
USA). High performance liquid chromatography (HPLC)
grade acetonitrile (ACN) was obtained from EM Science
(Gibbstown, NJ, USA).

Methods
Preparation of the URF Micronized Powders

The URF compositions investigated in this study are
described in Table II. The compositions were prepared by
dissolving TAC and hydrophilic excipients at a 1:1 API/
excipient ratio and 1.0% solids in a 60/40 mixture of ACN
and water. The TAC/excipient feed solutions were processed
using the URF apparatus. The feed solutions were applied to
a cryogenic substrate cooled to a temperature of —150°C,
collected, and lyophilized using a VirTis Advantage benchtop
tray lyophilizer (The VirTis Company, Inc. Gardiner, NY,
USA). Micronized powders were stored at room temperature
and under desiccant until characterized.

Scanning Electron Microscopy (SEM)

The powder samples were sputter coated using a K575
sputter coater (Emitech Products, Inc., Houston, TX, USA)
with gold-palladium for 35 s and viewed using a Hitachi S-
4500 field emission scanning electron microscope (Hitachi
High Technologies Corp., Tokyo, Japan). An accelerating
voltage of 5-10 kV was used to view the images. All SEM
fields of view were representative of the entire sample.

Supersaturated Dissolution Testing Under Acidic Conditions

Supersaturated dissolution testing was carried out on
PRO and all URF micronized powder samples using a small
volume dissolution apparatus equipped with a paddle stirring
mechanism (VanKel VK6010 Dissolution Tester with a
Vanderkamp VK650A heater/circulator, Varian Inc., Cary,
NC, USA). The small volume vessels were filled with 100 ml
of deaerated (via He sparge) 0.2% NaCl in 0.IN HCI
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(Japanese Pharmacopeia XIX, JP first media) and heated
and maintained at 37.0£0.2°C throughout the dissolution
study. Amounts of drug compositions were weighed out
corresponding to 28x the aqueous solubility of TAC (7 mg
TAC/vessel) and added to the vessels. The paddle speed was
set to 200 RPM and a 3 ml aliquot of sample was taken
manually at 10, 20, 30, 60, 120, 240, and 1,440 min, with no
medium replacement. This aliquot was filtered first through a
0.45 pm GHP Acrodisc syringe filter (Pall, East Hills, NY,
USA) and then through a 0.02 pm Whatman Anotop 25
membrane filter (Maidstone, UK). A 0.75 ml portion of the
filtered solution was transferred to a 1.5 ml HPLC vial and
diluted with 0.75 ml ethanol, vortexed and analyzed using a
modified method developed by Nishikawa et al. (34). A
Shimadzu LC-10 liquid chromatograph (Shimadzu Corpora-
tion, Kyoto, Japan) equipped with an Alltech Inertsil ODS-2
5 pm Cig column (Alltech Associates, Inc., Deerfield, IL,
USA) maintained at 60°C was used to quantitate the TAC. A
70:30 ACN/water mobile phase at 0.9 ml/min eluted the TAC
peak at 8.5 min. The maximum absorbance was measured at
wavelength A=214 nm. System suitability requirements were
met (R*>0.999, precision <2.0% RSD).

Supersaturated Dissolution Testing Under pH Shift
Conditions

All dissolution conditions were maintained as described
above except that the dissolution medium was changed
during the dissolution test. Using the USP enteric test
(method A) conditions as a guide, 75 ml of 0.1 N HCI was
added to the small volume dissolution vessels and heated to
37.0£0.2°C. All dissolution media was deaerated via He
sparge. Sample powders were added to the vessels stirred at
200 RPM. After 2 h, 21 ml of 0.2 M NazPO, (1:3 v/v buffer/
acid ratio observed) was added to increase the pH to 6.8 for
the remainder of the study. Sample were taken at the
following time points: 15, 30, 60, 120, 135, 150, 240, and
1,440 min; then the samples were filtered, diluted, and
analyzed by HPLC as stated above.

X-ray Powder Diffraction (XRD)

The X-ray diffraction pattern of all powder samples
were analyzed using a Philips 1710 X-ray diffractometer with
a copper target and nickel filter (Philips Electronic Instru-
ments, Inc., Mahwah, NJ, USA). The leveled powder was
measured from 5 to 45 26 degrees using a step size of 0.05 26
degrees and a dwell time of 1 s.

Surface Area Analysis

Specific surface area was measured using a Nova 2000
v.6.11 instrument (Quantachrome Instruments, Boynton
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Beach, FL, USA). Weighed powder was added to a 12 mm
Quantachrome bulb sample cell and degassed for a minimum
of 3 h. The sample was then analyzed (n=3) by the NOVA
Enhanced Data Reduction Software v. 2.13 via the Brunauer,
Emmett, and Teller theory of surface area (35).

In Vivo Oral Absorption Studies

An animal study was designed and approved by the
University of Texas at Austin Institute of Animal Care and
Use Committee (IACUC). Four groups of six pre-catheter-
ized male Sprague-Dawley rats (300 g) were dosed with
5 mg/kg tacrolimus in size 9 gelatin capsules (Torpac Inc.,
Fairfield, NJ, USA) followed by administration of 0.4 ml
water via oral gavage. An aliquot of 300 pl of blood was
withdrawn at 0.5, 1, 1.5, 2, 3, 4, 6, and 24 h and replaced with
6 units/pl heparinized normal saline solution. Fifty microliters
of the whole blood sample was analyzed by the PRO-Trac™
II FK-506 ELISA assay (Diasorin Inc., Stillwater, MN) to
quantitate amount of tacrolimus (36). Whole blood samples
were diluted when necessary with the calibrator 0 provided
with the PRO-Trac™ kit in order to fit within the specified
standard curve range (0.3-30 ng/ml). Pharmaco-kinetic
parameters were determined using a non-compartmental
analysis in WinNonlin Professional version 2.1 (Pharsight
Corporation, Mountain View, CA, USA).

Statistical Analysis

One-way analysis of variance (ANOVA, o=0.05) was
used to determine statistically significant differences between
results. Results with p values<0.05 were considered statisti-
cally significant. Post hoc analysis using Tukey’s honestly
significant difference (HSD) test was performed after anal-
ysis to determine individual differences between composi-
tions. Mean differences greater than the HSD were deemed
statistically significant.

RESULTS
In vitro Characterization of URF Micronized Powders

The UREF process was used to manufacture compositions
of TAC listed in Table I. The micronized powders were
analyzed using SEM to observe the surface morphology.
Bulk TAC in Fig. 1a displays a plate-like shape with particle
sizes ranging from a few microns to over 120 pm in diameter.
The particle surfaces of the bulk TAC appear to be smooth
with few pores. In contrast, the URF micronized powders
(Fig 1b—d), are a highly porous network of nanostructured
aggregates. URF-SDS powder (Fig. 1b) is composed of
discrete nanoparticles measuring less than 200 nm in
diameter. URF-PVA:P407 powder (Fig. 1c) appears to be a

Table 1. Tacrolimus Compositions Produced using the URF Process

URF Composition Active (A) Excipient (E1:E2) Ratio (A:E1:E2) Percent of Total Solids
URF A TAC SDS 1:1 1.00
URF B TAC PVA:P407 1:0.5:0.5 1.00
URF C TAC P407 1:1 1.00
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combination of agglomerated or fused nanoparticles with
smoothed edges. The size of the agglomerates appear to be
larger than those in Fig. la but still composed of nano-
particles appearing to be less than 1 um in diameter. Lastly,
URF-P407, (Fig. 1d) appears to have few submicron
domains. A magnified view reveals large agglomerated nano-
particles which have fused to create a porous macrostructure.

Figure 2 shows the XRD results for bulk TAC which has
a characteristic doublet peak at 19.10 and 19.95 26 degrees
and a secondary crystalline peak at 23.45 26 degrees. All
compositions of the URF micronized powders lack any
characteristic crystalline peaks of TAC. URF-P407 contains
two crystalline peaks at 19.4 and 23.6 20 degrees and is
associated with the P407 in the composition, which is
partially crystalline after lyophilization as has been observed
in rapidly frozen or melt compositions (20,37,38). Likewise,
these two peaks are seen to a lesser degree in the URF-
PVA:P407 composition due to a decrease in P407 in the
composition. It is noted that these diffraction patterns in Fig. 2
were collected prior to dosing in vivo and represent samples
under storage conditions at room temperature and low
moisture (20% relative humidity) for up to 1 year.

In vitro supersaturation dissolution studies were con-
ducted in acidic media for 24 h for each of the URF
micronized powders, as well as the control, the PRO powder,
as shown in Fig. 3 and summarized in Table III. Sample
powders were added to the dissolution media at approxi-
mately 28-times the equilibrium solubility of TAC in the
media as measured by HPLC. The degree of supersaturation
is defined as the concentration (C) of TAC in the media
divided by the equilibrium solubility (Ceq) of crystalline
TAC within the medium, C/C.. All URF micronized
powders had rapid dissolution rates reaching their maximum
supersaturation within 2 h. URF-SDS displayed a high C/
Ceqmax With an extended supersaturation that produced the
highest AUC of all compositions investigated. URF-
PVA:P407 displayed the lowest C/CeQmax at 14.5-times
equilibrium solubility, and precipitated out to 3.5-times
equilibrium solubility after 24 h. URF-P407 had the fastest

Fig. 1. SEM micrographs of Bulk TAC (a), URF-SDS (b), URF-
PVA:P407 (c), URF-P407 (d).
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Fig. 2. X-ray powder diffraction of amorphous TAC compositions
prepared using the URF freezing process.

dissolution rate and the highest maximum supersaturation of
all powders examined with a C/C.q of 22.8-times equilibrium
solubility at 1 h. However, URF-P407 rapidly precipitates to
6.3-times equilibrium solubility at 6 h and was the only one of
the three URF processed powders investigated to reach
equilibrium solubility at 24 h. PRO powder, which is
composed of equal ratios of amorphous TAC and HPMC
(33), showed a slower dissolution rate reaching its maximum
supersaturation level (17-times) after 6 h. However, for PRO
TAC, a supersaturation at 11-times equilibrium solubility was
still present after 24 h.

Because the powders were to be administered orally,
supersaturated dissolution was also investigated using an
enteric dissolution test method to more accurately represent
the pH conditions encountered during transit from the acidic
environment in the stomach to the basic environment in the
upper small intestine (Fig. 4; parameter summary in Table IIT).
TAC is known to have pH independent solubility over the
pH range 1-9 (39) and therefore has the same solubility in
acidic media as in the pH 6.8 buffer (2.2 pg/ml; 8). Upon a
pH shift from pH 1.2 to 6.8 at 2 h, URF-SDS was the only
composition with an increase in supersaturation level reach-
ing its C/Ceqmax 15 min after the pH shift occurred. After 15
min, TAC precipitated out from solution and after 24 h had
two-times equilibrium solubility in the basic dissolution
media. Both URF-PVA:P407 and URF-P407 had similar
supersaturation profiles reaching their maximum supersat-
uration before precipitation occurred. PRO, however,
began to precipitate out of solution immediately after the
pH shift occurred. As a result of the pH shift, PRO was not
able to achieve the level of supersaturation observed in the
acidic media. After the pH shift occurred, a high level of
supersaturation was not maintained. PRO precipitated to
only 2.5-times equilibrium solubility after 24 h, unlike the
case in acid conditions where supersaturation was extended
at high levels.

Both URF-SDS and URF-P407 had significantly higher
(p<0.05) maximum supersaturation ratios (C/Ceqmax) In
acidic medium while only URF-SDS had a significantly
higher (p<0.05) C/Cequax When tested with the pH shift
dissolution conditions. The URF micronized powders
reached their C/Cequax Within 1-2 h in acidic media while
PRO reached its C/Cequax at 6 h. All URF compositions
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reached their C/Ceqp,ax before PRO under acidic conditions
indicating the rapid wetting that occurs with URF micronized
powders. However, both URF-PVA:P407 and URF-P407 had
lower extents of supersaturation (AUC) compared to PRO,
while URF-SDS had better AUC than PRO under acidic and
pH shift conditions, respectively.

In vivo Characterization of URF Micronized Powders

Whole blood samples were analyzed using a commer-
cially available immuno-assay kit and the TAC whole blood
concentrations vs. time are plotted in Fig. 5. The absorption
profiles for the URF compositions indicate faster absorption
and higher TAC blood levels during the absorption phase.
From these profiles, non-compartmental analysis, as dis-
cussed by Arima et al. (10), was performed to determine
the appropriate pharmacokinetic parameters for each of the
compositions tested and are summarized in Table IV. One-
way ANOVA analysis revealed that there were significant
differences (p<0.05) between the four compositions in
regards to Cpax and Ty, while there were no statistical
differences (p>0.05) regarding the tacrolimus half-life (77,),
the elimination rate constant (K,), or the AUC. All URF
micronized powders had higher C,.x values ranging from
65.2 to 138.5 ng/ml as compared to the PRO powder which
had a Cp,,x of 51.5 ng/ml. However, only URF-P407 powder
had a significantly higher C,.x compared to PRO while
URF-SDS and PVA:P407 powders were not statistically
different (p>0.05). The measured Ty.x for each URF
micronized powder was between 0.5 and 0.67 h while the
PRO powder had a measured Ty,,x of 1.3 h. All powders had
similar K, while PRO had the lowest at 0.094 h~! and URF-
P407 had the highest K, at 0.106 h~'. Consequently, URF-
P407 had the fastest clearance of TAC and therefore had the
fastest half-life at 79,=6.9 h. URF-P407 had the highest
AUC 24y at 450.6 ngxh/ml. Despite having a 1.5-fold
increase in AUC compared to PRO, this was not
statistically significant (p>0.05). URF-PVA:P407 had the
second highest AUC value at 319.8 ngxh/ml followed by
PRO at 298.8 ngxh/ml. URF-SDS had the lowest AUC at
223.6 ngxh/ml. Therefore, the pharmacokinetic parameters
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Fig. 3. Supersaturated dissolution of tacrolimus in acidic dissolution
medium: URFSDS (filled square), URF-PVA:P407 (filled triangle),
URF-P407 (filled circle), PRO capsule powder (filled diamond),
tacrolimus equilibrium solubility (broken lines).
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Fig. 4. Supersaturated dissolution of tacrolimus under enteric con-
ditions: URF-SDS (filled square), URF-PVA:P407 (filled triangle),
URF-P407 (filled circle), PRO capsule powder (filled diamond),
tacrolimus equilibrium solubility (broken lines).

assessed in the study showed enhanced absorption by the
URF compositions (Cpax, Tmax) as compared to PRO while
elimination rate constants and AUCs were enhanced in most
compositions.

DISCUSSION

In the present study, nanostructured aggregate powders
containing TAC and excipients, manufactured by the URF
process were characterized in order to better understand the
mechanism of supersaturation stabilization. Furthermore, an
attempt is made to identify the effect of supersaturation on
increasing the bioavailability of TAC. In vitro characteriza-
tion of the URF micronized powders revealed that they were
composed of nanoparticle domains containing amorphous
TAC. URF-P407 displayed the lowest surface area. Similar
results were reported by Hu er al. (20) who produced binary
mixtures containing danazol and a hydrophilic polymer by
another cryogenic process SFL. The surface area of dana-
zol:P407 was 5.5 m?/g, while danazol:PEG and danazol:PVP
powders had surface areas of 12.0 and 89.8 m?*/g, respectively.
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Fig. 5. Mean whole blood absorption levels of TAC compositions
produced using the URF process compared to the commercially
available tacrolimus product. Powders were given an gelatin capsule
containing 1.5 mg equivalent TAC (5 mg/kg) dosed via oral gavage to
a rat model: URF-SDS (filled square), URF-PVA:P407 (filled
triangle), URF-P407 (filled circle), PRO (filled diamond).
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Table II. Specific Surface Area of URF Processed Compositions

Composition Surface Area (m?/g)
URF A 54.96
URF B 43.68
URF C 7.73
Bulk TAC 0.53

In a similar study by McConville et al. (38) low surface areas
were attributed to incorporation of high levels (>30%) of a
liquid surfactant, polysorbate 20. It was hypothesized that
surface area reduction occurred during the lyophilization
process. During lyophilization, compositions containing
excipients, which exist in a liquid state at ambient
conditions, have more molecular mobility than those
containing solid excipients with high glass transition
temperatures (e.g. PVP). With the greater mobility, the
particles may coalesce to reduce the surface area, as has
been observed for polysorbate 20. However, all polymers
used in this study are solids at room temperature and should
provide greater rigidity compared to liquid surfactants during
lyophilization and gave much higher surface areas than
polysorbate 20 (38). The modestly lower surface area for
P407, relative to the other formulations in Table II, may
reflect its much lower T,

In the case of TAC, Yamashita et al. (8) investigated the
performance of HPMC, PVP, and polyethylene glycol (PEG)
on maintaining the supersaturation of TAC. While all
samples had reached the same C/Cequax, only HPMC was
able to maintain at least 95% of the maximum supersatura-
tion over 24 h in acidic medium. To date, the mechanism by
which they maintain supersaturation of dissolved drug has
not been delineated.

Apart from their particle formation properties, polymers
also play an important role in enhancing dissolution rates
through wettability, and at supersaturated conditions, main-
taining API supersaturation. Both SDS and P407 are known
to increase wetting due to their high hydrophilic-lipophilic
balance (HLB) values, while PVA is used as a stabilizing
agent and has been reported to enhance supersaturation.
Suzukiand and Sunada (31) report that although PVA
maintained supersaturation to a lesser degree than HPMC
or PVP, dissolution supersaturation was enhanced by more
than 20-times compared to the crystalline API. The present
supersaturation studies indicate that P407 is not able to
maintain supersaturation for extended periods of time of up
to 24 h, but the enhanced wetting properties of the polymer
allow for high supersaturation levels at short times. Inclusion
of PVA into the composition decreases the level of super-
saturation but allows for slightly slower precipitation rates in
the acidic media after 6 h. SDS, although not a polymer, was
able to maintain supersaturation of TAC at a similar level to
HPMC under both supersaturated dissolution conditions
tested. It is important to note that the concentrations of
SDS present in the medium reached only 10% of the critical
micelle concentration in aqueous media (conc. SDSgis0=
25%107* M and SDScmc=2.8x107° M) containing a salt as
calculated by Dutkiewicz and Jakubowska (40). SDS dissociates
in the electrolyte medium to produce a hydrogen-bonding
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acceptor site. The interaction between the hydrophobic
tail of a surfactant molecule and the hydrophobic surface
of the API molecule, and a second complimentary
interaction between the sulfate group of the surfactant
molecule with an adjacent hydrogen bonding donor site on
the API may facilitate solvation of the drug in water. The
same type of mechanism may take place for the polymeric
stabilizers with hydrophobic moieties and hydrogen
bonding sites. Furthermore, it is likely that, other SDS
molecules will adsorb with tails oriented onto the surface
of embryo crystals of TAC with the head groups extending
into water. The anionic sulfate groups on the adsorbed
surfactant will provide electrostatic repulsion inhibiting
particle growth from coagulation.

In solution, the polymers may adsorb onto the surface of
small embryo particles and inhibit crystal growth by blocking
active surface and providing steric stabilization. In addition,
hydrogen bonding between TAC and the stabilizers may
compliment hydrophobic interactions between these species
to help maintain supersaturation. Structurally, HPMC has
many hydroxyl groups which are both hydrogen bond donors
and acceptors for the TAC. Investigation of the TAC
structure (Fig. 6) reveals four possible H-bond acceptor sites
indicated by circles along with three possible donor sites
indicated by triangles. PVA has one H-bond donor and
acceptor per monomer unit while P407, on the other hand,
has one donor site per polymer unit.

PRO maintained supersaturation under acidic conditions
to a similar extent as SDS, as shown in Table III. The less
effective stabilization by PVA and P407 may reflect weaker
adsorption on the surfaces of the embryo particles and thus
less steric stabilization against particle growth. In addition
P407 with only one H-bonding donor sight per chain may not
have interacted strongly enough with hydrogen bond accep-
tor sites on TAC to inhibit crystallization. PVA:P407 was
slightly better than P407 alone, perhaps indicating that the
addition of hydrogen bond donor sites in PVA provided
beneficial interactions with TAC.

H3CO

Fig. 6. Possible hydrogen-bonding sites for tacrolimus: hydrogen-
bond donor (open triangle), hydrogen-bond acceptor (open circle).
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Table IIl. AUC Ratios of URF Processed Compositions Compared
to PROGRAF

Ratio to PROGRAF

Composition  Ratio to PROGRAF (Acid) (pH Shift)

URF A 1.042 1.184
URF B 0.448 0.335
URF C 0.376 0.320
Progra 1.000 1.000

The shift in media pH at 2 h during the supersaturation
dissolution studies dramatically affected the physical stability
of the supersaturated solutions. Again the solubility of the
API in aqueous media without stabilizers is independent of
pH. While URF-PVA:P407 and URF-P407 began precipitat-
ing before the pH shift occurred the PRO composition
immediately began precipitating after the pH was increased.
This precipitation may produce a loss in bioavailability as a
result of decreased absorption in the small intestine. Inter-
estingly, the degree of supersaturation for URF-SDS in-
creased for at least 15 min after the pH shift occurred before
it then decreased. However, the rate of precipitation out of
solution over the next 21h was much more pronounced than
under acidic conditions in Fig. 3 indicated by the supersatu-
ration level at 24 h. This trend was seen for all compositions
investigated at pH 6.8 compared to the acidic media and
could be the result of bonding strength changes from the
presence of inorganic salts. Khutoryanskiy et al. (41) suggests
that the presence of inorganic salts such as NazPO, (in
particular, the divalent and trivalent phosphates) in the
dissolution media can alter the ionic strength or thermody-
namic properties of the solution and salt out the API
Introduction of inorganic salts can cause collapse of the
polymer chains on the surface of embryo API particles. This
collapse will weaken steric stabilization and may lead to
precipitation of the API out of solution, particularly with
P407 in the presence of NaCl and Na;PO, (42).

Both the acidic and enteric in vitro supersaturation test
condition studies reveal that the URF micronized powders
rapidly wet and dissolve resulting in solutions with high C/
Ceqmax- The in vivo absorption profiles also indicate rapid
wetting and dissolution as evidenced by the rapid T\,.y for all
URF compositions leading to rapid absorption times. This
rapid dissolution could be a combination of both the polymer
characteristics (i.e. wetting enhancement) as well as the URF
technology which create amorphous nanoparticle domains of
API. Because the powders were dosed within a size #9 hard
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gelatin capsule by oral gavage, the powders were not pre-
wetted by aqueous solution containing a surfactant. There-
fore, the powders must rely on the gastric fluid and on the
enhanced powder wetting properties (i.e. polymer/surfactant
wettability, and available surface area) to wet, disintegrate,
and dissolve the particles. It is clear from both the in vitro
and in vivo data that the URF micronized powders are
wetted more effectively than PRO leading to enhanced
absorption profiles early in the absorption phase. While
numerous studies have reported increases in bioavailability as
aresult of API being in a supersaturated state, rapid dissolution
and supersaturation could prove counter productive, especially
for examples in which the API can precipitate during transit
when the pH increases from the stomach to upper small
intestine. Absorption of the API can be compromised in
instances when all of the powder is dissolved in the stomach
but not fully absorbed through the stomach lining. As the API
moves into the upper small intestine, the solution begins to
precipitate arresting absorption. While it is true that the
measured pharmacokinetic parameters for the URF micronized
powders were superior to those of PRO, premature precipita-
tion while in transit could have prevented the powders from
achieving their full potential. This is evidenced by URF-P407
which showed a high C/Cequax in vitro under acidic conditions
and also had the highest Cy,.x in vivo. In this case, URF-P407
probably completely dissolved into a supersaturated solution
leading to excellent absorption within the stomach lining.
Absorption of TAC within the small intestine is also
affected by a number of biological processes making further
in vitro—in vivo correlations difficult. TAC is reported as a
substrate for p-glycoprotein (P-gp), a plasma protein in-
volved with efflux pumps and responsible for multi-drug
resistance (43). In addition, TAC is known to degrade
enzymatically within the GI lining from CYP3A metabolic
enzymes further lowering its absorption potential. However,
recent studies have suggested that within the rat and mouse
small intestine, the CYP3A enzymes play a larger role in
limiting TAC absorption rather than P-gp as previously
thought (44-46). Saitoh et al. (47) showed via an in situ
intestinal loop technique that when TAC was administered
with a specific CYP3A inhibitor (clotrimazole) the TAC
AUC increased seven fold. Lastly, Kagayama er al. (48)
showed that rats receiving TAC in a fasted state can have twice
the AUC of rats who received the same dose of TAC in a fed
state. Because these barriers to TAC absorption are well
documented in rats (48) and because there is a fair correlation
between mammal species regarding intestinal absorption (49),
this animal model is valid for preliminary pharmacokinetic
analysis of the URF micronized compositions containing TAC.

Table IV. Pharmacokinetic Parameters for URF Processed Compositions and the Commercially Available Tacrolimus Product

Composition Cimax (ng/ml) Tmax (h) Ty (h) K (b7 AUC (0-24) (ngxh/ml) AUC (inf) (ngxh/ml)
URF-SDS 65.2+43.4 0.67+0.41 7.5+1.8 0.096+0.02 223.6+102.7 254.8+113.3
URF-PVA:P407 67.911.7 0.5+0.0 7.5¢1.4 0.095+0.02 319.8+138.2 348.6+141.4
URF-P407 138.5+69.1 0.60.2 6.9+2.3 0.106+0.03 450.6+188.1 476.1+187.1
Progra 51.5+19.8 1.3+0.4 7.7£1.8 0.094+0.02 298.8+83.2 330.2+84.9

AUC Area under the curve
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CONCLUSION

The relationship between supersaturation behavior,
measured during dissolution, and in vivo absorption enhance-
ment was investigated for various compositions of TAC
prepared by the URF process. The ability of two polymers,
PVA and P407, and one low molecular weight surfactant,
SDS, to provide sufficient supersaturation levels (C/Ceqmax)
and to maintain supersaturation under acidic and pH shifted
conditions was determined. The supersaturation for URF-
SDS was equal to or better than PRO under acidic and pH
shift conditions, respectively. The levels of SDS were well
below the CMC in the medium. It is hypothesized that SDS
was able to maintain supersaturation of TAC through
adsorption onto the surface of tiny embryo particles to
inhibit growth and precipitation. For URF-PVA:P407 and
URF-P407, AUC and maintenance of supersaturation were
poorer than for PRO. URF-P407 was the only composition
where the concentration decayed to the equilibrium value
after 24 h in acidic medium. Under pH shifted conditions,
URF-SDS was the only composition that did not precipitate
immediately after a shift in pH. URF-PVA:P407 and URF-
P407 both began to precipitate while still in acid, while PRO
began to precipitate immediately after the shift. Although
TAC solubility and chemical stability are independent of pH,
the rate of precipitation was more extensive in basic than in
acidic media possibly as the result of changes caused by the
presence of inorganic salts in the buffer. In vivo results in a
rat model reveal enhanced C,,,x and T, for all URF
micronized compositions and higher AUC in URF-
PVA:P407 and URF-P407 resulting from enhanced dissolu-
tion properties (e.g. rapid onset of supersaturation) of the
processed powders. Based on the pharmacokinetic parame-
ters and supporting in vitro supersaturation data, it is
concluded that the enhanced physico-chemical properties of
URF micronized powders led to enhanced in vivo absorption
over PRO (Table IV).
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