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Abstract: In order to improve the aqueous solubility and dissolution of Tacrolimus (TAC), amorphous
solid dispersions of TAC were prepared by hot melt extrusion with three hydrophilic polymers,
Polyvinylpyrrolidone vinyl acetate (PVP VA64), Soluplus® and Hydroxypropyl Cellulose (HPC), at a drug
loading of 10% w/w. Molecular modeling was used to determine the miscibility of the drug with
the carrier polymers by calculating the Hansen Solubility Parameters. Powder X-ray diffraction and
differential scanning calorimetry (DSC) studies of powdered solid dispersions revealed the conversion of
crystalline TAC to amorphous form. Fourier transform Infrared (FTIR) spectroscopy results indicated
formation of hydrogen bond between TAC and polymers leading to stabilization of TAC in amorphous
form. The extrudates were found to be stable under accelerated storage conditions for 3 months with
no re-crystallization, indicating that hot melt extrusion is suitable for producing stable amorphous solid
dispersions of TAC in PVP VA64, Soluplus® and HPC. Stable solid dispersions of amorphous TAC
exhibited higher dissolution rate, with the solid dispersions releasing more than 80% drug in 15 min
compared to the crystalline drug giving 5% drug release in two hours. These stable solid dispersions
were incorporated into orally-disintegrating tablets in which the solid dispersion retained its solubility,
dissolution and stability advantage.

Keywords: melt extrusion; amorphous solid dispersion; dissolution enhancement; tacrolimus;
orally-disintegrating tablets

1. Introduction

Tacrolimus (TAC) is a potent immunosuppressive drug widely used to prevent organ rejection of
liver and kidney transplants and less frequently in heart, lung and heart lung transplants. TAC acts
by engaging an immunophilin, FK506-binding protein-12 (FKBP12) and forming a complex which
inhibits calcineurin with much more potency than cyclosporine [1,2]. TAC is a highly hydrophobic
drug with aqueous solubility of 0.7–2 µg/mL [3,4]. It falls under class 2 of the Biopharmaceutics
Classification System (BCS) for drugs and permeability of TAC has been reported to be approximately
1.4 × 10−4 cm/s [5,6]. TAC is marketed as a capsule (Prograf®) containing solid dispersion of drug
with hydroxypropyl methylcellulose in order to improve dissolution and bioavailability [4,7] and
extended release tablet (Envarsus XR®) prepared by melt agglomeration technology [8]. It exhibits low
bioavailability (10–25%) and significantly variable pharmacokinetics due to its poor aqueous solubility,
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extensive metabolism by intestinal and hepatic cytochrome P450 3A4 enzyme [9] along with the effects
of P glycoprotein efflux in the intestine [5,10,11]. TAC has a narrow therapeutic window (5–20 ng/mL)
and overexposure increases the risk of nephrotoxicity and neurotoxicity [12,13] whereas low level can
lead to graft rejection.

Several attempts have been made to improve the dissolution rate of TAC using solid dispersion
formulation with various hydrophilic excipients. Solid dispersions of TAC with poloxamer 407,
polyvinyl alcohol and sodium dodecyl sulfate were prepared using ultra-rapid freeze-drying.
Upon dissolution in acidic media, these solid dispersions formed supersaturated solution and the solid
dispersion with poloxamer 407 showed 1.5 fold improvement in oral bioavailability [14]. Effect of
the formulation method on the dissolution rate was studied by preparing solid dispersions by spray
drying with solvent evaporation/solvent wetting/surface attach method with water. The formulations
prepared by solvent evaporation method produced amorphous dispersion which showed a 15 fold
increase in dissolution [3]. TAC was formulated as solid dispersion with amino alkyl methacrylate
copolymer (Eudragit E®) with hydrochloric acid. The solubility and dissolution of the drug was
improved several fold with no re-precipitation of drug for up to 24 h [15,16]. Solubility and
dissolution enhancing effect of different types of cyclodextrins was studied by complexing TAC
with cyclodextrins [17]. Proliposomes for TAC were formulated using various lipids by the thin
film hydration method. In Vitro studies show that the drug release from the optimized proliposome
formulation was significantly higher than that of the pure drug, this has also been correlated to in vivo
studies which showed promising results [18].

These formulation approaches were based on increasing dissolution rate of TAC and lack in
preventing or reducing the effect of intestinal enzymatic degradation and p-glycoprotein efflux pump
on bioavailability of TAC. An inhalable formulation of TAC was developed by spray drying TAC
with lung lipids like DPPC and DPPG at 100 ◦C in a molar ration of 3:1 to mimic the lung surfactant
layer [19]. In a clinical study, 17 heart and lung transplant patients were given TAC sublingually twice
a day by administering contents of marketed capsuled below the tongue for 15 min and patients were
advised to not to swallow the saliva during this 15 min period. The sublingual delivery of TAC was able
to generate therapeutic levels of TAC in blood without initial spike in blood levels. The sublingual TAC
administration was found to be effective in replacing intravenous injection [20]. A fast disintegrating
tablet containing solid dispersion of TAC was prepared and evaluated for dissolution and stability.
The solid dispersion was prepared by solvent removal method with three different stabilizers namely
inulin 1.8 kDa, inulin 4 kDa and PVP K 30. The tablet prepared from solid dispersion containing 10%
of TAC showed optimal results and inulin 1.8 kDa tablet showed excellent stability and retention of
fast dissolution property [21].

In this research work, an attempt was made to stabilize TAC in amorphous form by preparing
solid dispersions with different polymeric excipients using melt extrusion and incorporating into
orally-disintegrating tablets (ODTs). Melt extrusion is a continuous and industrially feasible process
which does not involve the use of solvents. It is easily scalable and has few processing steps [22].
This work shows the development of formulations of TAC, their characterization and a study of
their dissolution profiles and storage stability. The advantages of the amorphous state, the method
of production and the dosage form have been harnessed to produce formulations by synergizing
the benefits.

2. Materials and Methods

2.1. Materials

TAC was purchased from Concord Biotech Ltd., Ahmedabad, India. PVP VA64 (Kollidon VA 64)
and Soluplus® were kindly gifted by BASF, Ludwigshafen, Germany. Hydroxypropyl Cellulose (HPC,
LF grade) was received as sample from Ashland (Ashland Inc. Covington, KY, USA) Micro Crystalline
cellulose (Avicel PH101), Mannitol, Magnesium stearate and other chemicals used were purchased from
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Sigma Aldrich (Sigma, St. Louis, MO, USA). HPLC grade methanol and acetonitrile were purchased from
Fischer Scientific (Fischer Scientific Pte. Ltd, Pandan Cres., Singapore).

2.2. Hansen Solubility Parameter and Excipient Selection

Molecular dynamics (MD) simulations were carried out using the Materials Studio Version
7.0.100 (Accelrys Software Inc, San Diego, CA, USA) for TAC [23]. The crystal structure (Figure 1A)
was obtained from the Cambridge Structural Database, Ver. 5.26 (Cambridge Crystallographic Data
Centre Cambridge, UK). The space group of the crystal is P212121 (orthorhombic with the unit
cell dimensions of a = 10.939 Å, b = 15.878 Å, c = 27.184 Å, and Z = 4). The crystal structure was
extended to 3 × 3 × 2 unit cells (72 TAC molecules). The COMPASS [24] (condensed-phase optimized
molecular potentials for the atomistic simulation studies) force field was used to model the atomic
interactions for TAC molecules. COMPASS force field model gives densities of 1.104 g/cm3 for pure
TAC. The integration time step used was 1 fs. Ewald summation was used to enable the long-range
interactions. A cutoff radius of 12.5 Å was used for both non-bonded and electrostatic interactions.
Simulation in the NPT (constant number of particle, constant pressure, and constant temperature)
ensemble was conducted at 298 K for 2 ns to ensure that TAC system reaches equilibration condition.
The equilibrated amorphous cell of TAC is shown in Figure 1B. Equilibration was determined by
observing the change in the thermodynamic properties (energies, temperatures, and densities) as
a function of time. The system was concluded to have reached equilibration condition if these
properties showed sufficiently small variations over time. The required time was less than 100 ps.
The Nose/Hoover thermostat [25] and Berendsen barostat [26] were used to control the temperature
and pressure, respectively. The production run was done by choosing three different trajectories
(at time step of 1 ns, 1.5 ns, and 2 ns) from the equilibrated system. Energy minimization was then
performed for the three sets of data, followed by MD simulation in NVT (isothermal) ensemble at
298 K for 100 ps. The final 50 ps were used to calculate the Hansen solubility parameter. The three data
sets were then averaged to obtain the solubility parameter for TAC. The solubility parameters of the
polymers were taken from literature.
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2.3. Thermogravimetric Analysis

In order to study the thermal stability of TAC alone and in combination with polymers,
thermogravimetric analysis (TGA) was performed using a TGA Q500 V6.7 build 203 (TA Instruments,
New Castle, DE, USA). Alumina crucibles were used and the sample weight ranged from 5–15 mg.
The sample was heated from 25 to 200 ◦C at the rate of 10 ◦C/min and weight loss was recorded.

2.4. Differential Scanning Calorimetry

A hyper differential scanning calorimetry (DSC) (PerkinElmer instruments, Shelton, CT, USA) was
used to record the thermogram. The enthalpic response was calibrated with Indium and zinc. An empty
sealed pan was used as reference. The samples were kept under isothermal condition at 25 ◦C for 10 min
in sealed standard aluminum pans. DSC study was performed at 10 ◦C min−1 from 25 to 160 ◦C under
a nitrogen flow rate of 20 mL min−1. A second reheating step at 10 ◦C/min to 160 ◦C after cooling to
−50 ◦C was added to DSC of pure TAC to determine the glass transition temperature (Tg). The data
treatment and integration were done by Pyris Analysis (PerkinElmer, instruments, Shelton, CT, USA).

2.5. Preparation of Solid Dispersions by Hot Melt Extrusion (HME)

The physical mixtures were prepared by geometric mixing of the individually weighed polymers
and drug. The physical mixture was placed in a powder mixer (Alphie powder mixer, Hexagon product
development, Vadodara, Gujarat, India) for 20 min to ensure homogeneity. A preheated co-rotating
twin screw melt extruder (Prism Eurolab 16 Melt extruder from Thermo Scientific, Karlsruhe, Germany)
having a horizontally split barrel with length to diameter ratio of 25:1 and 15.6 mm diameter screws
was used for the extrusion. About 30–40 g of the physical mixture containing 10% w/w of TAC was
manually fed to preheated twin-screw extruder rotating at a speed of 200 rpm. In order to reduce the
residence time in the heated barrel, the physical mixture was fed from zone 3. The temperatures used
in the different zones are shown below.

Barrel Zone 1 2 3 4 5 6 Rod die

Temperature (◦C) not used not used 70 125 135 140 135
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A rod die with a 2 mm orifice was used for the extrusion of solid dispersion in the shape of cylindrical
strands. A small (40 cm) conveyor belt was used to collect and air-cool the extrudates. Extrudes were stored
in screw-capped glass bottles at room temperature (25 ◦C) under low humidity (25% relative humidity).

The extrudates were milled (MM 200 Retsch GmbH, Haan, Germany) for 2 min at a frequency
of 30 Hz in a stainless-steel ball mill using a 1.5-cm diameter stainless steel ball. The powdered solid
dispersions were sieved and 50–250 µm fraction was collected and stored in screw-capped glass bottles
in dry cabinet (25% RH) at room temperature. The sieved fraction of solid dispersion was used for the
characterization and analysis.

2.6. High Performance Liquid Chromatography (HPLC) Analysis

The analysis of the drug was done using an Agilent HPLC (Agilent Technologies,
Santa Clara, CA, USA). A Zorbax Eclipse Plus C18 column was used with an isocratic elution method
where the mobile phase was a mixture containing 45% Methanol, 45% Acetonitrile and 10% Water
at a flow rate of 1.5 mL/minute and injection volume of 10 µL. The column was maintained at
a temperature of 40 ◦C while the sample holder was kept at 4 ◦C and the UV detector was set to 214 nm.
The samples for drug estimation were prepared in methanol and TAC was eluted at a retention time of
3.3 ± 0.1 min. For samples from dissolution experiments, the samples were directly injected into the
column after filtration and analyzed. Calibration was performed in both methanol and dissolution
medium between 0 to 100 mg/L [27].

2.7. Microscopy and Imaging

An Olympus polarization microscope BX51 (Olympus Corporation, Tokyo, Japan) was used
along with a Sony digital color video camera (Sony Corporation, Tokyo, Japan) to capture images
using the analySIS pro software (Soft Imaging Systems, Olympus Corporation, Tokyo, Japan).
The extruded strands and milled powders were observed under a microscope under both polarized
and ordinary light.

2.8. Powder X-ray Diffraction

The powder X-ray diffraction analysis was done on a Bruker D8 (Bruker AXS GmbH,
Karlsruhe, Germany) Advance X-ray diffractometer using Cu Kα radiation (α = 1.5406 Å) with
a scanning rate of 1◦/min and scanning angles between 4◦ to 50◦.

2.9. Fourier Transform InfraRed (FTIR) Spectrophotometric Analysis

FTIR was performed on a BioRad Spectrophotometer (Bio Rad, Philadelphia, PA, USA). The powder
samples were made into KBr pellets and the transmittance in the wave number range of 4000 to 400 cm−1

was measured for 64 scans.

2.10. Dissolution Testing

Dissolution studies were done in USP II paddle dissolution apparatus (Agilent 708-DS,
Agilent Technologies, Santa Clara, CA, USA). 250 mL of 0.1% sodium lauryl sulfate (SLS) in de-ionized
water was used as the medium of dissolution [28]. Crystalline TAC or powdered solid dispersion
equivalent to 5 mg TAC was added to the dissolution tank. The temperature of the water bath was
set at 37 ± 0.5 ◦C and the paddle speed was set at 100 rpm. 1 mL of sample was withdrawn at each
time point, syringe filtered and analyzed by High Performance Liquid Chromatography (HPLC) as
described above.

2.11. Amorphous Stability Testing

The solid dispersion samples were stored in capped glass vials under accelerated conditions in
a stability chamber (Climacell EVO, MMM Group, München, Germany) set at 40 ◦C and 75% RH.
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The storage stability testing was done for 3 months. The solid dispersion stability in terms of drug
content, amorphous nature and retention of dissolution enhancement was tested.

2.12. Orally-Disintegrating Tablet (ODT) Compression and Characterization

The solid dispersion powders were incorporated into ODTs. The physical mixtures of the
excipients were compressed using a hand operated Carver tablet press and a flat faced tablet punch
(10 mm diameter). Two hundred and fifty mg of physical mixture containing the excipients and
the solid dispersion was weighed into the die and the tablet was compressed by applying a force
of 1 ton for 10 s. The Pharmatron Dr. Schleuniger Multi test 50 (SOTAX AG, Aesch, Switzerland)
was used for hardness testing and it gave the hardness value in kilopond (kP). The prepared tablets
were also evaluated for friability by Agilent Technologies 250 Friabilator and disintegration time by
Agilent Technologies 100 Automated Disintegration (Agilent Technologies, Santa Clara, CA, USA).

3. Results

3.1. Hansen Solubility Parameter and Excipient Selection

The solid-solid miscibility of drug and polymers can be predicted by calculating Hansen solubility
parameters (δt) from the chemical structure. The solubility parameter of TAC was calculated using
molecular dynamic simulation using the method reported by Gupta and coworkers [29]. The difference
between the solubility parameters (∆δt) of two materials is known as interaction parameter and is
indicative of likely miscibility or immiscibility. Compounds with ∆δt value 7.0 MPa1/2 or less are
most likely to be miscible whereas compounds with value greater than 10.0 MPa1/2 are most likely
immiscible [30]. The interaction parameter (∆δt) for TAC and all polymers is less than 1, so it is most
likely that drug and polymer melt would be miscible during melt extrusion. The carrier polymers were
selected based on their glass transition temperatures and the Hansen solubility parameters (Table 1).

Table 1. Properties of drug and carrier polymers. TAC: Tacrolimus; PVP VA64: Polyvinylpyrrolidone
vinyl acetate; HPC: Hydroxypropyl Cellulose.

Drug/Polymer Aqueous
Solubility

Molecular
Weight

Glass Transition
(◦C)

Hansen’s Solubility
Parameters (MPa1/2)

Interaction
Parameter (∆δt) Solid State

TAC Insoluble
(2.6 µg/mL) 804.02 g/mol 78.8

(amorphous form) 19.1 * - Crystalline

PVP VA64 Very soluble 45–70 kD 101 19.7 [31] 0.6 Amorphous
Soluplus Very soluble 118 kD 70 19.4 [31] 0.3 Amorphous

HPC Soluble 95 kD 105 21.27 [32] 2.17 Semi-crystalline

* Calculated.

3.2. Thermal Stability of Tacrolimus (TAC)

Hot melt extrusion involves the use of temperature and shear for processing physical mixtures
into solid dispersions. The thermal stability of materials (both drug and excipients) will play a crucial
role in the selection of extrusion parameters.

The TGA of pure crystalline drug shows that it begins decomposing beyond 200 ◦C. The physical
mixtures of TAC with polymers showed a 5–10% weight loss at 100 ◦C which could be attributed to
the evaporation of moisture present in the polymers (Figure 2). The DSC of TAC showed a melting
peak at 132.8 ◦C during the first heating cycle. After cooling at 50 ◦C/min to −50 ◦C, and reheating
at 10 ◦C/min, the melting endotherm of the drug disappeared and glass transition temperature (Tg)
was observed at 78.8 ◦C confirming conversion of crystalline TAC to amorphous form by melting and
rapid cooling in the DSC. These results show that TAC can be converted to its amorphous form by
melting and rapid cooling [21,33].
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Figure 2. TGA of crystalline TAC and physical mixtures with PVP-VA 64, Soluplus and HPC containing
10% w/w TAC.

3.3. Hot Melt Extrusion

The extruded solid dispersions are clear, transparent and brittle strands when observed under
a stereo microscope equipped with a digital camera (Leica MZ 16, Leica, Wetzlar, Germany)
(Figure 3c,f,i). The milled powder observed under polarized light showed that there were no crystalline
particles present in the extruded formulation (Figure 3b,e,h), whereas the corresponding physical
mixture showed presence of crystalline TAC (Figure 3a,d,g). TAC content in the extruded and milled
solid dispersions was determined by HPLC method. The drug loading efficiency was estimated to be
102 ± 3%, 88 ± 1% and 79 ± 8% of the expected drug content (10% w/w) in PVP VA 64, Soluplus and
HPC solid dispersions respectively. The reduction of TAC content in case of Soluplus and HPC could
be due to degradation of TAC during extrusion.
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Figure 3. Polarized light photomicrographs of (a) 10% TAC PVP-VA 64 physical mixture, (b) 10% TAC
PVP-VA 64 extruded and milled powder, (d) 10% TAC Soluplus physical mixture (e) 10% TAC Soluplus
extruded and milled powder (g) 10% TAC HPC physical mixture, (h) 10% TAC HPC extruded and
milled powder, and optical photomicrograph of Extruded strands of (c) PVP VA 64 (f) Soluplus and
(i) HPC containing 10% w/w TAC.
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3.4. Differential Scanning Calorimetry (DSC) Analysis

The DSC thermograms of the physical mixtures of drug and polymer showed a melting peak
at 132 ◦C (see Figure 4A) corresponding to the melting peak of the pure drug while the extruded
solid dispersions did not have a melting peak of TAC indicating the absence of crystalline TAC in the
solid dispersion. This could be attributed to the conversion of crystalline TAC to amorphous form
(Figure 4B).
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3.5. Powder X-ray Diffraction

The diffraction pattern of TAC (Figure 5A) shows characteristic peaks at 2θ values of 8.5, 10.1, 11.2,
19 and 23.5 [4,15]. The powder X-ray diffraction (PXRD) analysis of the physical mixtures shows peaks
corresponding to the pure drug while the extruded solid dispersion powders exhibited an amorphous
halo (Figure 5B) with all three polymers. These, along with the DSC results confirm that TAC is present
in the amorphous form in the extruded samples.
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3.6. FTIR

The FTIR spectra of TAC showed absorption bands of C-O-C (ether) stretching vibrations at
1173 and 1090 cm−1, C-O (ester) stretching vibration at 1194 cm−1, C=O (keto-amide) and C=C
stretching vibration at 1640 cm−1, C=O (ester and ketone) stretching vibration peak at 1740, 1724 and
1694 cm−1, and O-H stretching vibration at 3440 cm−1 [34].

In the extruded PVP VA64 solid dispersions, the absorption bands attributed to C=O groups
at 1724 and 1694 cm−1 disappear, and the absorption band at 1640 cm−1 was shifted to 1625 cm−1.
The peaks at 1173 and 1090 cm−1 are found in the physical mixture but the peak at 1090 cm−1

disappears and the peak at 1173 cm−1 is shifted to 1165 cm−1 in the extruded solid dispersion. In the
extruded Soluplus solid dispersions, the absorption bands attributed to C=O groups at 1724 and
1694 cm−1 are present in the physical mixture but disappear in the extruded solid dispersion, and the
absorption band at 1640 cm−1 was broadened in the extruded sample. The peak at 1090 cm−1 is shifted
to 1080 cm−1 after extrusion while the peak at 1173 cm−1 disappears. The peak at 1194 cm−1 is slightly
shifted to 1197 cm−1 in the extruded solid dispersion of TAC in Soluplus. The drug peaks at 1649,
1724 and 1740 cm−1 corresponding to the carbonyl groups are present in the HPC physical mixture
while in extruded samples the peaks were shifted (Figure 6).
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These observations could be attributed to hydrogen bond formation between PVP VA64,
Soluplus and HPC with functional groups of TAC especially carbonyl group and hydroxyl group
at molecular level [4]. The reduction in peak intensities could also be attributed to the formation of
amorphous TAC in the extruded solid dispersions [34].

3.7. Dissolution Studies

The dissolution profiles of crystalline TAC and extruded formulations are shown in Figure 7.
Since TAC is practically insoluble in water, 0.1% SLS was added to the dissolution media. About 5%
of crystalline TAC had dissolved in media after 2 h of testing while the solid dispersions showed
typical burst release of TAC. PVP-VA64, Soluplus and HPC solid dispersions showed 100%, 90% and
65% drug release in the first 15 min. The Soluplus formulation released 98% of drug in the 2 h of testing
while the HPC formulation released 96% in the same time. The amorphous TAC in solid dispersion
reaches concentrations of 20 mg/L while the crystalline drug reaches only 2 mg/L after two hours of
dissolution testing. The HPC solid dispersion showed slowest release followed by Soluplus and PVP
VA64 in first 15 min of dissolution testing. This could be due to the slow solublization behavior of the
HPC which first swells and then solubilizes in water.
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3.8. Stability Studies

The TAC solid dispersions were stored in screw capped glass bottles in a stability chamber at
40 ◦C/75% RH and their physical and chemical stability was studied. The % drug content was found to
be at 94%, 86% and 82% for TAC solid dispersions in PVP VA64, Soluplus and HPC respectively after
3 months. The X-ray diffractogram showed an amorphous halo for all three solid dispersions after storage
at 40 ◦C and 75% RH (accelerated conditions) for 3 months (Figure 8). This showed that amorphous TAC
in all three formulations has good chemical and physical stability on storage under stressed conditions.
The Tg of TAC was found to be 78.8 ◦C and calculated Tg of PVP-VA 64 solid dispersion was found to
be 98.6 ◦C. As per general convention, storing 50 ◦C below Tg could significantly reduce the molecular
mobility and re-crystallization [35]. The solid dispersions exhibited a typical burst release of TAC similar
to the initial dissolution profile with approximately 81%, 87% and 62% of drug release in 15 min for PVP
VA64, Soluplus and HPC solid dispersions of TAC respectively (Figure 7).
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3.9. ODT Formulation and Characterization

Two ODT compositions considered for being compressed into tablets are shown in Table 2.
These formulations were punched into 250 mg tablets and the hardness, friability and disintegration
were tested (Table 3). The disintegration time in all formulations was influenced by the polymer in the
following order.

Soluplus < HPC < PVP VA64

Table 2. Composition of orally-disintegrating tablets (ODT) formulations.

Excipient Formulation 1 Formulation 2

Microcrystalline cellulose 69.75% 59.5%
Crospovidone 10% 10%

Mannitol 10% 20%
Magnesium Stearate 0.25% 0.5%

Polymer/TAC Solid dispersion 10% 10%

Table 3. Characterization of blank ODTs.

Formulation Polymer Hardness (kP) Friability (%) Disintegration Time (s)

Formulation 1
PVP VA64 18.6 ± 2.8 0% 83
Soluplus 11.9 ± 2.5 0.07% 10

HPC 20.9 ± 2.7 0.06% 50

Formulation 2
PVP VA64 23.0 ± 1.8 0% 60
Soluplus 17.5 ± 0.8 0.03% 18

HPC 17.5 ± 1.0 0% 40

It was found that PVP VA64 produced the hardest tablets for each formulation with the least
friability and longest disintegration time. It was also observed that increasing the PVP VA64
concentration also contributed to a corresponding increase in the disintegration time (data not shown).
The USP stipulates that an ODT should disintegrate within 30 s [36] while the European Pharmacopoeia
gives a time limit of 3 min (180 s) [37].

Formulation 2 that showed optimal performance in both hardness and disintegration in all
three polymers was chosen and tablets containing solid dispersions of TAC were prepared.

3.10. Dissolution Testing of TAC ODTs

The ODTs were compressed with the polymer component of the blank tablets replaced by the
extruded solid dispersion and formulated such that they contained 2.5 mg per 250 mg ODT. All the
ODTs showed 100% drug release in the first 30 min of dissolution testing (Figure 9). Slight improvement
was observed in rate of TAC release from Soluplus and HPC formulations as compared to powdered
solid dispersion where HPC showed 65% release of TAC.
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4. Discussion

TAC is an established immunosuppressant that is used to prevent acute rejection of transplanted
organ especially in the case of liver and lung transplants [38]. It is chemically classified as a macrolide
lactone. The BCS places it in class II implying that the bioavailability of the drug is limited by its
solubility at the site of absorption [39].

The DSC results of TAC show that the drug melts above 130 ◦C and on rapid cooling it solidifies
into its amorphous form with a Tg at 78.8 ◦C. The extrusion was performed at 140 ◦C with reduced
barrel length to decrease the residence time of material in the heated extruder. The material exiting
the die was in the form of flexible, transparent, cylindrical rods of melt which cooled quickly on
the conveyor belt to form brittle, glassy strands which were later milled to powders before storage.
The clear and transparent visual appearance of the strands could mean that the drug is either dispersed
as very small particles in the polymeric melt or has dissolved in the polymeric melt after melting in the
extruder. This suggests the possibility of formation of a solid solution where the drug is molecularly
dispersed in the polymer [40].

The DSC and XRD results confirm that TAC was present in the amorphous form. The melting
peak and characteristic XRD peaks of the drug which were seen in the physical mixtures were not
found in the extruded solid dispersions.

The molecular structure of TAC shows hydroxy, carbonyl (ester and ketone) and ether moieties
in the molecule. The interaction between the drug and the polymers is observed in the region from
1050 to 1200 cm−1 in the FTIR. The changes in the spectra of the extruded solid dispersions suggest
possibility of hydrogen bond formation between the carbonyl and hydroxyl groups present in TAC
and the polymer. The ester and amide functional groups of PVP VA64 could be involved in hydrogen
bonding like interactions during extrusion [41]. These interactions could also play a role in maintaining
the super saturation of drug in media on dissolution and inhibition of the recrystallization of drug
thereby enhancing stability [14].

The extruded solid dispersions exhibit a higher rate and percentage of dissolution of TAC
compared to both the physical mixtures and pure crystalline drug. The solid dispersions showed
a burst release of the drug in the first 15 min compared to the slow dissolution of pure crystalline TAC.
The dissolution results obtained after the storage of solid dispersions in accelerated conditions for
3 months show dissolution profiles similar to those obtained during the initial testing. The increase
in drug dissolution could be attributed to the amorphous form being a higher energy state which
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has been observed to exhibit higher solubility and dissolution rate compared to its crystalline form
and the presence of hydrophilic polymer which enhances the rate of dissolution of drug from the
extruded solid dispersions. These amorphous solid dispersions of TAC were incorporated into ODTs.
PVP VA64 which acts as a binder in the compressed ODT releases the drug faster when it is tested
as a solid dispersion powder and there is a marginally faster rate of drug release from the powdered
solid dispersions compared to the ODTs. In the case of Soluplus and HPC, the ODT formulation helps
disperse the solid dispersion into the media as opposed to the solid dispersion powder which tends to
form lumps in the dissolution tub. This explains the slight improvement in the ODT over the solid
dispersion powders in the time taken to release the drug.

5. Conclusions

HME was found to be a suitable technique for producing solid dispersions of TAC using PVP VA
64, Soluplus and HPC as carrier polymers at a drug loading of 10% by weight. The solid dispersions
were found to be clear, glassy strands of TAC in the carrier polymers where the drug was stabilized
in the amorphous form. The extruded solid dispersions which contained TAC in the amorphous
form, showed a higher rate of dissolution. These solid dispersions were formulated into ODTs which
maintained the dissolution advantage of the solid dispersions and were stable at accelerated conditions
for 3 months. This approach can be used to deliver TAC as orally disintegrating tablets with improved
dissolution rate.

Acknowledgments: The authors are thankful to GSK-EDB partnership for Green and Sustainable Manufacturing
for financial support (ICES/11-322A02).

Author Contributions: Parijat Kanaujia, Wai Kiong Ng and Reginald B. H. Tan conceived and designed the
experiments; Poovizhi Ponnammal and Parijat Kanaujia performed the experiments; Poovizhi Ponnammal,
Parijat Kanaujia and Wai Kiong Ng analyzed the data; Yin Yani contributed molecular simulation analysis tools.

Conflicts of Interest: The authors report no conflict of interest.

References

1. Halloran, P.F. Immunosuppressive drugs for kidney transplantation. N. Engl. J. Med. 2004, 351, 2715–2729.
[CrossRef] [PubMed]

2. Kino, T.; Hatanaka, H.; Miyata, S.; Inamura, N.; Nishiyama, M.; Yajima, T.; Goto, T.; Okuhara, M.; Kohsaka, M.;
Aoki, H.; et al. Fk-506, a novel immunosuppressant isolated from a streptomyces. Ii. Immunosuppressive
effect of fk-506 in vitro. J. Antibiot. 1987, 40, 1256–1265. [CrossRef] [PubMed]

3. Joe, J.H.; Lee, W.M.; Park, Y.J.; Joe, K.H.; Oh, D.H.; Seo, Y.G.; Woo, J.S.; Yong, C.S.; Choi, H.G. Effect of the
solid-dispersion method on the solubility and crystalline property of tacrolimus. Int. J. Pharm. Investig. 2010,
395, 161–166. [CrossRef] [PubMed]

4. Yamashita, K.; Nakate, T.; Okimoto, K.; Ohike, A.; Tokunaga, Y.; Ibuki, R.; Higaki, K.; Kimura, T.
Establishment of new preparation method for solid dispersion formulation of tacrolimus. Int. J. Pharm. 2003,
267, 79–91. [CrossRef] [PubMed]

5. Tamura, S.; Ohike, A.; Ibuki, R.; Amidon, G.L.; Yamashita, S. Tacrolimus is a class ii low-solubility
high-permeability drug: The effect of p-glycoprotein efflux on regional permeability of tacrolimus in
rats. J. Pharm. Sci. 2002, 91, 719–729. [CrossRef] [PubMed]

6. Amidon, G.L.; Lennernas, H.; Shah, V.P.; Crison, J.R. A theoretical basis for a biopharmaceutic drug
classification: The correlation of in vitro drug product dissolution and in vivo bioavailability. Pharm. Res.
1995, 12, 413–420. [CrossRef] [PubMed]

7. Kagayama, A.; Tanimoto, S.; Fujisaki, J.; Kaibara, A.; Ohara, K.; Iwasaki, K.; Hirano, Y.; Hata, T. Oral
absorption of fk506 in rats. Pharm. Res. 1993, 10, 1446–1450. [CrossRef] [PubMed]

8. Grinyo, J.M.; Petruzzelli, S. Once-daily lcp-tacro meltdose tacrolimus for the prophylaxis of organ rejection
in kidney and liver transplantations. Expert Rev. Clin. Immunol. 2014, 10, 1567–1579. [CrossRef] [PubMed]

9. Hashimoto, Y.; Sasa, H.; Shimomura, M.; Inui, K. Effects of intestinal and hepatic metabolism on the
bioavailability of tacrolimus in rats. Pharm. Res. 1998, 15, 1609–1613. [CrossRef] [PubMed]

http://dx.doi.org/10.1056/NEJMra033540
http://www.ncbi.nlm.nih.gov/pubmed/15616206
http://dx.doi.org/10.7164/antibiotics.40.1256
http://www.ncbi.nlm.nih.gov/pubmed/2445722
http://dx.doi.org/10.1016/j.ijpharm.2010.05.023
http://www.ncbi.nlm.nih.gov/pubmed/20580799
http://dx.doi.org/10.1016/j.ijpharm.2003.07.010
http://www.ncbi.nlm.nih.gov/pubmed/14602386
http://dx.doi.org/10.1002/jps.10041
http://www.ncbi.nlm.nih.gov/pubmed/11920757
http://dx.doi.org/10.1023/A:1016212804288
http://www.ncbi.nlm.nih.gov/pubmed/7617530
http://dx.doi.org/10.1023/A:1018967107612
http://www.ncbi.nlm.nih.gov/pubmed/7505939
http://dx.doi.org/10.1586/1744666X.2014.983903
http://www.ncbi.nlm.nih.gov/pubmed/25407098
http://dx.doi.org/10.1023/A:1011967519752
http://www.ncbi.nlm.nih.gov/pubmed/9794505


Pharmaceutics 2018, 10, 35 14 of 15

10. Arima, H.; Yunomae, K.; Hirayama, F.; Uekama, K. Contribution of p-glycoprotein to the enhancing effects of
dimethyl-beta-cyclodextrin on oral bioavailability of tacrolimus. J. Pharmacol. Exp. Ther. 2001, 297, 547–555. [PubMed]

11. Nassar, T.; Rom, A.; Nyska, A.; Benita, S. A novel nanocapsule delivery system to overcome intestinal
degradation and drug transport limited absorption of p-glycoprotein substrate drugs. Pharm. Res. 2008, 25,
2019–2029. [CrossRef] [PubMed]

12. Williams, D.; Haragsim, L. Calcineurin nephrotoxicity. Adv. Chronic Kidney Dis. 2006, 13, 47–55. [CrossRef]
[PubMed]

13. Veroux, P.; Veroux, M.; Puliatti, C.; Valvo, M.; Macarone, M.; Cappello, D. Severe neurotoxicity in tacrolimus-treated
living kidney transplantation in two cases. Urol. Int. 2003, 71, 433–434. [CrossRef] [PubMed]

14. Overhoff, K.A.; McConville, J.T.; Yang, W.; Johnston, K.P.; Peters, J.I.; Williams, R.O., 3rd. Effect of stabilizer
on the maximum degree and extent of supersaturation and oral absorption of tacrolimus made by ultra-rapid
freezing. Pharm. Res. 2008, 25, 167–175. [CrossRef] [PubMed]

15. Yoshida, T.; Kurimoto, I.; Yoshihara, K.; Umejima, H.; Ito, N.; Watanabe, S.; Sako, K.; Kikuchi, A.
Aminoalkyl methacrylate copolymers for improving the solubility of tacrolimus. I: Evaluation of solid
dispersion formulations. Int. J. Pharm. 2012, 428, 18–24. [CrossRef] [PubMed]

16. Yoshida, T.; Kurimoto, I.; Yoshihara, K.; Umejima, H.; Ito, N.; Watanabe, S.; Sako, K.; Kikuchi, A. Effect of
aminoalkyl methacrylate copolymer e/hcl on in vivo absorption of poorly water-soluble drug. Drug Dev. Ind.
Pharm. 2013, 39, 1698–1705. [CrossRef] [PubMed]

17. Arima, H.; Yunomae, K.; Miyake, K.; Irie, T.; Hirayama, F.; Uekama, K. Comparative studies of the enhancing
effects of cyclodextrins on the solubility and oral bioavailability of tacrolimus in rats. J. Pharm. Sci. 2001, 90,
690–701. [CrossRef] [PubMed]

18. Nekkanti, V.; Rueda, J.; Wang, Z.; Betageri, G.V. Design, characterization, and in vivo pharmacokinetics of
tacrolimus proliposomes. AAPS PharmSciTech 2016, 17, 1019–1029. [CrossRef] [PubMed]

19. Wu, X.; Hayes, D., Jr.; Zwischenberger, J.B.; Kuhn, R.J.; Mansour, H.M. Design and physicochemical characterization
of advanced spray-dried tacrolimus multifunctional particles for inhalation. Drug Des. Dev. Ther. 2013, 7, 59–72.

20. Collin, C.; Boussaud, V.; Lefeuvre, S.; Amrein, C.; Glouzman, A.S.; Havard, L.; Billaud, E.M.; Guillemain, R.
Sublingual tacrolimus as an alternative to intravenous route in patients with thoracic transplant:
A retrospective study. Transplant. Proc. 2010, 42, 4331–4337. [CrossRef] [PubMed]

21. Srinarong, P.; Pham, B.T.; Holen, M.; van der Plas, A.; Schellekens, R.C.; Hinrichs, W.L.; Frijlink, H.W.
Preparation and physicochemical evaluation of a new tacrolimus tablet formulation for sublingual
administration. Drug Dev. Ind. Pharm. 2012, 38, 490–500. [CrossRef] [PubMed]

22. Breitenbach, J. Melt extrusion: From process to drug delivery technology. Eur. J. Pharm. Biopharm. 2002, 54,
107–117. [CrossRef]

23. Materials Studio Modeling; 7.0.100; Accelrys Software Inc.: San Diego, CA, USA, 2013.
24. Sun, H. Compass: An ab initio force-field optimized for condensed-phase applications-overview with details

on alkane and benzene compounds. J. Phys. Chem. B 1998, 102, 7338–7364. [CrossRef]
25. Frenkel, D.; Smit, B. Understanding Molecular Simulation, 2nd ed.; Academic Press: San Deigo, CA, USA, 2002.
26. Berendsen, H.J.C.; Postma, J.P.M.; van Gunsteren, W.F.; DiNola, A.; Haak, J.R. Molecular dynamics with

coupling to an external bath. J. Chem. Phys. 1984, 81, 3684–3690. [CrossRef]
27. Akashi, T.; Nefuji, T.; Yoshida, M.; Hosoda, J. Quantitative determination of tautomeric fk506 by

reversed-phase liquid chromatography. J. Pharm. Biomed. Anal. 1996, 14, 339–346. [CrossRef]
28. Azarmi, S.; Roa, W.; Lobenberg, R. Current perspectives in dissolution testing of conventional and novel

dosage forms. Int. J. Pharm. 2007, 328, 12–21. [CrossRef] [PubMed]
29. Gupta, J.; Nunes, C.; Vyas, S.; Jonnalagadda, S. Prediction of solubility parameters and miscibility of

pharmaceutical compounds by molecular dynamics simulations. J. Phys. Chem. B 2011, 115, 2014–2023.
[CrossRef] [PubMed]

30. Greenhalgh, D.J.; Williams, A.C.; Timmins, P.; York, P. Solubility parameters as predictors of miscibility in
solid dispersions. J. Pharm. Sci. 1999, 88, 1182–1190. [CrossRef] [PubMed]

31. Kolter, K.; Karl, M.; Gryczke, A. Hot Melt Extrusion with Basf Pharma Polymers, 2nd ed.; BASF:
Ludwigshafen, Germany, 2012.

32. Mididoddi, P.K.; Repka, M.A. Characterization of hot-melt extruded drug delivery systems for
onychomycosis. Eur. J. Pharm. Biopharm. 2007, 66, 95–105. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/11303042
http://dx.doi.org/10.1007/s11095-008-9585-4
http://www.ncbi.nlm.nih.gov/pubmed/18581211
http://dx.doi.org/10.1053/j.ackd.2005.11.001
http://www.ncbi.nlm.nih.gov/pubmed/16412970
http://dx.doi.org/10.1159/000074101
http://www.ncbi.nlm.nih.gov/pubmed/14646448
http://dx.doi.org/10.1007/s11095-007-9417-y
http://www.ncbi.nlm.nih.gov/pubmed/17968635
http://dx.doi.org/10.1016/j.ijpharm.2012.02.041
http://www.ncbi.nlm.nih.gov/pubmed/22405967
http://dx.doi.org/10.3109/03639045.2012.730525
http://www.ncbi.nlm.nih.gov/pubmed/23062024
http://dx.doi.org/10.1002/jps.1025
http://www.ncbi.nlm.nih.gov/pubmed/11357172
http://dx.doi.org/10.1208/s12249-015-0428-4
http://www.ncbi.nlm.nih.gov/pubmed/26729532
http://dx.doi.org/10.1016/j.transproceed.2010.09.126
http://www.ncbi.nlm.nih.gov/pubmed/21168693
http://dx.doi.org/10.3109/03639045.2011.613075
http://www.ncbi.nlm.nih.gov/pubmed/21961909
http://dx.doi.org/10.1016/S0939-6411(02)00061-9
http://dx.doi.org/10.1021/jp980939v
http://dx.doi.org/10.1063/1.448118
http://dx.doi.org/10.1016/0731-7085(95)01605-8
http://dx.doi.org/10.1016/j.ijpharm.2006.10.001
http://www.ncbi.nlm.nih.gov/pubmed/17084051
http://dx.doi.org/10.1021/jp108540n
http://www.ncbi.nlm.nih.gov/pubmed/21306175
http://dx.doi.org/10.1021/js9900856
http://www.ncbi.nlm.nih.gov/pubmed/10564068
http://dx.doi.org/10.1016/j.ejpb.2006.08.013
http://www.ncbi.nlm.nih.gov/pubmed/17045468


Pharmaceutics 2018, 10, 35 15 of 15

33. Boer, T.M.; Procopio, J.V.; Nascimento, T.G.; Macedo, R.O. Correlation of thermal analysis and pyrolysis coupled
to gc-ms in the characterization of tacrolimus. J. Pharm. Biomed. Anal. 2013, 73, 18–23. [CrossRef] [PubMed]

34. Zidan, A.S.; Rahman, Z.; Sayeed, V.; Raw, A.; Yu, L.; Khan, M.A. Crystallinity evaluation of tacrolimus solid
dispersions by chemometric analysis. Int. J. Pharm. 2012, 423, 341–350. [CrossRef] [PubMed]

35. Hancock, B.C.; Shamblin, S.L.; Zografi, G. Molecular mobility of amorphous pharmaceutical solids below
their glass transition temperatures. Pharm. Res. 1995, 12, 799–806. [CrossRef] [PubMed]

36. Guidance for Industry Orally Disintegrating Tablets; U.S. Food and drug administration: Silver Spring,
MD, USA, 2008.

37. McLaughlin, R.; Banbury, S.; Crowley, K. Orally disintegrating tablets: The effect of recent fda guidance on
odt technologies and applications. Pharm. Tech. 2009. Available online: http://www.pharmtech.com/orally-
disintegrating-tablets-effect-recent-fda-guidance-odt-technologies-and-applications (accessed on 9 February 2018).

38. Fitzsimmons, W.E. Tacrolimus. In Immunotherapy in Transplantation; Wiley-Blackwell: Hoboken, NJ, USA,
2010; pp. 224–240.

39. Wu, C.-Y.; Benet, L.Z. Predicting drug disposition via application of bcs: Transport/absorption/elimination
interplay and development of a biopharmaceutics drug disposition classification system. Pharm. Res. 2005,
22, 11–23. [CrossRef] [PubMed]

40. Kadajji, V.G.; Betageri, G.V. Water soluble polymers for pharmaceutical applications. Polymers 2011, 3,
1972–2009. [CrossRef]

41. Jijun, F.; Lishuang, X.; Xiaoguang, T.; Min, S.; Mingming, Z.; Haibing, H.; Xing, T. The inhibition effect of high
storage temperature on the recrystallization rate during dissolution of nimodipine-kollidon va64 solid dispersions
(nm-sd) prepared by hot-melt extrusion. J. Pharm. Sci. 2011, 100, 1643–1647. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jpba.2012.01.040
http://www.ncbi.nlm.nih.gov/pubmed/22361660
http://dx.doi.org/10.1016/j.ijpharm.2011.11.003
http://www.ncbi.nlm.nih.gov/pubmed/22100517
http://dx.doi.org/10.1023/A:1016292416526
http://www.ncbi.nlm.nih.gov/pubmed/7667182
http://www.pharmtech.com/orally-disintegrating-tablets-effect-recent-fda-guidance-odt-technologies-and-applications
http://www.pharmtech.com/orally-disintegrating-tablets-effect-recent-fda-guidance-odt-technologies-and-applications
http://dx.doi.org/10.1007/s11095-004-9004-4
http://www.ncbi.nlm.nih.gov/pubmed/15771225
http://dx.doi.org/10.3390/polym3041972
http://dx.doi.org/10.1002/jps.22429
http://www.ncbi.nlm.nih.gov/pubmed/21374603
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Hansen Solubility Parameter and Excipient Selection 
	Thermogravimetric Analysis 
	Differential Scanning Calorimetry 
	Preparation of Solid Dispersions by Hot Melt Extrusion (HME) 
	High Performance Liquid Chromatography (HPLC) Analysis 
	Microscopy and Imaging 
	Powder X-ray Diffraction 
	Fourier Transform InfraRed (FTIR) Spectrophotometric Analysis 
	Dissolution Testing 
	Amorphous Stability Testing 
	Orally-Disintegrating Tablet (ODT) Compression and Characterization 

	Results 
	Hansen Solubility Parameter and Excipient Selection 
	Thermal Stability of Tacrolimus (TAC) 
	Hot Melt Extrusion 
	Differential Scanning Calorimetry (DSC) Analysis 
	Powder X-ray Diffraction 
	FTIR 
	Dissolution Studies 
	Stability Studies 
	ODT Formulation and Characterization 
	Dissolution Testing of TAC ODTs 

	Discussion 
	Conclusions 
	References

