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ABSTRACT: In this study, the dissolution properties of celecoxib (CX) solid dispersions

melt extrusion (HME) technology was used to prepare amorphous solid dispersions of drug/

Eudragit 4155F
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manufactured from Eudragit 415SF and polyvinylpyrrolidone (PVP) were evaluated. Hot- W \©\/§/
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polymer binary systems at different mass ratios. The drug concentrations achieved from the (')CH:b CHg'lIDI:l e N-N
dissolution of PVP and Eudragit 415SF solid dispersions in phosphate buffer, pH 7.4 (PBS &_ - ! Celecoxib
7.4) were significantly greater than the equilibrium solubility of CX (1.58 ug/mL). The NSOl !osg/ ;

degree of supersaturation increased significantly as the polymer concentration within the
solid dispersion increased. The maximum drug concentration achieved by PVP solid

Polyvinylpyrrolidone

dispersions did not significantly exceed the apparent solubility of amorphous CX. The

predominant mechanism for achieving supersaturated CX concentrations in PBS 7.4 was attributed to stabilization of amorphous
CX during dissolution. Conversely, Eudragit 41SSF solid dispersions showed significantly greater supersaturated drug solutions
particularly at high polymer concentrations. For example, at a drug/polymer ratio of 1:9, a concentration of 100 #g/mL was achieved
after 60 min that was stable (no evidence of drug recrystallization) for up to 72 h. This clearly identifies the potential of Eudragit
415SF to act as a solubilizing agent for CX. These findings were in good agreement with the results from solubility performed using
PBS 7.4 in which Eudragit 415SF had been predissolved. In these tests, Eudragit 415SF significantly increased the equilibrium
solubility of CX. Solution 'H NMR spectra were used to identify drug/polymer interactions. Deshielding of CX aromatic protons
(H-1aand H-1b) containing the sulfonamide group occurred as a result of dissolution of Eudragit 415SF solid dispersions, whereas
deshielding of H-1a protons and shielding of H-1b protons occurred as a result of the dissolution of PVP solid dispersions. In
principle, it is reasonable to suggest that the different drug/polymer interactions observed give rise to the variation in dissolution

observed for the two polymer/drug systems.
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B INTRODUCTION

Over the past decade amorphous drug forms have received
considerable attention due to the increased solubility they exhibit
relative to their crystalline counterparts.l’2 In particular, the gen-
eration of amorphous drug forms using solid dispersions is highly
attractive for enhancing the dissolution rate of poorly soluble
drugs.** Several research groups have demonstrated the viability
of hot-melt extrusion (HME) in manufacturing amorphous solid
dispersions.”~” HME is a solvent-free technique, and processing
times, often less than 2 min, making this technology more attractive
than other traditional methods used to prepare solid dispersions,
e.g., solvent evaporation methods and other hot methods.*’

The pharmaceutical advantage of amorphous drugs is compro-
mised by their poor thermodynamic stability and their tendency to
recrystallize rapidly in the solid state or during dissolution.”
Although often difficult to achieve, through the careful selection of
suitable polymeric carriers, amorphous solid dispersions may be
stabilized through formation of secondary drug/polymer
interactions'® ' or/and by their antiplasticization effects, which
can result in reducing their molecular mobility."* Therefore, the
rational use of polymers in formulating acceptable solid disper-
sions is paramount in stabilizing amorphous drugs.
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To achieve the full benefit of amorphous solid dispersions, it is
necessary not only to stabilize the drug during storage but also to
maintain supersaturated concentration of drug during dissolu-
tion. Polymers used to manufacture amorphous solid dispersions
have previously been shown to function as stabilizing agents and
thus maintain supersaturated concentrations achieved during
dissolution of amorphous drugs.'* Additionally, amorphous solid
dispersions may generate higher solution concentrations than
those achieved with the pure amorphous drug,'® suggesting that
certain polymers may act as solubilizing agents through complex
formation with the drug during dissolution.'®"”

The effect of polymeric carriers in stabilizing the dissolution of
amorphous drug dispersions has received considerable attention.
It has been reported that itraconazole solid dispersions manu-
factured from blends of Eudragit EPO and PVP/VA64 provided
improved stability during dissolution in comparison to Eudragit
EPO alone.'® In another study, the addition of Carbopol 974P to
itraconazole/Eudragit L100-5S solid dispersions prolonged
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supersaturation of the drug, significantly improving itraconazole
absorption."” Recently, the addition of minor amounts of Eu-
dragit NE to felodipine/Eudragit E100 solid dispersions signifi-
cantly maintained supersaturated drug levels.”

Although there has been a significant volume of work con-
ducted that has investigated the dissolution behavior of amor-
phous solid dispersions and role polymers play in stabilizing
supersaturated drug concentrations, the mechanism of stabiliza-
tion is still not well understood.”’ In this study, we have used
solution 'H NMR to provide a more fundamental understanding
of the role drug—polymer interactions have in maintaining
supersaturated drug concentrations during dissolution of amor-
phous solid dispersions.

Celecoxib (CX) is a poorly soluble drug that can be used for
chemoprevention of colorectal cancer. Delivery of this active to
the colon is not only challenging in terms of targeting the desired
gastrointestinal (GI) region but additionally due to the lower
motility, limited fluid content and the higher fluid viscosity
relative to the upper sections of GI tract.”> These conditions in
the colon may be problematic in terms of solubilization especially
for poorly soluble drugs delivered for the local treatment of
colonic diseases. Solubilization problems may significantly affect
the therapeutic and clinical performance of these drugs. Conse-
quently there is a need to deliver these drugs in formulations that
can increase their solubility in colonic fluid and hence improve
therapeutic response.”

Eudragit 4155F is a freeze-dried product of Eudragit FS 30 D.
It is a copolymer of methyl acrylate, methyl methacrylate and
methacrylic acid. The ratio of the free carboxyl groups to the ester
groups is approximately 1:10. Eudragit 4155F is a pH-dependent
anionic copolymer that dissolves at pH >7.0. This polymer
therefore may provide a suitable platform for the delivery of
CX to the colon while also improving the inherent solubility of
the drug if formulated as a solid dispersion. Although there are a
number of articles describing the dissolution enhancement of
CX, there are currently no articles describing the dissolution
properties of Eudragit 4155F solid dispersions. In this study, the
ability of Eudragit 4155F to enhance the dissolution properties of
amorphous CX have been investigated, and compared with PVP
solid dispersions. The in vitro dissolution studies were carried out
under nonsink conditions in order to evaluate the ability of the
polymer to generate and maintain supersaturated drug solutions.
Additionally, solution 'H NMR spectroscopic studies were
conducted in order to investigate drug/polymer interactions
and in order to better understand the mechanisms involved
during dissolution of CX from the dispersions.

Bl MATERIALS

Celecoxib (CX) was a kind gift from Hikma Pharmaceuticals
Co. (Amman, Jordan). Eudragit 41SSF (MW = 135,000 g/mol)
was donated by Evonik Rohm GmbH (Darmstadt, Germany).
Polyvinylpyrrolidone K25 (MW = 24,000 g/mol) (PVP K25)
was purchased from Sigma-Aldrich Chemie GmbH (Steinheim,
Germany). All other chemicals used were of analytical grade or
equivalent quality.

B METHODS

Preparation of Melt Extrudates. CX was mixed with PVP or
Eudragit 4155F at drug/polymer mass ratios of 1:9, 3:7, 1:1, and
7:3 using a mortar and pestle for 2 min. The prepared physical

mixtures (PMs) were extruded using a corotating twin-screw
extruder (Minilab, Thermo Electron Corporation, Germany) at a
screw speed of 100 rpm. CX/Eudragit mixtures were extruded at
a temperature of 170 °C. CX/PVP physical mixtures containing
1:1 and 7:3 ratios were extruded at a temperature of 150 °C,
whereas the 3:7 ratio was extruded at 170 °C. The melt
extrudates were ground using a mortar and pestle, passed
through a 355 um sieve, transferred to open glass vials and
stored in a desiccator over silica at 20 °C. A suitable quantity of
the physical mixture from each drugloading was kept for analysis.

Preparation of an Amorphous CX/Eudragit 4155F Physi-
cal Mixture. Amorphous CX was prepared by heating CX to
170 °C for 2 min using a stainless steel beaker followed by
quench cooling in an ice bath. The prepared amorphous CX was
subsequently mixed with Eudragit 4155F at a drug/polymer mass
ratio of 1:9 using a mortar and pestle.

Thermogravimetric Analysis (TGA). The thermal stability of
CX, PVP and Eudragit 4155F was assessed using a TA Instru-
ments Q500 TGA (Leatherhead, U.K.). Ramp tests were per-
formed at a scan speed of 10 °C/min over a range from 20 to
500 °C. Nitrogen was used as the purging gas during all TGA
experiments. All analyses were performed in triplicate.

Differential Scanning Calorimetry (DSC). DSC analyses
were conducted using a TA Instruments QI00 DSC
(Leatherhead, U.K.) equipped with a refrigerated cooling system.
All data analyses were performed using Universal Analysis 2000
software. Samples between 5.0 and 10.0 mg were accurately
weighed and placed into crimped aluminum pans. The DSC was
calibrated for baseline correction using empty pans, and for
temperature/enthalpy using indium. Nitrogen was used as the
purging gas at a flow rate of SO mL/min. All analyses were
performed at least in triplicate.

Powder X-ray Diffractometry (PXRD). PXRD patterns were
obtained using a Philips X'Pert PRO diffractometer with a
PW3040 generator (Philips, Almelo, The Netherlands) with
X'Pert Data Viewer version 1.0 software. Samples were placed
on a zero background sample holder and incorporated onto a
spinner stage. Cu Ko, radiation was used as an X-ray source.
Soller slits (0.04 rad) were used for the incident and diffracted
beam path. The angular range (3—60 26) was scanned in
continuous mode with a step size of 0.0167°, a time per step of
50 s and a scan speed 0.024°/min. The diffraction pattern was
measured using a voltage of 40 kV and a current of 40 mA. All
analyses were performed in triplicate.

The Effect of Polymer Type on the Solubility of CX. The
equilibrium solubility of crystalline CX was measured at 37° £
0.2 °C using phosphate buffer (pH 7.4) (PBS 7.4) in the
presence or absence of the polymer. 50 mg of crystalline CX
was dispersed in S00 mL of PBS 7.4, in which 500 and 1000 mg of
polymer (PVP or Eudragit 415SF) had been previously dis-
solved, leading to a final polymer concentration of 1.0 and
2.0 mg/mL. The solution was stirred with a rotating paddle at
100 rpm. Samples of 5 mL were withdrawn from each vessel at
predetermined time intervals (24, 48, and 72 h) and filtered
through a cellulose acetate filter (0.4S xm, Nalgene Labware,
Rochester, NY, USA). At each time point the same volume of
fresh medium was replaced. The concentration of CX in each
sampled aliquot was determined using a Cary SO (Varian Ltd.,
Oxford, UK.) UV—Vis spectrophotometer at 250 nm and a
standard calibration curve that was linear over the concentration
range (2.5—20 ug/mL). No interference from the PVP or
Eudragit 415SF on the CX assay was observed at 250 nm. The
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Table 1. Equilibrium Solubility of Celecoxib (CX) in PBS
pH 7.4 with or without Dissolved Polymer at 37 & 0.2 °C

added polymer equilibrium solubility of celecoxib
(mg/mL) (CX) in pH 7.4 (ug/mL)

without polymer 1.58 (0.04)*

pPvP

1.0 1.57 (0.03)

2.0 1.59 (0.03)

Eudragit 415SF

1.0 208 (0.09)

2.0 4.12(0.08)

“Values in parentheses represent the standard deviations, n = 3.

solubility of CX in PBS 7.4 in the absence of polymer was also
evaluated. All measurements were carried out in triplicate.

The Inhibition of CX Recrystallization from Supersatu-
rated Solutions. A concentrated solution of CX in methanol was
prepared by dissolving 25 mg of crystalline CX in S mL methanol
which was subsequently added to 500 mL of PBS 7.4 at a
temperature of 37 £ 0.2 °C. This generated an initial drug
solution concentration of 50 g/mL in PBS 7.4, into which 500,
117, 50, or 20 mg of polymer (PVP or Eudragit 4155F) had been
previously dissolved, leading to a final polymer concentration of
1000, 234, 100, or 43 ug/mL, respectively. The solution was
stirred with a rotating paddle at 100 rpm. 5 mL samples were
withdrawn from each vessel at predetermined time intervals (5,
10, 15, 30, 45, 60, 90, 120, 180, 240, 300, 360 min) and filtered
through a cellulose acetate filter (0.4S xm, Nalgene Labware,
Rochester, NY, USA). At each time point the same volume of
fresh medium was replaced. The concentration of CX in each
sampled aliquot was determined using a Cary SO (Varian Ltd.,
Oxford, UK.) UV—vis spectrophotometer at 250 nm and a
standard calibration curve. The percent of CX dissolved (n = 3)
was plotted as a function of time. The same experiments were
performed in PBS 7.4 in the absence of any polymer.

In Vitro Dissolution Studies. The in vitro drug dissolution
properties of solid dispersions and physical mixtures were
examined according to the USP paddle method (USP 30,
2007). Samples equivalent to SO mg of CX were added to
500 mL of PBS 7.4 at a temperature of 37 £ 0.2 °C. The
solution was stirred with a rotating paddle at 100 rpm. Samples of
S mL were withdrawn from each vessel at predetermined time
intervals (5, 10, 15, 30, 45, 60, 90, 120, 180, 240, 300, 360, 1440
(24 h), 2880 (48 h), and 4320 min (72 h)). All samples taken
were filtered through a cellulose acetate filter (0.45 um, Nalgene
Labware, Rochester, NY, USA). At each time point the same
volume of fresh medium was replaced. The concentration of CX
in each sampled aliquot was determined using a Cary S0 (Varian
Ltd., Oxford, U.K.) UV—Vis spectrophotometer at 250 nm and a
standard calibration curve. The percent of CX dissolved for each
formula (n = 3) was plotted as a function of dissolution time. In
addition to the test fluid of pH 7.4, similar experiments were
performed on Eudragit 4155F solid dispersions using a test fluid
of pH 9.4. This was solely to better understand the mechanism
of release and was not intended to represent biological release
media.

Solution '"H NMR. "H NMR spectra were recorded on a
Bruker DRX spectrometer (Switzerland) operating at 500.13
MHz, using a S mm multinuclear probe with 77/2 pulses of 6.0 us.
The measurements were performed at 27 °C in deuterated

chloroform (CDCl;) using tetramethylsilane (TMS) as an
internal standard. All analyses were carried out in triplicate.

Statistical Analysis. The effect of formulation on drug
solubility/dissolution properties were statistically analyzed using
a repeated measures one-way ANOVA. Individual differences in
drug dissolution between formulations were statistically identi-
fied using Fisher's PLSD test. In all cases p < 0.05 denoted
significance.

B RESULTS AND DISCUSSION

Thermal Stability of CX Polymeric Excipients. TGA is a very
rapid analytical technique that can determine mass loss as a
function of temperature. Consequently, TGA has often been
used to assess the thermal stability of materials prior to HME.***
The thermal stability of CX at a temperature of 170 °C has been
confirmed previously using TGA isothermal experiments.”® In a
standard TGA ramp test, CX did not exhibit any volatile
degradation prior to reaching 250 °C, after which significant
mass loss was detected (data not shown). Additionally, TGA
ramp tests confirmed the thermal stability of PVP and Eudragit
41SSF at the extrusion temperatures used. It has been previously
reported that approximately 6% mass loss is observed for PVP
samples at temperatures below 100 °C. This has been attributed
to loss of free water.'

Equilibrium Solubility in the Presence of Polymeric Com-
ponents. The solubility of the drug in the presence of concen-
trated solutions of a polymeric carrier can help determine the
mechanism of dissolution from a solid dispersion.”” To examine
the solubilizing power of PVP and Eudragit 415SF, the equilib-
rium solubility of crystalline CX in PBS 7.4 containing 1.0 and
2.0 mg/mL of each of the respective polymers was determined and
compared to the equilibrium solubility in PBS 7.4 in the absence
of polymer. Polymer concentrations of 1.0 and 2.0 mg/mL were
selected as they represented conditions wherein it would be most
likely to enhance solubility (high polymer to drug ratio). In
addition, a polymer concentration of 1.0 mg/mL represents the
concentration of polymer that would be achieved in solution
following dissolution of a drug/polymer matrix at a ratio of 1:9.
All solutions reached equilibrium after 48 h. As shown in Table 1,
the equilibrium solubility of CX did not change significantly
when PVP was present in PBS 7.4 at 1.0 and 2.0 mg/mL (p =
0.7759), while there was a significant increase (p < 0.0001) in the
equilibrium solubility of CX when Eudragit 415SF was present at
1.0 mg/mL (1.32-fold) and 2.0 mg/mL (2.63-fold). These
results indicate that Eudragit 4155F has a solubilizing effect on
CX, whereas PVP has no such effect. It has been reported in
previous studies that the solubility of poorly soluble drugs was
enhanced significantly in aqueous solutions in which hydrophilic
carriers had been dissolved as a result of the formation of weakly
soluble complexes. For example, the solubility of rofecoxib and
ibuproxam was enhanced in the presence of aqueous PVP and
PEG solutions.”**’

Inhibition of Recrystallization from Supersaturated Solu-
tions. The ability of PVP and Eudragit 415SF to inhibit crystal-
lization of CX from a supersaturated solution was evaluated by
adding a concentrated solution of CX to PBS 7.4, in which the
polymers had been predissolved while monitoring the solution
concentration as a function of time. Figures 1 and 2 show results
obtained at different polymer solution concentrations, 1000, 234,
100, and 43 ug/mL, which correspond to the polymer solution
concentrations that would be produced by total dissolution of
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Figure 1. Inhibitory effects of PVP on recrystallization of a super-
saturated solution of celecoxib (CX) (50 ug/mL) at PBS pH 7.4
containing 1000 (M), 234 (O), 100 (a), 43 (A) (ug/mL) of PVP
and in the absence of any polymer(s) (<). The data shown is the average
of three replicates, and in all cases the COV was <6.

solid dispersions at drug/polymer ratios of 1:9, 3:7, 1:1 and 7:3,
respectively. The results obtained for PBS 7.4 without any
polymer dissolved are shown for reference. PVP concentration
of 1000 ug/mL was tested just for comparison and does not
correspond to any of the prepared solid dispersions as CX/
PVP physical mixture at drug/polymer ratio of 1:9 could not
be extruded without the addition of a plasticizer given that
plasticizer inclusion may affect storage stability (through T,
reduction) and/or the drug release properties (plasticizer
solubility).

The initial solution concentration of CX that was generated by
dilution of the concentrated methanol drug solution was 50 ug/
mL. As shown in Figure 1, in the absence of polymer, the CX
concentration decreased rapidly, reaching 14.07 & 0.19 ug/mL
after 5 min, and then continued to decrease until achieving a
plateau after 45 min with a concentration close to the equilibrium
solubility of crystalline CX. This rapid decrease in CX concen-
tration suggested that CX recrystallized from a supersaturated
concentration immediately. These results are in good agreement
with data presented by Konno et al.,,*' wherein felodipine rapidly
recrystallized in the absence of polymeric excipients.

Interestingly, in the presence of PVP (Figure 1), the initial
drug concentration, measured 5 min after addition of a concen-
trated solution of CX, was significantly higher in PBS 7.4
containing 1000 yg/mL of PVP than other lower concentrations
(p < 0.0001). Moreover, significant differences were observed
between the CX concentrations achieved after S min in PBS 7.4
containing 243 ug/mL and the other lower PVP concentrations
100 ug/mL (p = 0.0042) and 43 ug/mL (p = 0.0015). Con-
versely, there was no significant difference between the drug
concentrations achieved in PBS 7.4 containing PVP concentra-
tions of 100 and 43 ug/mL (p = 0.5413). The initial CX
concentration measured after S min was 30.54 £ 0.09 ug/mlL,
for 1000 ug/mL PVP concentration, whereas it was 22.8 & 0.13,
21.41 £0.06 and 21.15 £ 0.13 ug/mL for PVP concentrations of
234, 100, and 43 ug/mL, respectively. These results indicate that
there was a highly significant recrystallization inhibition due to
the presence of PVP at all concentrations relative to PBS 7.4 in
which no polymer had been dissolved (p < 0.0001 in all cases).
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Figure 2. Inhibitory effects of Eudragit 415SF on recrystallization of a
supersaturated solution of celecoxib (CX) (50 pg/mL) at PBS pH 7.4
containing 1000 (M), 234 (O), 100 (A), 43 (A) (ug/mL) of Eudragit
41SSF and in the absence of any polymer(s) (<). The data shown is the
average of three replicates, and in all cases the COV was <6.

After 6 h, CX reached concentrations of 14.75 &+ 0.26, 13.63 £
0.15,13.03 £ 0.15 and 9.27 £ 0.07 pg/mL in PBS 7.4 in which
PVP was present at concentrations of 1000, 234, 100, and 43 ug/mL,
respectively. Differences in drug concentration were still
apparent after a 6 h period and were also a function of PVP
concentration. Similarly, the inhibition of RS-8359 (a water-
insoluble drug) recrystallization from a supersaturated drug
concentration was dependent upon the HPMC, HPC and PVP
polymer concentration in phosphate buffer.'” Precipitation rate
decreased with increasing polymer concentration. The achieved
CX concentrations after 6 h were significantly higher than the
equilibrium solubility of crystalline CX (1.58 ug/mL) (p <
0.0001 in all cases), indicating the ability of PVP, across all
concentrations, to maintain supersaturated levels of CX.

In contrast to PVP, dispersion of Eudragit 41SSF in PBS 7.4, in
general, did not inhibit recrystallization of CX from supersatu-
rated concentration (Figure 2). The concentration of CX
remaining in solution, S min after addition of a supersaturated
concentration of the drug, was significantly higher for solutions
containing 415SF than buffer containing no polymer (p <
0.0001). These differences may be attributed to viscosity effects,
and the increase in the fluid viscosity surrounding solubilized
drug, resulting in retardation of CX recrystallization.'” After this
initial period (S min), the concentration of CX remaining in
solution rapidly decreased until a drug concentration plateau was
achieved (~4S minutes); drug concentration approximated to
the equilibrium solubility of crystalline CX (Figure 2). Compar-
ison of the inhibitory effects of PVP and 415SF suggests that PVP
was more efficient in stabilizing CX once a supersaturated
concentration was achieved. Eudragit 415SF did not show any
considerable stabilization effect but was shown to be useful in
enhancing drug solubility. Interestingly, in a previously published
paper, Albers et al.> have shown that Eudragit EPO polymer can
be used to significantly increase the dissolution of CX when
formulated as a molecular dispersion. Interestingly, and in a
similar fashion to Eudragit 415SF, EPO was not capable of
inhibiting recrystallization (recrystallized <10 min) of CX from a
supersaturated concentration. The diversity of the 41SSF and
PVP dissolution/solubility data confirm the current status of the
field; the mechanisms driving stabilization of concentrated drug
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Table 2. Solubility of Various Formulations of Celecoxib
(CX)/Polymer Binary System in BPS pH 7.4 after 24, 48, and
72 hat 37 + 0.2 °C*

CX concn in PBS pH 7.4 (ug/mL)

formulation T, (°C) 24 h 48 h 72 h
Formulation Containing PVP (Drug:Polymer)

(3:7) PM 1.28(0.09)  1.62(0.08) 1.64(0.11)
(1:1)PM 1.32(0.08)  1.58(0.12) 1.62 (0.09)
(7:3) PM 0.94(0.05)  1.56(0.07) 1.59 (0.08)
(3:7)SD  130.70(1.70)  21.36(0.14)  21.69(0.14)  21.92(0.07)
(1:1)SD  112.30(0.70)  14.37(0.7)  13.91(0.5) 13.61(0.5)

(7:3)SD  88.40(0.90)  823(0.06)  7.82(0.09)  7.41(0.08)

Formulation Containing Eudragit 41SSF (Drug:Polymer)

(1:9) PM 62.33(1.24) 63.56(1.35)  64.25(1.04)
(3:7)PM 6.67(020)  7.01(0.04)  7.04(0.02)
(1:1) PM 3.04(0.02)  4.88(0.09)  5.05(0.03)
(7:3) PM 1.60(0.07)  246(0.01)  2.47(0.01)
(1:9)SD  51.30 (0.56) 100.73(0.14) 100.59(0.31) 100.67 (0.30)
(3:7)SD  52.70(0.42)  71.61(0.32) 56.09(0.19)  53.37(0.28)
(1:1)SD  $5.10(0.15)  12.30(0.30)  13.24(021)  10.96(0.16)
(7:3)SD  59.20(022)  4.77(0.02)  4.67(0.04)  4.65(0.04)

“Values in parentheses represent the standard deviations. n = 3. PM
denotes the physical mixtures containing crystalline CX.

solutions (supersaturated) in the presence of polymeric materials,
and the solubilizing action of polymers, remain poorly understood.**
Previously published articles suggest fluid viscosity and drug/
polymer interactions as possible contributing factors.'” Further-
more, alteration of crystal growth and, in particular, the influence
of dispersed polymers on crystal habit has been suggested as a
possible reason. In this respect, changes in crystal habit were
attributed to adhesion of polymer to the growing plane of the drug
crystal.'” In a further study, conducted to examine the efficiency
of different polymers to maintain supersaturated levels of felo-
dipine, the mechanistic reason for the superior performance of
hydroxypropylmethylcellulose acetate succinate (HPMCAS),
compared with hydroxypropylmethyl cellulose (HPMC) and
PVP, remains unclear.>' Furthermore, Eudragit E100 was shown
to be the most efficient polymer at inhibiting the crystallization of
UC 781, an anti-HIV drug, from supersaturated levels generated
from concentrated methanol drug solutions.>® The stabilizing
effect of Eudragit E100 was concentration dependent.

Prediction of Apparent Solubility. Due to physical instability
(recrystallization) during dissolution, it is difficult to measure
experimentally the practical solubility of amorphous materials.**
A model developed by Parks et al.*>** may be used to predict the
relative solubility of the amorphous and crystalline forms of CX
based on the difference in their free energy (AG). Using eq 1 the
solubility ratio (Samorphous/ Scrystalline) of the two forms at a certain
temperature is directly related to the free energy difference (AG)
between these two forms.

amorphous

S
AG = RT In

(1)

crystalline

Ris the gas constant, T is the temperature, and S is the solubility.
The Hoftman equation can be used to estimate the free energy
difference between the amorphous and crystalline forms if the

melting temperature (T,,) and the heat of fusion (AHy) of the
crystalline form are known, as shown in eq 2.

_ AH{(Tn —T)T

AG o

(2)

The Hoffman equation was used successfully by Marsac et al.>* to
provide reasonable estimate of the free energy difference be-
tween amorphous and crystalline felodipine. Using eq 2 and at
conditions where T, > T, it can be deduced that the higher the
melting point and heat of fusion of a compound, the greater the
solubility enhancement that may be achieved through utilization
of an amorphous drug form. Additionally, there are other factors
that will affect the experimental solubility, such as the stability of
the amorphous drug forms in the dissolution medium, its glass
transition temperature (Tg), particle size and interactions with
the polymer in solid state and in solution.">*® While the above
approach is approximate, it does provide a useful guide as to the
solubility enhancement that may be achieved through generation
of amorphous drug.

By applying eqs 1 and 2, the solubility ratio of the amorphous
and crystalline forms of CX at pH 7.4 and at 37 °C was predicted
to be approximately 12, which means that the theoretical
solubility of amorphous CX is 12 times that of crystalline CX.
The equilibrium solubility of crystalline CX was 1.58 (1g/mL)
(Table 1), so the apparent solubility of amorphous CX was
estimated to be 19.0 (ug/mL).

Solid State Properties of Melt Extrudates. PXRD pattern of
crystalline CX showed distinct crystal peaks at 26 angles of 15.0,
16.0, 19.6, 21.5, 22.3, 23.4, 25.3, and 29.4°. The X-ray pattern of
CX/PVP and CX/Eudragit 41SSF physical mixtures (1:9), the
lowest drug loading, showed the characteristic peaks of crystal-
line CX albeit with lower intensities. No CX crystal peaks were
detected in the PXRD spectra of the melt extrudates. The DSC
thermogram of crystalline CX showed a sharp endotherm at
163.2 £ 0.9 °C, corresponding to melting of CX. Interestingly,
this melting endotherm has not been detected in the melt
extrudates, although it was possible to detect it in the drug/
polymer physical mixtures (1:9) ratio. Additionally, the DSC
thermograms of the melt extrudates exhibited a single T,
(Table 2).*° These PXRD and DSC results confirmed the
formation of amorphous solid dispersions (solid molecular
dispersions) within CX/PVP and CX/Eudragit 415SF binary
systems after HME.

In Vitro Dissolution of Drug/Polymer Dispersions. CX/PVP
Solid Dispersion. Table 2 shows the CX concentrations (tg/mL)
generated from CX/PVP and CX/Eudragit 4155F solid disper-
sions and physical mixtures after 24, 48, and 72 h. Dissolution
from PVP solid dispersions resulted in higher solution con-
centrations than the equilibrium solubility of crystalline CX
(1.58 ug/mL), indicating that supersaturated solutions were gener-
ated. As shown in Figure 3 supersaturated levels of CX were
observed that increased with increasing polymer load in the solid
dispersion. The drug dissolution profiles from PVP solid disper-
sions at a drug/polymer ratio of 3:7 obtained a concentration of
20.52 £ 0.13 ug/mL after S h that remained stable for up to 72 h
achieving a final concentration of 21.46 + 0.35 ;tg/mL (Table 2).
The stabilized solution concentrations of CX were close to the
theoretical solubility of amorphous CX (19.0 ug/mL), predicted
from eq 1. This suggests that PVP at a loading of 70% (w/w)
results in dissolution of CX up to a level consistent with the
amorphous solubility of the drug and that recrystallization is

1366 dx.doi.org/10.1021/mp200157b [Mol. Pharmaceutics 2011, 8, 1362-1371



Molecular Pharmaceutics

25

20 -

15 1

10 -

Concentration (ug/mL)

5-

0 A T T T T T T T

0 50 100 150 200 250 300 350

Time (min)

Figure 3. Dissolution profiles of celecoxib (CX) (100 g/mL) from
CX/PVP solid dispersions: 3:7 (), 1:1 (M) and 7:3 (A) in PBS 7.4. The
data shown is the average of three replicates and in all cases the COV
was <8.

inhibited. Interestingly, the mass of formulation added to the
dissolution vessel reflected a CX concentration of 100 pg/mL.
Therefore even at a 70% PVP loading we only observe 20%
(20 ug/mL) drug solubility from the matrix. This is significantly
higher than the solubility of crystalline CX. The drug solution
concentrations from dissolution of amorphous solid dispersions
containing 50% (w/w) PVP achieved a plateau after S h with a
drug concentration of 17.03 £ 0.21 ug/mL. Thereafter a
decrease in drug concentration was observed as a result of
recrystallization with a concentration of 13.61 £ 0.46 ug/mL
being achieved after 72 h. CX/PVP amorphous solid dispersions
containing drug:polymer ratio of 7:3 achieved a plateau after 4 h
with a drug concentration of 10.93 & 0.17 ug/mL. Again a small
but significant decrease of drug concentration was observed
(7.41 £ 0.08 ug/mL) after 72 h as a result of CX recrystallization.
These dissolution results indicate that PVP solid dispersions at all
concentrations maintained supersaturated levels of CX achieving
drug concentrations significantly higher than the equilibrium
solubility of crystalline CX (1.58 ug/mL) for the whole period of
the dissolution study (72 h) (p < 0.0001 in all cases). The results
obtained suggest that PVP is highly efficient in promoting and
stabilizing the dissolution of CX. There was no significant
difference in the equilibrium solubility of CX obtained from
the physically mixed samples of crystalline CX with PVP at 3:7
(p = 0.4248), 1:1 (p = 0.5206) and 7:3 (p = 0.8559) ratios
compared to crystalline CX (Table 2). This suggests that PVP
has no solubilization effect, and substantiates our hypothesis that
supersaturated levels of drug in the presence of PVP are related to
amorphous solubility and stabilization of the drug by PVP. These
results were in agreement with the results obtained from experi-
ments examining the inhibitory effects of PVP against CX
crystallization from supersaturated solutions.

It was reported by Gupta et al.'* that amorphous CX recrys-
tallizes so rapidly during dissolution in water that concentrations
approximately equal to the equilibrium solubility of crystalline
CX are achieved. The rapid recrystallization of amorphous CX
during dissolution may be attributed to the powerful plasticiza-
tion effect by water molecules once amorphous CX contacts the
aqueous dissolution media, particularly given the low T, values of
amorphous CX. PVP has a high T, value (154.6 0.7 °C),"* and
because of the miscibility with CX, solid molecular dispersions
(single phase) exhibit a single T, between the T, of the two

components.”” The increased T, of the solid molecular disper-
sions may result in greater physical stability during dissolution.'®
Thus the greater supersaturated levels generated for CX with
increasing PVP concentration may be attributed to increased
stabilization during dissolution due to the higher T, values for
CX/PVP systems at elevated PVP concentrations (Table 2).
This antiplasticization effect by PVP on amorphous CX may
enable CX to stay in an amorphous form for longer periods of
time especially given that it is in immediate contact with PVP
during dissolution. Thus intimate contact between CX and PVP
achievable in solid molecular dispersions, formed using HME,
results in supersaturated levels of CX.'>*!

CX/Eudragit Solid Dispersion. The CX concentrations
achieved from Eudragit 415SF solid dispersions in PBS 7.4 after
72 h were significantly higher than the equilibrium solubility of
crystalline CX (1.58 £ 0.04 ug/mL) (p < 0.0001 in all cases),
indicating that supersaturated levels of CX were generated and
maintained for up to 72 h at all drug/polymer ratios (Table 2).
The supersaturated levels generated by dissolution of the amor-
phous solid dispersions were mostly attributed to the solubiliza-
tion ability of Eudragit 4155F. The CX drug concentrations
achieved at drug to polymer ratios of 1:9 and 3:7 ratios after 72 h
(100.67 £ 0.3 and 53.37 & 0.3 g/mL, respectively) far exceeded
the theoretical solubility of amorphous CX (19 wug/mL).
The solubilizing effect of Eudragit 415SF was shown previously
by the significant increase in the equilibrium solubility of
crystalline CX in PBS 7.4 in which Eudragit 41SSF had been
predissolved at concentrations of 1.0 and 2.0 mg/mL (Table 1).
This solubilizing effect was further confirmed by the significant
increase in the equilibrium solubility of CX achieved from
physically mixed samples containing crystalline CX (Table 2)
(p < 0.0001 in all cases). The equilibrium solubility of crystalline
CX increased with increasing polymer concentration in the
physical mixtures, indicating the ability of Eudragit 41SSF to
act as an efficient solubilizer for CX. The equilibrium solubility of
crystalline CX in PBS 7.4 achieved from the physically mixed
samples at drug/polymer weight ratio of 1:9 (polymer concen-
tration of 1.0 mg/mL) was 31.0- and 15.5-fold greater than the
equilibrium solubility achieved from the PBS 7.4 in which
Eudragit 41SSF had been previously dissolved at a polymer
concentration of 1.0 and 2.0 mg/mL, respectively. These results
may be attributed to the increased contact of CX with Eudragit
41SSF during dissolution from the physical mixture samples,
enhancing the solubilizing effect of the polymer. Moreover, the
dissolution properties of CX were further increased from solid
dispersions of Eudragit 41SSF in comparison to the correspond-
ing physical mixture samples (Table 2). One reason for the
disparity between the equilibrium solubility values and the drug
concentration achieved from solid dispersions and physically
mixed samples may be due to a difference in dissolution
environment of the drug in both cases. In experiments wherein
the polymer is dispersing in the release media at the same time as
the drug, the drug may become incorporated in a concentration
polymer-rich diffusion layer increasing the dissolution perfor-
mance. Most certainly, within molecular dispersions, the drug
release properties are governed by the properties of the polymer.
In physically mixed samples it is not unreasonable to suggest that
polymer disperses more rapidly than drug and encapsulates the
drug facilitating dissolution. Within molecular dispersions, im-
provement in drug dissolution can also be attributed to the
intimate contact between CX and Eudragit 4155F during HME
resulting in greater enhancement of CX dissolution. As shown in
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Figure 4. Dissolution profiles of celecoxib (CX) (100 pg/mL) from
CX/Eudragit 415SF solid dispersions at different pHs: 1:9 pH 7.4 (2),
1:9pH 9.4 (A), 3:7 pH 7.4 (W), 3:7 pH 9.4. (O). The data shown is the
average of three replicates, and in all cases the COV was <8.

Figure 4, drug release properties of CX from Eudragit 4155F
solid molecular dispersions were highly dependent on the
amount of polymer in the solid dispersions. Increasing polymer
concentration in the solid dispersions resulted in greater dissolu-
tion enhancement. At a drug/polymer weight ratio of 1:9,
complete drug release was achieved after 60 min without any
evidence of recrystallization for up to 72 h. After achieving a drug
concentration of 71.61 £ 0.32 ug/mL after 24 h from the 3:7
solid dispersions, CX recrystallized thereafter reaching a con-
centration of 56.09 £ 0.19 and 53.37 & 0.28 ug/mL after 48 and
72 h, respectively. Solid dispersions at a drug/polymer weight
ratio of 1:1 achieved a drug concentration of 13.24 £ 0.21 ug/mL
after 48 h; recrystallization of CX occurred after 72 h (10.96 +
0.16 1g/mL). Conversely, solid dispersions with a drug/polymer
weight ratio of 7:3 achieved a steady but reduced CX concentra-
tion compared to other drug/polymer ratios (between 4 and
S ug/mL) after 24 h.

It has been reported in the literature that polymers having pH
dependent solubility may enhance the dissolution properties of
poorly soluble drugs from solid dispersions at pH in which these
polymers are soluble. Eudragit EPO, a cationic polymer, is
soluble at pH less than 5 and permeable at higher pH values.”
Melt extrudates prepared using Eudragit EPO showed significant
enhancement in indomethacin solubility compared to physically
mixed samples in simulated gastric fluid (SGF) pH 1.5. This
enhancement in drug solubility in SGF was greater from the solid
dispersion at higher polymer concentrations. Conversely, in
simulated intestinal fluid (SIF) pH 6.8, the improvement of drug
solubility was significantly lower compared to SGF and the
increase in solubility was inversely related to polymer concentra-
tion due to the poor solubility of EPO at pH 6.8. In addition,
EPO has also been shown to provide significant improvement in
the dissolution performance of CX.>** Moreover, Eudragit L100-
55 polymer, which is soluble at pH > $.5, was used to prepare
itraconazole solid dispersions.*® The drug dissolution from solid
dispersions generated significantly greater supersaturated drug
levels in pH 6.8 at higher polymer to drug ratio than lower ratios.
Furthermore, HPMCAS (grade MF), soluble at pH = 6.0,
generated greater supersaturated levels of felodipine at pH 6.8
and maintained these concentrations for longer times compared
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Figure 5. Dissolution profiles of celecoxib (CX) (100 xg/mL) from
CX/Eudragit 415SF solid dispersions at different pHs: 1:1 pH 7.4 (O),
1:1pH 9.4 (A),7:3pH 7.4 (A), 7:3 pH 9.4 (M). The data shown is the
average of three replicates, and in all cases the COV was <8.

to PVP and HPMC.*' The supersaturated levels generated by the
polymers increased with increasing polymer concentration in the
solid dispersions. The role of Eudragit 4155F in enhancing drug
solubility was further confirmed when nearly comparable dis-
solution profiles were generated from the physically mixed
samples containing crystalline or amorphous CX at a drug/
polymer weight ratio of (1:9) achieving an equilibrium concen-
tration of 64.25 & 1.04 and 64.91 =+ 0.35 (ug/mL) (p = 0.3563),
respectively, after 72 h. These results confirmed that drug release
properties of CX from Eudragit 415SF solid molecular disper-
sions were highly dependent on the polymer and the intimate
mixing between the drug and the polymer rather than the solid-
state properties of CX.

To determine if polymer dissolution rate influenced drug
release properties we examined the dissolution performance of
extrudates at an elevated pH using a dissolution medium with a
pH of 9.4. A significant enhancement in CX drug release from the
solid dispersions was achieved in comparison to dissolution at
pH 7.4 (Figures 4 and S). Solid dispersions containing drug/
polymer weight ratio of 1:9 reached complete drug release in
shorter time periods (within 30 min) and remained at this level
for 72 h. A drug/polymer weight ratio of 3:7 showed complete
drug release after 30 min. This was maintained for 5 h and then
recrystallization occurred and a concentration of 83.63 =+
0.14 ug/mL was observed after 6 h which stabilized at 72 h
(80.83 £+ 0.79 ﬂg/mL). A drug/polymer weight ratio at 1:1
showed a maximum concentration of 34.95 £ 0.31 ug/mL after 2 h
and then recrystallized rapidly reaching a concentration of
13.18 £ 0.03 pg/mL after 6 h then achieving an equilibrium con-
centration of 9.30 & 0.07 ug/mL after 72 h. A drug/polymer ratio of
7:3 showed a peak concentration after 2 h 0of 9.58 &= 0.19 ug/mL
and then decreased slightly and stabilized at a concentration
4.83 & 0.16 ug/mL after 72 h. The significant increase in the drug
dissolution properties from the solid dispersions may be attributed
to the higher dissolution properties of Eudragit 41SSF at pH 9.4
than at pH 7.4, given that the equilibrium solubility of crystalline
CX at pH 9.4 was not significantly different than at pH 7.4
(1.56 £ 0.12 ug/mL) (p = 0.7978). Eudragit 415SF is an anionic
polymer which has a pH dependent solubility, and it is only soluble
at pH > 7.0, so increasing the pH of test fluid to 9.4 resulted in
more ionization of the free carboxylic acid groups of Eudragit
41SSF and hence faster drug release properties from the solid
dispersions. The drug release rate of S-aminosalicylic acid from
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Figure 6. Solution 'H NMR spectra of CX, Eudragit 415SF and CX/
Eudragit 41SSF solid dispersions (SD). The chemical structure of
celecoxib (CX) with proton assignments is shown at the top of the
figure. A0 represents the change in the chemical shift for the H atoms of
CX in solid dispersions samples (A0 = 0SD — 6CX).

Eudragit S100, an anionic polymer which is soluble at pH > 7.0,
increased significantly when the pH increased from 6.8 to 7.4 as a
result of increasing ionization of its free carboxylic acid.**
Supersaturated solutions generated by dissolution of the
amorphous solid dispersions can arise from stabilizing effects
of polymers'*"* and/or by the increase in the equilibrium solubility
of the crystalline drug due to complexation in solution with the
polymer and hence a reduced extent of supersaturation and a
lowered thermodynamic driving force for crystallization.'®*'
Based on the results of dissolution of the amorphous solid
dispersions at 1:9 and 3:7 ratios, which showed significantly
greater drug concentrations compared to the theoretical solubi-
lity of amorphous CX, it may be suggested that the later
mechanism may be more applicable in the CX/Eudragit 4155F
system. The dissolution enhancement in the presence of 4155F
may be related to an increase in the intrinsic dissolution rate. This
may be attributed to the formation of a soluble complex between
drug and polymer during dissolution.’® In previous studies,
telodipine solubility has been enhanced significantly from solid
dispersions using hydrophilic polymer concentrations exceeding
75% w/w due to the formation of soluble drug—polymer com-
plexes.** Therefore, it is not unreasonable to assume that a similar
mechanism of dissolution enhancement is operating within
the CX/415SF solid dispersions. The possibility of formation
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Figure 7. Solution "H NMR spectra of CX, PVP and CX/PVP solid
dispersions (SD). A0 represents the change in the chemical shift for the
H atoms of CX in solid dispersions samples (Ad = 0SD — 0CX).

of a soluble complex was further investigated using solution
'H NMR.

Solution 'H NMR. "H NMR spectroscopic studies were
performed in order to investigate the presence of drug—polymer
interactions that may occur in solution and to try to correlate this
data with the results obtained from dissolution experiments of
solid dispersions. Solution 'H NMR spectra were generated for
CX, polymers and solid dispersions in order to investigate
whether the electron density around the H atoms of CX varied
as a result of interactions between CX and the polymers. If
interactions occur, it should be reflected in chemical shift
variations, since the electron density at the interacting atoms
will be changed."

The chemical shifts () of the aromatic protons of CX containing
the sulfonamide group —SO,NH, (H-1a and H-1b) have been
shifted downfield to higher values (deshielding) in solutions
resulted from dissolution of Eudragit 4155F solid dispersions
particularly at higher polymer concentrations compared to the
corresponding protons in pure CX (Figure 6). These deshielding
effects on the aromatic protons containing the sulfonamide group
suggest a change in electron density as a result of interaction with
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Eudragit 415SF. The downfield shifts of (H-1a) and (H-1b)
protons of CX at higher polymer concentrations correlate well
with the solubilizing effect of Eudragit 415SF on CX at increasing
polymer concentration. These findings strongly suggest the
interaction (complex formation) between CX and Eudragit
41SSF during the dissolution process that resulted in significant
enhancement in drug solubility.

It has been previously reported that hydrophilic carriers can
interact with drug molecules in solution forming weakly soluble
complexes mainly by electrostatic forces (ion—ion, ion—dipole,
and dipole—dipole bonds) and occasionally by other types of
forces like van der Waals forces and hydrogen bonding.”*** Carriers
used to prepare solid dispersions may increase the solubility of
drugs by forming weakly soluble complexes similar to those reported
for cyclodextrins.”” Sinha et al.*"** confirmed complex formation
between CX and f-cyclodextrin using solution "H NMR based
on downfield shifts (deshielding) for CX (H-1a and H-1b) protons
resulting in significant enhancement in the solubility of CX.
Additionally, complexation between ﬂ-clyclodextrin (B-CD) and
fluconazole was confirmed by solution "H NMR which showed
deshielding of the aromatic protons of fluconazole (m-diflour-
ophenyl ring). The proximity of protons to an electronegative atom
(e.g, oxygen) withdraws electrons from the aromatic ring, resulting
in deshielding and hence movement to a higher position, i.e.,
increased ppm.** Similar trends were observed in CX/Eudragit
415SF solid dispersions during dissolution as a result of the effect
of the electronegative carbonyl groups of Eudragit 4155F that may
withdraw electrons from the aromatic protons of CX resulting in
deshielding and the formation of a soluble complex. Solution
"H NMR suggested complex formation between PVP and felodipine
at higher polymer concentrations.** Deshielding of felodipine amino
protons occurred in dispersions containing high PVP concentra-
tions (>75% w/w) as a result of hydrogen bonding interactions
with the carbonyl group of PVP. Only a significant increase in the
drug solubility was achieved at polymer concentrations exceeding
75% w/w. These results suggest that the intensity of interaction
significantly affects dissolution enhancement. Within this study,
the most interesting differences between the 'H NMR spectra of
CX/PVP solid dispersions and CX were the deshielding and
shielding effects on protons (H-1a) and (H-1b) of the aromatic
ring containing the sulfonamide group (Figure 7). These effects
suggest changes in the electron density due to interaction with PVP
in solution. The aromatic protons (H-1b) were shifted downfield to
higher chemical shifts (deshielding) particularly at higher polymer
concentrations. Conversely, (H-1a) aromatic protons were shifted
upfield to lower chemical shifts (shielding). These different effects
suggest that CX interacts in a different way with PVP in comparison
to Eudragit 415SF in solution which goes some way toward
explaining the different polymer effects, particularly in terms of
inhibition of CX recrystallization and dissolution of amorphous
drug. Certain types of molecular association are needed to achieve
crystallization, so disruption of the molecular interactions between
drug molecules may result in inhibition of crystal lattice
formation.** The interactions between CX and PVP may prevent
CX molecules in solution from ordering themselves to form the
required intermolecular forces needed to form the crystal lattice
and hence inhibit recrystallization.

B CONCLUSION

In this study, it has been shown that supersaturated drug
concentrations generated from the dissolution of amorphous

solid dispersions were due to different polymeric effects. The
solubilizing effect of Eudragit 4155F was the dominant mechan-
ism for the release of CX from the solid dispersions. This
solubilizing polymeric effect was highly dependent on the poly-
mer concentration and the pH of the test fluid rather than the
solid-state properties of the drug. Additionally, this study high-
lighted the importance of the intimate drug/polymer mixing
achieved by HME in increasing the supersaturated drug con-
centrations compared to the physically mixed samples. The high
efficiency of Eudragit 4155F to enhance CX solubility may be
clinically important particularly in colonic medium, in which
there is low motility and fluid content. Conversely no such
solubilizing effects have been observed when using PVP. How-
ever, the supersaturated levels generated by amorphous CX were
stabilized efficiently by PVP. This stabilizing polymeric effect
may be attributed to certain specific interactions formed between
CX and PVP in solution that might prevent the molecular
association of CX required to form a stable crystal lattice during
recrystallization.
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