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ABSTRACT

Structurally varied, carboxyl-containing cellulose derivatives were evaluated for their ability to form
amorphous solid dispersions (ASD) with ellagic acid (EA), in order to improve the solubility of this
high-melting, poorly bioavailable, but highly bioactive natural flavonoid compound. ASDs of EA with
carboxymethylcellulose acetate butyrate (CMCAB), cellulose acetate adipate propionate (CAAdP), and
hydroxypropylmethylcellulose acetate succinate (HPMCAS) were prepared, and EA dissolution from
these ASDs was compared with that from pure crystalline EA and from EA/poly(vinylpyrrolidinone) (PVP)
solid dispersions (SD). Polymer/drug mixtures were characterized by powder X-ray diffraction (XRPD),
modulated differential scanning calorimetry (MDSC), nuclear magnetic resonance (NMR) and Fourier
transform infrared spectroscopy (FT-IR). The XRPD and FT-IR results indicated that EA was amorphous
in solid dispersions with EA concentration up to 25 wt%. The stability against crystallization and solution
concentrations of EA from these solid dispersions were significantly higher than those observed for phys-
ical mixtures and pure crystalline EA. HPMCAS stabilized EA most effectively, among the polymers tested,
against both chemical degradation and recrystallization. The relative ability to solubilize EA from ASDs at
pH 6.8 was PVP » HPMCAS >»> CMCAB. EA dissolves from ASD in PVP quickly and completely (maximum
92%) at pH 6.8, but EA is also released from PVP at pH 1.2, and then crystallizes rapidly. Therefore PVP is
not a practical candidate for EA ASD. In contrast, the cellulose derivative ASDs show very slow EA release
at pH 1.2 (<4%) and faster but still incomplete drug release at pH 6.8 (maximum 35% for HPMCAS SD).
The pH-triggered drug release from HPMCAS ASD makes HPMCAS a practical choice for EA solubility
enhancement.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

bioavailability of ellagic acid is a great challenge for the study
of its beneficial functions, making it difficult to translate in vitro

Ellagic acid is a polyphenolic flavonoid present in many results into in vivo studies. In addition, it has been estimated that

dietary sources including walnuts, pomegranates, strawberries,
blackberries, cloudberries and raspberries (Hikkinen, Karenlampi,
Mykkdnen, Heinonen, & Torrénen, 2000). It has been found
that EA has important beneficial health effects against many
oxidation-linked chronic diseases (Landete, 2011; Vattem & Shetty,
2005). Among the most important examples are cancer (includ-
ing that of the breast (Wang et al., 2012), prostate (Bell &
Hawthorne, 2008), lung (Boukharta, Jalbert, & Castonguay, 1992)
and colon (Gonzalez-Sarrias, Espin, Tomas-Barberan, & Garcia-
Conesa, 2009), cardiovascular disease (Larrosa, Garcia-Conesa,
Espin, & Tomas-Barberdn, 2010) and neurodegenerative diseases
(Porat, Abramowitz, & Gazit, 2006). However, the poor oral
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the average individual consumes approximately 343 mg EA per
year, which is not enough to reach the plasma levels required for
lung cancer prevention, given its low bioavailability (Castonguay,
Boukharta, & Teel, 1998). Poor EA aqueous solubility (9.3 pwg/ml
at pH 7.4) (Bala, Bhardwaj, Hariharan, Kharade, et al. 2006; Bala,
Bhardwaj, Hariharan, & Kumar, 2006) is a primary cause for its low
bioavailability. This low solubility is due in part to its high degree
of crystallinity (melting point not observed due to decomposition
at ca. 360°C), which is a direct result of the planar and symmetri-
cal EA structure and the extensive hydrogen-bonding (H-bonding)
network formed in the crystal.

In order to develop its therapeutic potential, it is necessary
to develop delivery systems that enhance EA solubility, stability
and bioavailability. The Bala group developed EA-loaded poly(D,L-
lactide-co-glycolide) (PLGA) nanoparticles for oral administration
(Bala, Bhardwaj, Hariharan, Kharade, et al. 2006; Bala, Bhardwaj,
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Hariharan, & Kumar, 2006). Other investigators studied encapsu-
lation of EA into PLGA and polycaprolactone (PCL) nanoparticles
to improve oral bioavailability (Sonaje et al., 2007). There are only
a couple of brief reports on complexation of EA with cyclodextrin
derivatives to enhance solubility (Boukharta et al., 1992); impor-
tantly, one report hints that these complexes may substantially
improve EA bioavailability, providing support for the hypothesis
that improvement in EA solubility is a viable route for enhancing
its oral bioavailability (Chudasama, Lugea, Lu, & Pandol, 2011).

Molecular dispersion in polymer matrices (amorphous solid
dispersion, ASD) is a very attractive way to improve the oral
bioavailability of drugs with poor water solubility (Konno, Handa,
Alonzo, & Taylor, 2008; Qian, Huang, & Hussain, 2010). Low aque-
ous solubility can be caused in part by high crystallinity, particularly
with high-melting drugs like EA. There is therefore reason to believe
that trapping EA in the metastable amorphous state in a polymer
matrix would effectively enhance its bioavailability. Solid disper-
sions of drug in polymer may be prepared from a solution in a
common solvent (spray-drying, freeze-drying, rotary evaporation,
co-precipitation, and film casting), or by co-extrusion. Frequently
employed matrix polymers include the water-soluble PVP, and
water-swellable and/or dispersible polymers like cellulose acetate
phthalate (CAPhth) (DiNunzio, Miller, Yang, McGinity, & Williams,
2008), HPMCAS (Friesen et al., 2008), and CMCAB (Posey-Dowty
etal.,2007; Shelton et al.,2009). Very recently, the Edgar and Taylor
groups have collaborated to design cellulose w-carboxyalkanoates,
including CAAdP, for high performance as crystallization inhibitors
(Ilevbare, Liu, Edgar, & Taylor, 2012a; llevbare, Liu, Edgar, & Taylor,
2012b)and ASD polymers (Kar, Liu, & Edgar, 2011; Liu, Kar, & Edgar,
2012). Carboxylated cellulose derivatives are attractive candidate
matrices due to their generally benign toxicity profiles, high glass
transition temperatures (Tg) and the ability of the pendent carboxyl
group to trigger pH-responsive drug release and create strong inter-
actions with hydrogen bonding groups on the drug. Despite the
apparent potential of the ASD approach, there have been no reports
to date on enhancement of EA solubility in this way.

In order to design effective ASD delivery systems, it is necessary
to identify polymers and drug-polymer ratios that meet several key
criteria. The drug must be amorphous, and stable with regard to
crystallization in the solid phase. The drug must be released under
gastrointestinal (GI) conditions at supersaturated concentrations.
Released drug must be stabilized by the polymer in solution against
crystallization, even under these supersaturated concentrations;
this implies that the polymer must have adequate aqueous solu-
bility (at least in the pg/mL range). Herein we report evaluation of
EA ASDs with three structurally diverse cellulose derivatives; the
somewhat hydrophilic HPMCAS, the rather hydrophobic CMCAB,
and the very hydrophobic CAAdP, with respect to their ability to
meet these criteria and provide effective solubility enhancement.
Our hypothesis is that evaluation of the structure-property rela-
tionships will enable us to select or design a polymer that holds the
promise of bioavailability enhancement for this important, thera-
peutically promising flavonoid.

2. Experimental
2.1. Chemicals

Ellagic acid dihydrate (97%) was purchased from Alfa Aesar
(Ward Hill, MA). PVP (K29-32, Mw 58,000) and potassium bro-
mide (99+%, for spectroscopy, IR grade) was supplied by Acros
Organics (Geel, Belgium). CMCAB (641-0.2) was obtained from
Eastman Chemical. CAAdP (DS(acetyl)=0.04, DS(propionyl)=2.09,
DS(adipate)=0.33) was synthesized by procedures previously
described by us (Kar et al., 2011). HPMCAS (AS-LG) was supplied by

Shin-Etsu Chemical Co., Ltd. (Tokyo, Japan). Acetone (HPLC grade,
0.2 pm filtered), reagent ethanol, potassium phosphate monoba-
sic, and sodium hydroxide were supplied by Fisher Scientific (Fair
Lawn, NJ). Buffer solutions (pH 6.8 and 1.2) were prepared accord-
ing to USP30-NF25 standard method.

2.2. Preparation of solid dispersions

2.2.1. Spray-dried solid dispersions

Mixtures of EA/polymer (PVP, CMCAB and HPMCAS) (10.0g) at
different weight ratios (1/9 and 1/3) were dissolved in 500 mL of
acetone/ethanol (1/4, v/v) to make feed solutions. Solid dispersions
were prepared using a Buchi mini-spray dryer B-290. Operating
parameters were: inlet temperature, 90°C; outlet temperature,
57-60°C; feed rate, 9 mL/min; nitrogen flow 350 L/h. Yields of the
spray-drying process were 50-60%.

2.2.2. Co-precipitated solid dispersions

It was convenient to prepare EA/CAAdP dispersions by co-
precipitation due to the limited quantity of CAAdP available, and the
unavoidable losses incurred when spray-drying small quantities of
solid dispersions. A mixture of EA/CAAdP (1/3 or 1/9) (0.2 g) was
dissolved in 10 mL of THF. Then the solution was added dropwise
to 200 mL of DI water with stirring. The precipitate was collected
by filtration, then dried under vacuum at 40 °C overnight. The drug
content was confirmed by UV-vis spectrometry.

2.2.3. ASD by rotary evaporation

It was convenient to prepare the EA/PVP/CAAdP dispersion by
rotary evaporation due to the limited quantities of CAAdP avail-
able and the high water solubility of PVP. EA (20 mg), PVP (90 mg)
and CAAdP (90 mg) were dissolved in acetonitrile/EtOH (1/1, v/v;
40 mL). The solution was concentrated by rotary evaporation. The
residue was dried under vacuum at 40 °C overnight.

Physical mixtures were prepared to compare to the spray-dried
samples by grinding weighed portions of EA and HPMCAS, CAAdP,
CMCAB or PVP with a mortar and pestle.

2.3. Characterization of EA/matrix solid dispersions

EA/polymer solid dispersions were characterized by comparing
IR and NMR spectra, DSC traces, and XRPD patterns obtained for EA,
the pure individual polymers, physical mixtures of EA/polymer, and
EA/polymer solid dispersions.

2.4. IR spectroscopy

IR spectra were recorded in a frequency range between 4000
and 400 cm™~!, using a resolution of 4cm~! and 40 accumulations,
on a Nicolet 8700 FT-IR spectrometer. FTIR pellets comprised 1 mg
of the polymer matrix mixture and 100 mg of potassium bromide.

2.5. NMR spectroscopy

Solid-state CP MAS 3C-NMR experiments were performed on a
BRUKER Avance I 300 spectrometer at 75.47 MHz, equipped with a
MAS probe head using 4 mm ZrO, rotors. Glycine was used to set the
Hartmann-Hahn conditions and adamantane as secondary chemi-
cal shift reference 6 = 38.48 ppm and 29.46 ppm from external TMS,
respectively. Solution 13C-NMR spectra were recorded with a pro-
ton 90° pulse length of 4.0 ws and a contact time of 1 ms. Repetition
delay was 10s, spin rate 7k, number of scans 512 within 1.5 h, and
spectral width 25 kHz. FIDs were accumulated with a time domain
size of 1K data points. RAMP shape pulse was used during the
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cross-polarization and spinal64 for decoupling during acquisition.
Spectral data were processed using the Topspin program.

2.6. XRPD analysis

XRPD measurements used a Bruker D8 Discovery X-ray diffrac-
tometer. Measurements were performed at a voltage of 40kV and
25 mA. The scanned angle was set as 5<26<40° and the scan rate
was 2°/min.

2.7. DSC measurement

EA and solid dispersions were analyzed using a modulated dif-
ferential scanning calorimeter (Model Q2000, TA Instruments, New
Castle, Delaware) equipped with a refrigerated cooling accessory.
Samples (4-5mg) were packed in non-hermetically crimped alu-
minum pans, heated under dry nitrogen from 25 to 100-120°C at
10°C/min to eliminate moisture and relieve stress, then quickly
cooled to 25°C at 100 °C/min. Samples were then heated to 200°C
at 3°C/min with +1 °C modulation every 45 s; glass transitions are
reported from this second heating scan based on the reversible heat
flow. DSC heating curves were analyzed using Universal Analysis
2000 software (TA Instruments).

2.8. UV-vis spectroscopy

All UV-vis spectra were recorded on a Thermo Scientific Evolu-
tion 300 UV-Visible Spectrometer.

2.9. Measurement of matrix polymer solubility

Polymer (0.5 g; CMCAB, HPMCAS, CAAdP, or PVP) was dispersed
in 10mL of pH 6.8 buffer. The suspension was mixed by a vor-
tex mixer for 1 min, ultrasonicated for 15 min, and then shaken for
24 h at room temperature (Burrell wrist action shaker, Model 75).
The suspension/solution was centrifuged at 14,000 x g for 10 min to
remove insoluble material. An aliquot (1 mL) of the top, clear solu-
tion was withdrawn and the solvent evaporated in an oven (80°C,
5h). The dissolved polymer weight was calculated by subtracting
the weight of saltin buffer solution (7.2 &+ 0.1 mg/mL). The dissolved
polymer concentration (w/v) was then calculated by dividing the
dissolved polymer weight by the volume of solution withdrawn.

2.10. Ellagic acid calibration curves in N-methylpyrrolidone
(NMP) and pH 6.8 buffer

2.10.1. EA calibration curve

Careful attention is needed in construction of a practical and
appropriate calibration curve that covers supersaturated concen-
trations of a poorly soluble species like EA. From the standard curves
of EA (see Supplementary Material S3), the extinction coefficient of
EA is quite similar in NMP (38.3Lg'cm~1) and in NMP/pH 6.8
buffer solution (1/99, v/v; 39.5Lg~1 cm~1). In creating appropriate
calibration curves, one must also keep in mind the ionization state
of a molecule like EA that possesses multiple weakly acidic phe-
nol groups (Hasegawa et al., 2003). We used EA UV/vis calibration
curves in NMP for experiments at pH 1.2, and calibration curves in
NMP/pH 6.8 buffer (1/99, v/v) for experiments at pH 6.8.

The EA standard curve in NMP was used for the calculation of
concentration from UV-vis absorption at pH 1.2 since most EA is
not ionized at that pH. Calibration curves in aqueous buffer (pH
6.8) were generated by dilution of an EA stock solution in NMP
(2.5 mg/mL) with pH 6.8 buffer solution to 10 mL (fixing the ratio
of NMP/pH 6.8 buffer 1/99, v/v).

2.10.2. Dissolution testing

EA solid dispersion (EA content fixed at 50 mg) was dispersed in
10mL of pH 6.8 phosphate buffer in an amber flask with magnetic
stirring for 24 h. Then the suspension was centrifuged (14,000 x g,
10min) to remove insoluble material. EA concentration in the
supernatant was determined by UV-vis spectrometry using the
calibration curve in pH 6.8 buffer generated as described above.

2.10.3. Enhancement of ellagic acid stability

Stability enhancement of EA by polymers in solution was
studied by following decline in EA solution concentration in the
presence or absence of polymer, using UV-vis spectrometry. EA and
EA/PVP (1/9) solid dispersion samples were dissolved in ethanol,
while EA/cellulose ester (1/9) solid dispersions were dissolved in
THF due to the low solubility of cellulose derivatives in ethanol. EA
concentration was fixed at 0.2 mg/mL. Samples (1 mL) of each stock
solution were diluted to 10 mL with pH 6.8 buffer. The amount of EA
still in solution was measured by UV-vis absorption of the diluted
solution at time intervals from 0.5 to 24 h.

EA chemical degradation in aqueous buffer was studied as fol-
lows. Samples of EA or EA/polymer 1/9 solid dispersion were
dissolved in ethanol or THF ([EA] = 0.2 mg/mL), then 200 w.L aliquots
ofeach solution were added to pH 6.8 aqueous buffer (800 pL). Sam-
ples were incubated at room temperature for the indicated time.
After incubation, each mixture was diluted by 1 mL of ethanol and
the UV-vis absorption of the diluted solution was measured.

2.10.4. Ellagic acid release profile

EA samples (pure, physical mixture or solid dispersion) were
dispersed in 100 mL pH 6.8 buffer in an amber glass flaskin amounts
that provided in each case an EA concentration of 0.05 mg/mL. The
solution was stirred with a stir bar at 25 °C. Aliquots (1.5 mL) were
withdrawn at appropriate time intervals and replaced with 1.5mL
of fresh dissolution medium after each sampling to maintain con-
stant volume. UV-vis absorption of each aliquot was recorded after
centrifugation (14,000 x g, 10 min). Release profiles in pH 1.2 buffer
were measured using the same method and the aliquots were cen-
trifuged before UV-vis measurement. The first three time points
(0.1,1.3,2.7 min) from EA/PVP 1/9 solid dispersions were measured
directly without centrifugation, because of the rapid initial release
from those dispersions and the time required for centrifugation.

3. Results and discussion

Symmetrical, planar ellagic acid (Fig. 1) is a highly crystalline
compound (Rossi, Erlebacher, Zacharias, Carrell, & lannucci, 1991).
We hypothesized that solid dispersion in polymers with sufficient
ability to form H-bonds with its functional groups may stabilize
amorphous EA, permitting formation of metastable amorphous EA
dispersions with sufficient storage stability. However, it is possible
that the dearth of publications about ASD of EAin the literature may
be due to concerns about its rapid crystallization either in the solid
ASD, or after release into the gastrointestinal lumen. Due to recent
success in forming ASDs of the flavonoids curcumin and quercetin
using cellulose ester polymers, we chose to take on the daunting
challenge of EA. Three cellulose derivatives were of particular inter-
est to us. It has recently been demonstrated that the pH-responsive,
hydrophobic CMCAB is an effective ASD polymer, providing rapid
release of relatively soluble drugs like aspirin and ibuprofen, and
zero-order release of poorly soluble drugs like griseofulvin and
glyburide, while substantially increasing solution concentrations
of those poorly soluble drugs vs. pure drug (Posey-Dowty et al.,
2007; Shelton et al., 2009). HPMCAS was chosen for comparison
because of its greater water solubility, and because it has proven to
be an effective ASD polymer (Curatolo, Nightingale, & Herbig, 2009)
(it is included in several recent New Drug Applications before the
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Fig. 1. Chemical structure of ellagic acid.

FDA). Finally we selected CAAdP, which we have recently designed
as a highly effective ASD polymer, for evaluation. CAAdP is even
more hydrophobic than CMCAB and has low water solubility, but
is pH responsive, and interacts strongly with hydrophobic drugs
like ritonavir and curcumin. It has been shown to strongly inhibit
the crystal growth of ritonavir (Ilevbare et al., 2012b), suggesting
that it will prove to be an effective ASD polymer. We compared
these polysaccharide derivatives not only with pure EA, but also
with the widely used and historically important ASD polymer PVP
(Rumondor, Marsac, Stanford, & Taylor, 2009). PVP has quite differ-
ent characteristics from the cellulosic polymers, being rather water
soluble, even at low pH (due to its slightly basic amide groups). We
studied the preparation and characterization of EA/polymer solid
dispersions, and their dissolution behavior. We hypothesized that
this set of polymers would provide deep insight into the struc-
ture/property/functional relationships of EA dispersions in polymer
matrices, and the impact of those matrices on EA aqueous solution
concentrations.

3.1. Characterization of spray dried amorphous solid dispersions

First we studied the ability of each polymer to stabilize against
EA crystallization in the solid phase. We prepared solid dispersions
of EA/polymer at various weight ratios and compared with pure EA
and physical mixtures. Blends were characterized by the following
techniques.

XRPD was used to investigate room temperature crystallinity
of the EA/polymer blends. XRPD patterns (Fig. 2 and S1) of all
EA/polymer solid dispersions showed halo patterns without EA
diffraction peaks, similar to those of the corresponding pure poly-
mers, except for EA/CMCAB 1/3 and EA/CAAdP 1/3 solid dispersions,
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where small peaks at 28° and 12° indicated that EA was not com-
pletely amorphous at this ratio with these polysaccharides. These
results indicate that EA solid dispersions in HPMCAS and PVP are
amorphous up to 25 wt% EA, and up to 10% EAin CMCAB and CAAdP.

DSC can provide information about both polymer and drug
properties, over a wide range of temperatures. DSC analysis tem-
peratures for dispersions containing CAAdP, CMCAB and HPMCAS
were kept below 200°C, since these polymers undergo crosslink-
ing esterification reactions between the pendent carboxyl and
hydroxyl groups above 200°C. Modulated DSC was an effective
method for determining T values based on reversible heat flows
(Supporting Material S2). DSC second heating curves of amorphous
EA solid dispersions as well as those of pure EA and the individ-
ual matrix polymers are shown in Fig. 3(A-C), and the T values
of EA solid dispersions are plotted vs. EA content in Fig. 3(D).
Tg values of polymers in EA ASDs decreased compared to those
of the corresponding pure polymers. Interestingly, Tg decreases
with increasing EA content in CMCAB, but not in PVP or HPMCAS
matrices. Increasing EA concentration in HPMCAS has little effect
on Tg, while in PVP matrices, increasing EA concentration actu-
ally seems to have an anti-plasticization effect. The failure of the
PVP/EAblends to obey a Gordon-Taylor type relationship, in spite of
strong XRD and DSC evidence of miscibility, could be due to strong
polymer-drug interactions (Janssens & Van den Mooter, 2009).
CAAdP/EA ASDs behave in intermediate fashion, with decreasing Tg
up to 1/9 ratio, but then a rise in Tg at higher EA levels (remember
that blends above 10% EA in CAAdP are not entirely amorphous).

FTIR is useful for identifying strong polymer-drug interac-
tions. IR spectra of EA, HPMCAS, and EA/HPMCAS (1/1 and 1/3)
spray dried solid dispersions are shown in Fig. 4. The EA band at
2800-3700 cm~! was attributed to OH stretching with a broad peak
around 3077cm~! and a small sharp peak at 3558 cm~!, which
disappeared in the spectra of solid dispersions. The spray-dried
dispersions show a broad OH stretching peak at 3475cm~! and
a strong methylene stretching peak at 2937 cm~!, similar to the
bands of pure HPMCAS (3404 and 2937 cm™!). The distinct change
in the OH stretching area indicates polymer-EA hydrogen bond-
ing (H-bonding). In addition, the HPMCAS C=O stretching peak
at 1739 cm~! shifts slightly to 1741 cm~1. Moreover, the EA C=0
stretching peak at 1699 cm~! disappeared. These changes indicate
that the carbonyl groups of both HPMCAS and EA are involved in
H-bonding interactions.

Solid-state '3C-NMR may provide more evidence about the
nature of EA-matrix polymer interactions. CPMAS 13C-NMR spec-
tra of HPMCAS, EA and EA/HPMCAS 1/3 solid dispersion are shown
in Fig. 5. The EA spectrum was assigned following the literature
(Li, Elsohly, Hufford, & Clark, 1999). EA peaks are located between
105 and 165 ppm and do not overlap with HPMCAS peaks. There-
fore, changes of peak shapes and/or shifts of EA carbons in ASDs

- Ellagic acid B
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—EA/PVP 1/9 PM
o P .
—EA/HPMCAS 1/3 PM
—EA/HPMCAS 1/9 PM
o NURURDE A e
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M A — P
X —EA/CMCAB 1/9 PM
5 10 15 20 25 30 35

20

Fig. 2. XRPD patterns of (A) EA, PVP, HPMCAS, CMCAB and EA/polymer spray dried solid dispersions; (B) EA and EA/polymer physical mixtures.
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Fig. 3. (A) MDSC heating curves of EA, CMCAB and EA/CMCAB solid dispersions; (B) MDSC heating curves of EA, HPMCAS and EA/HPMCAS solid dispersions; (C) DSC heating
curves of EA, PVP and EA/PVP solid dispersions; (D) Ty values of EA solid dispersions vs. EA content.

are diagnostic of H-bonding between EA and polymer matrices.
We found that in the solid dispersion spectrum all of the EA peaks
were broadened. Some peaks combined to form broad peaks, for
instance, C1, C5 and C6; and C2 and C3. Chemical shifts of some
peaks changed slightly, for example, C7 (from 161.4 ppm in EA to
159.7 ppm in EA/HPMCAS 1/3 SD) and C4 (from 146.5 ppm in EA to
147.6 ppm in EA/HPMCAS 1/3 SD). These peak shape and chemical
shift changes confirmed H-bonding interactions between EA and
the polymer matrices.

3.2. Suppression of ellagic acid degradation

Stability of ellagic acid in pH 6.8 aqueous buffer has been lit-
tle studied. In their deprotonation study, Hasegawa et al. found
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—HPMCAS e Y

Fig. 4. FTIR spectra of EA, HPMCAS and EA/HPMCAS solid dispersions.

that the EA UV-vis spectrum changed dramatically at pH >12.4,
which was explained by opening of the lactone ring (Hasegawa
et al., 2003). Other flavonoids have been shown to undergo pho-
tochemical, radical, and retro-aldol decomposition reactions under
relatively mild conditions (Wanget al., 1997; Zenkevich et al.,2007;
Zheng, Haworth, Zuo, Chow, & Chow, 2005).

UV-vis spectrometry was used to study EA chemical stability at
pH 6.8. After incubation of EA at pH 6.8 for various time periods,
samples were diluted with ethanol to dissolve any solids present;
this was so that we could evaluate chemical degradation separately
from EA crystallization. The results (Fig. 6(A)) show that the degra-
dation loss of pure EA is 20% after incubation at pH 6.8 for 24 h.

EA/HPMCAS1/3SD

HPMCAS

i

Ellagicacid (EA)
ppm 175 150 125 100 75 50 25

Fig. 5. Solid-State CPMAS '*C-NMR spectra of HPMCAS, EA and EA/HPMCAS 1/3
solid dispersion.
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Fig. 6. (A) Stability of EA and EA/polymer solid dispersions in 6.8 buffer (UV-vis after EtOH dilution); (B) stability of EA and EA/polymer solid dispersions in pH 6.8 buffer

(UV-vis, no EtOH added).

In contrast, EA in spray dried solid dispersions (EA/polymer 1/9)
is protected from degradation to an extent dependent on polymer
structure; EA degradation in ASDs was 16% (CMCAB), 14% (CAAdP),
6% (PVP), and 5% (HPMCAS). Protection against degradation is bet-
ter in more hydrophilic polymer matrices; this would be consistent
with a degradation mechanism involving hydrophobic dioxygen
(Priyadarsini, Khopde, Kumar, & Mohan, 2002).

In order to evaluate the effectiveness of each polymer in pro-
ducing stable, supersaturated EA solutions in the small intestine, we
evaluated stability against crystallization in pH 6.8 buffer. We incu-
bated ASD samples and pure EA at pH 6.8 and room temperature,
this time without ethanol dilution prior to UV-vis measurement.
The results show the combined effects of EA crystallization and
degradation (Fig. 6(B)). Pure EA was removed from solution rapidly,
only 42% remaining in solution after 5h and only 18% after 24 h.
Loss of dissolved EA is primarily due to EA crystallization, since
only about 20% EA chemical degradation was experienced over
24 h under identical conditions. In contrast, after 24h 95% of EA
remained in solution from HPMCAS solid dispersion, vs. 85%, 61%
and 53% for CAAdP, CMCAB and PVP ASDs, respectively. HPMCAS
ASDs provided effective stabilization against both EA crystallization
and chemical degradation.

3.3. Dissolution testing and solution concentration enhancement

Maximum solution concentration from pure EA and its ASDs
at pH 6.8 was measured by UV-vis spectrometry. Such studies
can be plagued by UV absorption by nanoparticles that can result
from partial crystallization from such supersaturated solutions.
We dealt with this issue by centrifugation of samples prior to
UV-vis measurements. This protocol gave highly repeatable val-
ues with a standard deviation of less than 5% for three duplicates.
In the dissolution tests, EA solid dispersions were dispersed in
pH 6.8 buffer solution. Aliquots were removed, centrifuged and
analyzed at various time points (Supporting Material Fig. S4). Equi-
librium was usually reached (as determined by [EA] plateau) within
1-5h. PVP and HPMCAS molecular dispersions with lower EA con-
tent led to higher EA solution concentrations, in accord with the
pioneering work by Higuchi et al. (Simonelli, Mehta, & Higuchi,
1969; Simonelli, Mehta, & Higuchi, 1976). EA solution concentra-
tion obtained from solid dispersions depends strongly on polymer
structure in the following sequence PVP > HPMCAS > CMCAB, which
corresponds with the relative aqueous solubility of the three poly-
mers (Table 1). This relationship may be a result of the fact that
more hydrophilic polymer matrices swell or dissolve more rapidly
in aqueous buffer, affording faster release kinetics. Increased EA
solution concentration could also result from the higher poly-
mer solution concentrations observed with PVP and HPMCAS;
the increased amounts of dissolved polymer may increase ther-
modynamic solubility of EA, or may more effectively inhibit EA

crystallization and degradation. It should be noted that very
recently, an interesting study has appeared illustrating that higher
thermodynamic solubility (for example, by cyclodextrin complex-
ation) may actually slow down permeation of a drug from the GI
lumen to the bloodstream (Miller, Beig, Carr, Spence, & Dahan,
2012).

3.4. Drug release profiles

Dissolution of EA from ASDs was compared with that of pure EA
(5 mg) and that from EA/polymer physical mixtures, both at pH 6.8
and 1.2. Nanoparticle removal from sample aliquots was effected by
centrifugation (14,000 x g). UV-vis absorption of the solution was
measured and plotted vs. time. The influence of polymer type and
of EA/polymer ratio on drug release profiles was also investigated.

Drug release profiles of EA, EA/PVP 1/9 physical mixture, and
EA/polymer (CMCAB, CAAdP, HPMCAS and PVP) ASDs in pH 6.8
buffer are shown in Fig 9. Release from the EA/PVP 1/9 solid disper-
sion was fastest and most complete (Fig. 7(A)), reaching 92% within
1h, while release from the EA/HPMCAS blend (1/9 SD) was much
slower and incomplete, reaching a maximum of 35% after 0.5 h.
Release from the EA/CMCAB 1/9 SD was slowest, reaching a maxi-
mum of 18% after 1 h. EA concentration in each case decreased from
a maximum value, presumably due to incomplete stabilization of
supersaturated EA concentrations by the polymers. After 24 h, the
drug release yield from EA/PVP and EA/HPMCAS 1/9 SDs decreased
to 13-14%, and from EA/CMCAB 1/9 SD was only 6%. Release from
the EA/PVP 1/9 physical mixture was much slower and less com-
plete than that from the ASD of the same composition, reaching a
maximum of 19% EA released at 3 h; we see a similar relative com-
parison of HPMCAS 1/9 ASD with the HPMCAS physical mixture of
equal composition. After 24 h the amount of EA in solution from
PVP 1/9 ASD and physical mixture is the same; clearly at long dis-
solution times the recrystallization of EA, and the failure of these
polymers to completely prevent it, becomes an important factor.
However the higher extent of release from PVP ASD in the early
part of the curve means that there would be much more chance of
EA absorption, and presumably much higher bioavailability, from
the ASD than from the physical mixture. Dissolution from both PVP
and HPMCAS ASDs is far superior to that of pure EA, which reaches

Table 1
Solubility of polymers and maximum EA concentration from their ASDs.

Polymer Solubility in Maximum EA concentration
water (mg/mL) from amorphous dispersion
(pg/mL)
PVP >600 1500
HPMCAS 234 280
CMCAB 1.6 30
CAAdP 1.5 Not measured
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Fig. 7. Dissolution from (A) EA, EA/PVP 1/9 physical mixture, EA/polymer 1/9 solid dispersions (pH 6.8, UV-vis); (B) EA/polymer 1/3 solid dispersions (pH 6.8, UV-vis) (C)
EA/CAAdP (1/3,1/9) co-precipitating solid dispersions (CPSD) and EA/CAAdP/PVP (1/4.5/4.5) evaporation solid dispersion (EVSD), after centrifugation at 14,000 x g for 10 min

(pH 6.8, UV-vis); (D) dissolution of EA and EA/polymer 1/9 ASDs (pH 1.2, UV-vis).

a maximum of 11% at 2 h, then decreases to 7% at 24 h. Dissolution
from the CMCAB ASDs is slow, similar to that from pure EA; we
believe that this is due largely to poor release of hydrophobic EA
from the hydrophobic CMCAB matrix. This analysis is supported by
the reasonable ability of CMCAB to stabilize EA against crystalliza-
tion and degradation once it is in solution (Fig. 6(B)). Overall we see
that supersaturated solutions of EA can be achieved from HPMCAS
and PVP ASDs, but that even these polymers retard, but do not stop
crystallization of the highly symmetrical EA from supersaturated
solutions.

EA/polymer ratio is an important factor impacting extent of drug
release. Release from EA/PVP 1/3 ASDs (Fig. 7(B)) reaches a maxi-
mum of 76%, decreasing rapidly to 17% within 2 h. Compared with
the release profile from EA/PVP 1/9 SD (Fig. 7(A)), the 1/3 ASD
affords lower maximum EA release and much faster decrease in
EA concentration after the peak. Thus the release rate and the inhi-
bition of EA crystallization strongly depend on the concentration
of the PVP ASD. The slower drug release from EA/HPMCAS and
EA/CMCAB 1/3 and 1/9 ASDs appears to be somewhat less depend-
ent on EA concentration in the ASD.

CAAdP solid dispersions show drug release profiles similar to
those of pure EA and EA/PVP 1/9 PM (Fig. 7(C)). The highest drug
release from CAAdP ASDs is around 15-17%, similar to that of
CMCAB ASDs. Since CAAdP and CMCAB have similar solubility in pH
6.8 aqueous buffer, it is not surprising that their ASDs show similar
drug release profiles. To improve CAAdP drug release properties,
an interesting experiment was conducted in which a combination
of PVP and CAAdP (1/1, w/w) was used to prepare an ASD blend
with 10% EA content by rotary evaporation. The release profile of
EA/CAAdP/PVP (1/4.5/4.5) ASD is similar to EA/PVP 1/9 ASD except
that the maximum release at 0.5h is somewhat lower (62%). EA
release from 1 to 5h is higher than that from EA/PVP 1/3 SD, but
lower than that from EA/PVP 1/9 SD, which is reasonable since the
EA/PVP ratio is 1/4.5 in this solid dispersion. This experiment high-
lights the potential of properly designed ASD polymer blends for
achieving all requirements of a functional ASD formulation.

It was enlightening to compare EA release from these solid dis-
persions under conditions similar to those of the stomach, in pH 1.2
buffer (Fig. 7(D)). Release from the PVP amorphous blend (EA/PVP
1/9 SD) was quite fast but the percentage of dissolved EA decreased
very quickly, reaching 37% within a few seconds (the peak release
is so early and decline from the peak is so rapid that it is difficult
to sample quickly enough; the actual peak could be even higher).
In contrast, release was very slow from EA amorphous dispersions
with CMCAB and HPMCAS. These results are perfectly consistent
with the slightly basic nature of PVP and the acidic nature of the
carboxyl-containing cellulose esters. Low pHrelease from the three
cellulose ester ASDs is minimal and similar to that from pure EA and
from the physical mixtures. In contrast, a substantial portion of EA
is released from the PVP ASD, then recrystallizes at pH 1.2. This
suggests that although EA/PVP 1/9 ASD affords the best EA release
at pH 6.8 among the ASDs studied, this advantage would not be
observed in the human GI tract. EA would be largely released and
recrystallized in the stomach, and would no longer be part of an ASD
by the time it reached the small intestine. In contrast, the cellulose
derivatives can retain EA in the amorphous dispersion in the stom-
ach, and HPMCAS 1/9 ASD would provide effective drug release in
the small intestine.

4. Conclusions

Ellagic acid and the polymers PVP, CAAdP, CMCAB, and HPM-
CAS were readily blended by spray-drying, affording amorphous
solid dispersions with EA content up to 25%. Release from dis-
persions in pure CAAdP or CMCAB at pH 6.8 was very slow and
did not achieve adequate EA dissolution. Although release from
the 1/9 ASD with the more soluble HPMCAS was slower and less
complete in comparison with that from a 1/9 PVP ASD, HPMCAS
matrices show the most promise for EA release, due to rapid EA
release and recrystallization observed at gastric pH from PVP ASDs.
In addition, HPMCAS amorphous dispersions show excellent abil-
ity to inhibit EA crystallization and degradation in solution. Within
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this group of polymers, all were capable of stabilizing ellagic acid
in the solid phase (as indicated by DSC and PXRD results), but only
the more water-soluble polymers (PVP and HPMCAS) afforded very
high solution concentrations. Comparison of maximum solution
concentration data and solution stabilization data makes it clear
that the major impact of polymer hydrophilicity is upon dissolu-
tion rate, rather than on stabilization against crystallization from
solution. Design of ASD polymers that retain the ability to stabilize
EA against crystallization from solid and solution phases displayed
by, for example, CAAdP, but with higher water solubility and thus
release rate, would be desirable for maximizing EA solution con-
centrations.

We conclude therefore that HPMCAS is a practical and promising
matrix for EA amorphous solid dispersion, stabilization, solubi-
lization, and bioavailability enhancement. We have further shown
that blending of ASD polymers with complementary properties
can afford functional ASD dispersions that perform better than
those based on any individual polymer. Systems based on these
solid dispersions provide a promising way to evaluate the efficacy
and dosage requirements of EA-based therapeutic and dietary sup-
plement formulations, and potentially to effectively deliver EA to
patients.
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