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Aminolevulinic acid-loaded, poly(ethylene glycol) disks prepared using three molecular weights
(1000, 6000, and 10,000) were shown to be of potential for rectal administration as part of
photodynamic and photodiagnostic colorectal procedures. The disk-shaped delivery system
was mechanically robust, as judged by friability measurements. Calorimetric analysis confirmed
that low concentrations of ALA (1% w/w) were dispersed completely throughout the PEG
matrix, but higher concentrations (5% w/w and 10% w/w) formed crystalline suspensions.
The molecular weight of the PEG determined the melting temperature, with PEG 1000 being
suitable for melting around body temperature. The drug release kinetics were shown to be a
function of both molecular weight and drug loading. Although the higher molecular weight
PEG disks were resistant to surface erosion arising from an aqueous receptor phase, this effect
was counterbalanced by more rapid and complete release when the ALA loading was increased.
The lowest loading used (1% w/w) produced incomplete release, often not exceeding 30% of
the total amount of drug. Results suggest that this simple formulation containing ALA can be
administered directly to the colorectal area and is a feasible alternative to peroral dosing of

ALA.
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Introduction

Serious cellular abnormalities in the colorectal re-
gion are a leading cause of morbidity and mortality
in industrialized countries, with an estimated
300,000 new cases and 200,000 related deaths an-
nually in Europe and the U.S.! Survival rates for co-
lorectal cancer have improved in recent years, from
23% in the early 1970s to 40% as of recently.? In
advanced disease, however, the five year survival
rate is still less than 5%.3 Prognosis depends on the
stage of disease at diagnosis, as well as patient- and
treatment-related factors.* Dysplasia and early stage
cancer are difficult to locate and biopsy procedures
do not guarantee detection, resulting in a significant
number of undiagnosed lesions. This is patticularly
pertinent given that early detection of colorectal
cancer or premalignant dysplasias improves survival
and prognosis.> The development of technologies
to improve the detection process or enhance treat-
ment would be a welcomed addition to current
treatment methods. Two such promising proce-
dures are photodynamic therapy (PDT) and photo-
diagnosis (PD). These techniques rely on specific
accumulation of photosensitizer in a neoplastic le-
sion, with the former therapy used to bring about
selective destruction and the latter only making it
more conspicuous on fluorescent emission.
Systemic administration of preformed photo-
sensitizers, such as the porphyrin derivatives, is
known to cause selective accumulation in neoplastic
and dysplastic tissue, as driven by numerous by tu-
mor-specific characteristics. However, accumula-
tion of preformed photosensitizers in skin, leading
to prolonged cutaneous photosensitivity, often last-
ing several weeks, is prohibitively problematic and
limits applicability in colorectal cancer or premalig-
nant dysplasias.”® An alternative using photosensi-
tizer precursors, such as aminolevulinic acid (ALA)
and its ester derivatives, are common in PDT and
PD. Dosing with ALA leads to selective accumula-
tion of the photosensitizer protoporphyrin IX
(PPIX) in neoplastic and dysplastic cells.” Most use
is seen in the PDT of superficial skin lesions® and
PD of bladder cancer.!® Prolonged cutaneous pho-
tosensitivity is not a common problem following
systemic or topical administration because both
ALA and PPIX are cleared from the body typically
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within 24 to 48 hours of a systemic dose. Impor-
tantly, ALA, unlike preformed photosensitizers, can
be given orally.!!

ALA has been investigated for both PDT and
PD in experimental and clinical studies of colorectal
cancer, given orally in solution or in an ALA-
containing enema.®!213 When used clinically for
PDT of neoplastic lesions of the colon and rectum,
only superficial (< 1.8 mm) necrosis has been pro-
duced.’3-16 It has been suggested that this may be
due to the fact that the systemic dose of ALA is
limited to an upper ceiling of 60 mg kg-! dictated
for the most part by the onset of side effects. Fur-
ther problems are encountered in that ALA solu-
tions must be made up immediately prior to use due
to chemical instability and have a low pH, leading
to possible local irritation.

Sophisticated ALA-containing dosage forms
for topical application have been described by our
group!” and so the aim of the present study was to
investigate the possibility of formulating a solid
dosage form that would negate the need for prepa-
ration of solutions immediately prior to administra-
tion. This would be a generic dosage form that
could be administered rectally for PDT or PD of
rectal lesions or those in the descending colon,
thereby avoiding side effects associated with the
oral route and improving localized PPIX produc-
tion.

Materials and Methods

Chemicals

5-Aminolaevulinic acid and hydrochloride salt was
obtained from Crawford Pharmaceuticals, Milton
Keynes, UK. Poly(ethylene glycol) (PEG) molecular
weights 1000, 6000, and 10,000 were obtained from
Sigma Aldrich, Dorset, UK. All other chemicals
used were of analytical reagent quality. Poly(ester)
film, one-side siliconized, release liner (FL2000™
PET 75 p 1S) was obtained from Rexam Release
B.V., Apeldoorn, The Netherlands. Plastisol® medi-
cal grade poly(vinyl chloride) emulsion containing
diethylphthalate as plasticizer was obtained from
BASF Coatings Ltd., Cluyd, UK.
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Preparation of Solid Dosage Forms
Containing ALA

PVC molds, with circular orifices of inside diameter
14.0 mm and depth 3.5 mm, as illustrated in Fig. 1A,
were prepared from Plastisol. Appropriate masses
of poly(ethylene glycol) (PEG) of a particular mo-
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FIGURE 1. PVC mold used to prepare solid dosage forms containing (A) 5-aminolevulinic acid and (B) apparatus used
to investigate drug release from such systems. (C) Schematic representation of the appatatus used to determine tablet
friability. The rotational movement creates a standardized impact arising from the drop to the internal face of the cham-

ber wall, which is used to subject the formulation to a reproducible and disintegrative force.
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Mechanical Analysis of Solid Dosage Forms

The mechanical strength of the solid dosage forms
was investigated using the European Pharmaco-
poeia test for tablet friability (Ph. Eur. method 2.9.7).
A specially designed Perspex® drum with an inter-
nal diameter of 285 mm and a depth of 38 mm and
with polished internal surfaces to prevent static
buildup was used for this test (Fig. 1C). Solid dos-
age forms were tumbled at each turn of the drum
by a curved projection rotating at 25 = 1 rpm. The
sample was weighed accurately and placed in the
drum, which was then rotated 100 times before the
sample was removed. Any loose dust was brushed
off and the sample reweighed. As recommended by
the European Pharmacopoeia, the test was run
once for each type of solid dosage form prepared.
A maximum loss of 1% of the mass of the tablets
tested is considered to be acceptable for most tablet
products. The friability was expressed as the loss of
mass in each case and it was calculated as a percent-
age of the initial mass (Ph. Eur. method 2.9.7) as

friability = original combined mass of 5 solid dos-
age forms — final combined mass

x 100 original combined mass of 5 solid dosage
forms ©)

Thermal Analysis of Solid Dosage Forms

Interactions between PEG and ALA were investi-
gated using differential scanning calorimetry (DSC).
Samples of approximately 10.0 mg were taken from
disks and placed in open-pan aluminum crucibles
for analysis (DSC 2920 Differential Scanning Calo-
rimeter with refrigerated cooling system, TA In-
struments, Surrey, UK). An empty aluminum cruci-
ble was used as a reference. The instrument was
calibrated using the melting temperature of indium.
The temperature range investigated was 10-200°C
in order to take in the melting points of ALA and
each of the PEGs. The heating rate was 5°C min-1.

Drug Release Studies

Drug release from the disks was investigated using a
modified Franz cell, as shown in Fig. 1B. A thin
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(2.0 mm) PVC film with a 1 cm? square removed
was used to limit drug release from a well-defined
area into a receptor compartment of calibrated vol-
ume. The Franz cell apparatus was allowed to
equilibrate at 37°C, using water recirculated from a
thermostatically controlled bath and stirred at 600
rpm. The receptor phase was 0.1 M borate buffer,
pH 5.0. The assembly was completed by securing
the donor compartment using spring clips. Disks of
known weight were placed on top of the PVC
membrane, with one side in contact with the sur-
face of the borate buffer. Samples were taken after
5, 10, 15, 30, 60, 90, 120, 150, and 180 min.

Receptor phase sampling was carried out via
the sampling port, whereby a sample (0.1 ml) was
diluted to 5.0 ml with borate buffer and refrigerated
until analysis. The solution removed from the re-
ceptor compartment was replaced immediately by
0.1 ml of blank borate buffer, thereby maintaining a
constant volume.

Analysis of ALA

ALA released from disks was quantified using
HPLC, employing precolumn derivatization with
acetyl acetone and formaldehyde and fluorescence
detection, as described by Oishi et al.'® Derivatiza-
tion was based on a modification of the Hantzsch
reaction, in which amine compounds react with
acetyl acetone and formaldehyde. To an HPLC vial,
3.5 ml acetyl acetone reagent, 50 ul of sample, and
0.45 ml 10% w/w formaldehyde solution were
added and mixed for approximately 5 s. This mix-
ture was heated for 10 min at 100°C, then cooled in
an ice bath and injected (10 pl, Waters WISP 712
autoinjector with refrigerated sample compartment,
Waters associates, Harrow, UK) onto a Spherisorb®
column (250 mm x 4.6 mm, C;s ODS2 with 5 pm
packing, Waters associates, Harrow, UK) equipped
with a Spherisorb guard column (10 mm X 4.6 mm,
Cig ODS2 with 5 um packing). The mobile phase
was 49.5% methanol/49.5% water/1% glacial acetic
acid v/v/v. The flow rate was 1.5 ml min-! (LKB
Bromma 2150 liquid chromatography pump, LKB
Company, Upsala, Sweden). Detection was by fluo-
rescence with excitation at 370 nm and emission at
460 nm (Shimadzu SPD-6A UV spectrophotomet-
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TABLE 1. Influence of PEG Molecular Weight and 5-
aminolevulinic Acid Loading on the Onset of Melting
of the Solid Dosage Form Matrix

AIZ,Q I‘Zj(::)n g Onset of melting (°C)
PEG 1000 PEG 6000 PEG 10,000
0 36.53 +2.10 61.81 £0.47 64.77 £ 0.76
1 39.23+1.72 61.70 £ 0.54 63.98 £ 0.18
5 39.04 +1.77 62.35+1.10 64.91£0.18
10 39.33 £ 1.04 62.65 +£3.29 66.64£0.18

ric detector, Dyson Instruments Ltd, Tyne & Wear,
UK). The chromatographs obtained were analyzed
using proprietary Shimadzu Class VP™ software.
The retention time of the fluorescent ALA deriva-
tive was 6 + 0.53 min (# = 5). The derivative HPLC
calibration curve for ALA was linear in the concen-
tration range investigated, which was from 50 to
500 pg ml-! of ALA in the original samples. The
limit of detection was 0.05 pg ml-1.

Statistical Analysis

Data was analyzed, where appropriate, using a one-
way analysis of variance (ANOVA). Post hoc com-
parisons were made using Tukey’s HSD test. In all
cases p < 0.05 denoted significance.

Results

PEG polymers melted easily over a wide tempera-
ture range, approximating literature values for their
melting points. The higher molecular weight PEGs
were found to be viscous when molten and more
difficult to pour. On solidifying, crystalline regions
were clearly visible in disks of PEG 6000 and PEG
10,000. These disks were also harder and more brit-
tle than those produced by PEG 1000, which had a
smooth, waxy consistency. ALA crystals did not
disperse readily in molten PEG, but after stirring
for some time, low concentrations of ALA (1%)
appeared to be completely dispersed. Higher con-
centrations of ALA (5% and 10%) did not com-
pletely disperse, even after prolonged stirring. The
mixture had a gritty texture, and small crystals of
ALA were visible as sediment at the bottom of the
mixture, making even distribution of ALA difficult
when pouring.
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TABLE 2. Influence of Increasing PEG Molecular
Weight and ALA Loading on Friability and ALA
Melting Temperature Contained in Solid Dosage
Forms

Friabilit Melting tempera-
Formulation %) Y tuf’e e C;)
0% w/w ALA
PEG 1000 0.10 ND
PEG 6000 1.20 ND
PEG 10,000 1.38 ND
1% w/w ALA
PEG 1000 0.15 ND
PEG 6000 0.66 ND
PEG 10,000 0.91 158.67 £ 0.08
5% w/w ALA
PEG 1000 0.01 157.71 £ 1.02
PEG 6000 1.29 156.34 £ 0.76
PEG 10,000 1.05 157.33 £0.91
10% w/w ALA
PEG 1000 0.02 157.04 £ 1.10
PEG 6000 0.57 156.65 £ 1.31
PEG 10,000 1.29 157.88 £ 1.01
100% ALA 158.10 £ 0.45

ND = not determined—no melting point for ALA was readily observ-

able.

As can be seen from Table 1, increasing the
molecular weight of PEG from 1000 to 6000 sig-
nificantly (p < 0.0001) increased the temperature at
which the onset of melting occurred. A further in-
crease in molecular weight from 6000 to 10,000 also
significantly increased (p = 0.0003) the temperature
at which the onset of melting occurred. Addition of
ALA slightly increased the temperature at which the
onset of melting occurred in each case. However,
increasing the ALA loading did not further increase
the melting temperature. The results in Table 2
show that all solid dosage forms prepared main-
tained the majority of their initial mass and pos-
sessed reasonably low friability values. In all cases,
solid dosage forms prepared using PEG 1000 had
friability values within pharmaceutically acceptable
levels, while the friabilities of those prepared from
PEG 6000 and 10,000 were slightly above the 1%
weight loss cutoff prescribed by the European
Pharmacopoeia. Increasing ALA loading had no
significant effect on friability, regardless of the
PEG molecular weight.

It was difficult to identify a melting tempera-
ture for ALA when its concentration was 1% w/w
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in PEG 1000 and PEG 6000 (Table 2) and, as is the
case in Fig. 2, the presence of ALA is barely percep-
tible at 1% w/w. There is a more distinctive melting
point with the 5% and 10% w/w. It can also be
seen from Table 2 and Fig. 2 that the melting tem-
perature of ALA was not significantly affected by
its concentration in the solid dosage forms or the
molecular weight of PEG. Figure 2 also shows a
sharp, well-defined melt for ALA, typical of a crys-
talline solid, in contrast to the broad melting peak
for PEG 10,000, which is indicative of a polymeric
material.

Only solid dosage forms prepared using PEG
10,000 remained intact after six hours during drug
release experiments. Formulations prepared using
the two lower molecular weight PEGs had com-
pletely dissolved by the end of the determination.
As can be seen from Figs. 3A-3C, increasing the
ALA loading significantly increased the percentage
of total drug released in each case. Formulations
prepared from PEG 1000 and PEG 6000 released
similar amounts of ALA at each of the drug load-

i
PEG 10,000 + 1% ALA

ings investigated. Formulations prepared from PEG
10,000, perhaps due to incomplete dissolution, re-
leased significantly less ALA than formulations
prepared with either of the other two PEGs at each
of the drug loadings.

Discussion

The aim of the present study was to produce solid
dosage forms containing ALA that would dispense
with the need to prepare unstable ALA solutions
immediately prior to use. The obvious alternative to
systemic ALA delivery is local instillation into the
colon,'* which has been shown to produce compa-
rable PDT outcomes as those following oral ad-
ministration.!> However, owing to chemical instabil-
ity of ALA at physiological pH, solutions for instil-
lation into the colon must be prepared immediately
before use and buffered to low pH values, an ap-
proach likely to cause irritation or damage to the
mucosa of the colon.!> To overcome these difficul-

ties, topical delivery such as that from the

system described in this work should be

PEG 10,000 + 5% ALA

Heat Flow

PEG 10,000 + 10% ALA

R
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capable of releasing its ALA payload
when in the colon by either melting or
dissolving. Poly(ethylene glycol)s possess
these favorable attributes, being water
soluble and melting around body tem-
perature. They are commonly used
pharmaceutical excipients in topical for-
mulations, tablets, and suppositories, and
are considered to be nontoxic,! making
them ideal for the design intended in this
work.

The solid dosage forms produced
from PEGs were mechanically robust
and differential scanning calorimetry
showed no interaction between any of
the PEGs and ALA, apart from solubility
of the drug in PEG 1000 and PEG 6000.
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FIGURE 2. Thermal analysis curves for samples containing PEG
10,000 plus 1% w/w, 5% w/w, ot 10% w/w ALA. It should be noted
that as three curves are overlaid, there is no magnitude on the heat flow
axis and the figure serves simply to illustrate the onset of melting of
PEG 10,000 and ALA in solid dosage forms containing both.
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ALA was rapidly released from the solid
dosage forms, although it was noted that
increasing the drug loading significantly
increased the percentage of total drug re-
leased in each case. Interestingly, drug re-
lease from dosage forms containing 1%
w/w ALA appeared to be far from com-
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plete in each case, despite formulations prepared
using PEG 1000 and PEG 6000 having dissolved
completely after six hours. Although speculative,
this may be due to an interaction between ALA and
poly(ethylene glycol). As shown previously using
NMR spectroscopy, the formation of an ester be-
tween ALA and PEG 400 is possible, formed by re-
action of the acidic functional group on ALA with
the hydroxyl group of PEG.20 This may account for
the tesults seen here that showed less than 100%
drug release. This phenomenon is more evident at
low loadings because, as shown using differential
scanning calorimetry, ALA is soluble in PEG and,
hence, available for reaction. The effect becomes
increasingly less apparent at higher loadings since a
higher proportion of the total drug loading is in the
crystalline (undissolved) form and, therefore, un-
available for reaction with PEG. It is interesting to
note that ALA could be regenerated from this type
of ester by enzyme-catalyzed or aqueous hydroly-
sis.20 This means that following delivery to the co-
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lon, the nonspecific esterases or water present
could cleave the ester bond to release ALLA, which
would then be available for PDT and PD.

There is little doubt that photodynamic tech-
nology could make a significant and important im-
pact in allowing expedient diagnosis or treatment of
early stage lesions without the need for surgery or
toxic chemotherapy regimens. In this respect, ALA
has many advantages over preformed photosensi-
tizers in both diagnosis and treatment of lesions of
the gastrointestinal tract. Administration is followed
by a rapid and uniform buildup of PPIX in the
colonic mucosa, which may be up to seven times
higher than that in the undertlying submucosa and
muscle layers.'2 If the concentration in the mucosa
is above the threshold for photodynamic damage,
whereas that in the muscle is not, illumination will
result in selective necrosis of the mucosa. This
means that ALA PDT should be able to destroy
eatly stage tumors localized to the mucosa, while
maintaining the mechanical integrity of the gastro-
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FIGURE 3. Influence of PEG molecular weight and ALA loading on the percentage of total ALA loading released from
solid dosage forms over time: (A) PEG 1000; (B) PEG 6000; (C) PEG 10,000.
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intestinal wall.

The preliminary studies carried out here suggest
that dosage forms prepared from poly(ethylene gly-
col) may be suitable for delivery of ALA to the co-
lorectal region for PDT or PD of colorectal cancer.
Studies are currently underway to quantify PEG-
ALA esters likely to form in such systems. Further
work is planned to formulate the system to allow
for colon-specific delivery after oral administration.
Also, rectal delivery is to be optimized by shaping
the dosage forms as suppositories.
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