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Chemical approaches for the enhancement of
5-aminolevulinic acid-based photodynamic
therapy and photodiagnosis

Kunal M. Tewarit and lan M. Eggleston {2 *

The administration of 5-aminolevulinic acid (ALA) to generate enhanced intracellular levels of endogenous
porphyrins is currently one of the most important approaches for photodynamic therapy (PDT) and
photodiagnosis (PDD). Despite the great promise of ALA-based PDT, the physicochemical behaviour and
chemical reactivity of ALA are problematic, and a variety of chemical approaches have been brought to
bear to improve cellular delivery, enhance porphyrin production, and generate ALA prodrugs that have
appropriate stability for convenient clinical use, as well as selectivity for cancerous tissues. While there has
been considerable success, there are still a number of challenges to be addressed and opportunities to be
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Introduction

In the last 40 years, 5-aminolevulinic acid (ALA) has attracted
tremendous interest in the field of PDT and photobiology.'™
Alongside the emergence of clinical applications and approvals
for ALA-PDT for the treatment of cancerous and precancerous
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exploited through application of chemical insight in this area.

conditions, as well as in photodiagnosis (PDD) and fluo-
rescence-guided surgery, it has become apparent that there is
a real need for better ways to administer ALA and also to
manipulate its bioconversion to protoporphrin IX (PpIX) via
the heme cycle (Scheme 1).*” The aim of this review is to cast
a focus on some of the chemical strategies that have been
developed to improve the performance of ALA in photo-
medicine, and the opportunities that exist for future explor-
ation by medicinal chemists.

ALA is an early intermediate in the heme biosynthetic
pathway and is not a photosensitiser itself (Scheme 1).
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Scheme 1 5-Aminolevulinic acid (ALA) and its bioconversion to proto-
porphyrin IX (PplX).

ALA-PDT and related techniques exploit instead the down-
stream generation of the active sensitiser protoporphyin IX
(PpIX), which is the penultimate species that is converted to
heme. ALA can therefore be regarded as a prodrug for both
PDT and photodiagnosis. The heme biosynthetic pathway is
shown in detail in Scheme 2 and begins with a condensation
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reaction between glycine and succinyl-CoA in the mitochon-
drion to form ALA which becomes the source of C and N
atoms for the construction of the heme macrocycle. This reac-
tion is catalysed by ALA synthase (ALA-S), and the synthesized
ALA then enters the cytosol where a condensation reaction
between two units of ALA, mediated by ALA dehydratase
(ALAD), yields the pyrrole derivative, porphobilinogen (PBG).
Four units of PBG are combined to generate a linear tetrapyr-
role intermediate under the influence of porphobilogen de-
aminase (PBG-D), followed by cyclisation by the enzyme uropor-
phyrinogen III cosynthase (UCS) to give the cyclic tetrapyrrole
intermediate, uroporphyrinogen III. This intermediate now
undergoes a decarboxylation of the four acetate side chains to
methyl groups (catalysed by uroporphyrinogen decarboxylase,
UGD) to give coproporphyrinogen III, which is then carried to
the mitochondrion. Further oxidative steps catalysed by copro-
poprphyrinogen oxidase (CPO) and protoporphyrinogen
oxidase (PPO) then lead to formation of PpIX. Insertion of Fe**

Administered ALA
(ALA prodrugs)

o M R
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[
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Scheme 2 The heme biosynthetic pathway. 5-Aminolevulinic acid (ALA). Key steps that may be targeted chemically to maximise PpIX production

are highlighted (*). Modified from Thunshelle et al.”
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into PpIX, mediated by ferrochelatase (FC), ultimately com-
pletes the heme cycle, and under normal physiological con-
ditions, the whole pathway and thus the production of
porphyrins is tightly controlled by negative feedback by heme
itself which thus controls ALA synthesis. In a clinical setting,
the administration of exogenous ALA or a suitable derivative
bypasses this control mechanism and the rate-limiting step in
the pathway becomes the final insertion of iron into PpIX by
ferrochelatase. The net result is the temporary overproduction
and accumulation of excess PpIX in cells which then renders
them photosensitive and susceptible to PDT. The preferential
accumulation of PpIX in rapidly dividing tumour cells relative
to healthy cells not only provides ALA-PDT with an inherent
selectivity relative to PDT with other photosensitisers, but also
presents the means to accurately image the location of tumour
tissue for PDD. From a medicinal chemistry perspective, the
challenge is to develop ways to optimise the amount of ALA
that is available to enter into the heme cycle and its sub-
sequent conversion into PpIX within selected tissues. This can
be tackled in one of two ways: either by manipulating a specific
enzyme-catalysed reaction in the heme cycle with small mole-
cules in order to maximise PpIX production from administered
ALA, or by enhancing the delivery of ALA across biological bar-
riers to the cells of interest by incorporating ALA into deriva-
tives with more suitable physicochemical and targeting pro-
perties and from which ALA is then released (ALA prodrugs).

Drawbacks of ALA-PDT/PDD and
strategies to improve its effectiveness

ALA is a zwitterion at physiological pH, and as such its hydro-
philic nature severely impairs its passage through biological
barriers to ultimately reach and enter the cells of interest.®
This is a significant challenge for topical application of ALA in
dermatology where penetration through the lipophilic stratum
corneum”® must be achieved, and has motivated many chemi-
cal and non-chemical approaches to overcome issues of low
penetration and non-homogeneous distribution in the tar-
geted tissues. The bioavailability of ALA itself is also limited
when administered parenterally, and has been associated with
significant adverse effects.’

Avariety of formulation-based chemical penetration enhan-
cers have been investigated for topical ALA administration
including, dimethyl sulfoxide (DMSO),’ 1-[2-(decylthio)-ethyl]
azacycpentan-2-one (HPE-101),"° glycerol monooleate,"" 6-keto-
cholestanol (2% w/w)"* and oleic acid."® Recently, nanoemul-
sion-based formulations of ALA such as BF-200 ALA™ have
begun to show very promising clinical applications, particu-
larly for the treatment of actinic keratoses (AK), and can not
only enhance penetration of ALA through the strateum
corneum, but also can improve the long term stability of the
prodrug.’®

This highlights a further challenge for both the clinical
application of ALA and also strategies for chemical modifi-
cation. At physiological or alkaline pH, ALA and simple ester

This journal is © The Royal Society of Chemistry and Owner Societies 2018
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derivatives (see below), are unstable with respect to self-con-
densation through formation of a dimeric Schiff base.
Buffered solutions of ALA at physiological pH discolour even at
low temperature due to decomposition of ALA, and thus stock
solutions for clinical use would typically need to be freshly pre-
pared.'® The instability of ALA under neutral and alkaline con-
ditions has been investigated in some detail, and under alka-
line conditions, it has been shown that ALA readily undergoes
dimerization to form 2,5-dicarboxyethyl-3,6-dihydropyrazine
(DHPY), which oxidises spontaneously to 2,5-dicarboxyethyl-
pyrazine (PY, Scheme 3)."7"'® Other transformations of the ALA
dimer to form porphobilinogen (PBG) and pseudoporphobili-
nogen have also been proposed.'®>°

In addition to the drawbacks associated with the physical
properties of ALA and its chemical stability, a further problem
that needs to be addressed for both topical and systemic ALA
delivery is to ensure an adequate discrimination between
normal and diseased (i.e. tumour) cells. In this case, the chal-
lenge for the chemist is to design ALA derivatives which are
either selectively targeted towards particular cell types, or
which release ALA only in the right biological context in the
presence of a suitable enzyme activity. Many of the chemical
strategies that have been devised to enhance ALA-induced
PpIX production do indeed rely on this kind of prodrug
approach,® and this therefore forms a major part of the rest of
this review.

Alkyl ester prodrugs

The synthesis of ALA esters has so far proved to be the most
effective and straightforward prodrug approach. The methyl
ester of ALA (Metvix or MAL) 1a is indeed now a mainstay for
the treatment of AK by both conventional and daylight PDT, as
well as being clinically approved for the treatment of basal cell
carcinomas (BCC). The hexyl ester 1f has been approved for
fluorescence diagnosis in the bladder as Hexvix (now
Cysview).”

For these clinically approved examples, and also for many
other esters of ALA, it has been shown that their enhanced
lipophilicity compared to ALA itself to gives rise to better cellu-
lar permeability and thus quicker, more homogeneous, and
more effective PpIX production in a variety of cell models.
Many ALA ester prodrugs have been synthesized with linear or
branched alkyl ester groups, and a selection of these are
shown in Fig. 1.> The preparation of such derivatives from the
corresponding alcohols is straightforward and easily scaled-up
to multi-gram quantities. Like ALA itself, simple esters have
limited stability at neutral pH, although they may be stored in
solution at pH 4 without significant degradation.!

Peng et al. were the first to report a comparative study on
the effectiveness of a series of ALA esters against ALA. This
showed that the methyl, ethyl and propyl esters 1a-c produced
more PpIX fluorescence in both murine and human tissues
compared to free ALA.>*> Similar observations were made by
Kloek et al.**** and Gaullier et al.>® with straight-chain ALA
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when seeking to optimise delivery and PpIX production. For
example, Uehlinger et al.>® noted that the hexyl ester 1f pro-

PY
Scheme 3 Instability of ALA at physiological pH and chemical conversion to non-heme precursors.
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Fig. 1 Aliphatic ester prodrugs of ALA la—i and 2a-i with a linear or
branched alkyl component (reviewed by Fotinos et al.®).

esters up to the octyl ester 1h. Gaullier reported that for the
lipophilic ALA esters 1f-h, PpIX production was 30-150 times
more efficient than for free ALA, thus suggesting faster cellular
uptake of the prodrugs and ALA-induced PpIX formation, with
the maximum benefit being observed for the hexyl ester 1f.
The improved performance of shorter chain esters compared
to ALA upon topical administration to the skin is therefore
more consistent with increased penetration through tissue
towards the target cells, rather than enhanced cellular uptake
as a result of a greater lipophilicity.>® Several studies have con-
firmed that simply changing the lipophilicity of aliphatic ester
prodrugs of ALA is not the only factor that must be considered

1556 | Photochem. Photobiol: Sci., 2018, 17, 15531572

duced an order of magnitude greater PpIX fluorescence than
the corresponding cyclohexyl ester 3e (see Fig. 2) even though
both the conjugates had similar log P values. More recently,
DiVenosa et al.*’ reported the evaluation of the undecyl ester
1i of ALA which accumulates rapidly in LM3 breast cancer cells
to generate PpIX, by virtue of its high lipophilicity, but is
much less effective when applied topically to the skin due to
slow diffusion across the strateum corneum.

The utility of ALA ester prodrugs of course depends criti-
cally upon the efficient release of ALA by cellular esterases
upon internalisation. For most simple aliphatic esters, this is
not problematic, however a comprehensive study by Whitaker
et al. on the synthesis and in vitro biological evaluation of
various linear and branched-ALA esters highlights the impact
that ester structure may have on PpIX production from such
prodrugs.”® Here, significantly lower PpIX production was

Ethylene glycol esters (6)

(o}
HoN 0.
2 \)W “R,
o
OO O-ethylene glycol monomethyl ether (a)
X\/o\/ O-ethylene glycol monoethyl ether (b)

X\/O\/\O/\ O-diethylene glycol monoethyl ether (c)
X\/O\/\o/\/o\/ O-triethylene glycol monoethyl ether (d)

)\/\/o\/\o/\/o\/\o/ O-tetraethylene glycol monomethyl ether (e)

Fig. 2 Ethylene glycol-based ester prodrugs of ALA 6a—f.
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observed in pancreatic cells for 2a, 2d, 2g and 2h compared to
their linear counterparts which do not contain branching adja-
cent to the ester carbonyl group.

A range of ALA prodrugs have also been synthesized based
on alicyclic or substituted benzyl esters which in some cases
also display promising levels of PpIX compared to equimolar
ALA (Fig. 3). Again, the need for a balance between lipophilicity
and ease of ester hydrolysis is apparent among such com-
pounds, and while they have not so far gained clinical approval,
they provide further valuable indications to be inputted into the
design of more elaborate ALA prodrug systems.

Cyclic esters (3)

r

cyclopentyl (a)

tetrahydropyranyl (d)

cyclopentyl methyl (b)

[o]
HyN O.
zM\R'
o
\
\
/D

5

tetrahydrofuranyl (c) cyclohexyl (e)

e

benzyl (a)
e
N

3-pyridinylmethyl (d)

2-methylbenzyl (g)

2-fluorobenzyl (a)

Aromatic esters (4)

2-phenylethyl (b)
s |

4-biphenylmethyl (e)

3-methylbenzyl (h)

g

4-phenylbutyl (c)

/

g

4-isopropylbenzyl (f)

;

4-methylbenzyl (i)

Halogen-substituted benzyl esters (5)

3-fluorobenzyl (b)

obenzyl (d) ~ 4-cf

;

F

4-fluorobenzyl (c)

F

2,3,4,5,6- yl (e) 3,4-dichlorobenzyl (f)

Fig. 3 Cyclic ester prodrugs of ALA 3a—e and various substituted
benzyl ester derivatives 4a—i and 5a—f.
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For example, Kloek et al. reported the synthesis and biologi-
cal evaluation of tetrahydrofuranyl 3c and tetrahydropyranyl
3d esters of ALA which both showed enhanced PpIX fluo-
rescence compared to ALA in vitro.>® Godal et al. reported the
synthesis of the cyclohexyl ester of ALA 4e along with a variety
of substituted benzylic and arylalkyl esters 4a-f of ALA, and
biological evaluation in vitro/in vivo showed significantly
enhanced PpIX fluorescence compared to ALA for aromatic
esters, especially the benzyl and ring-alkylated benzyl esters
4a, 4b and 4g-i. In contrast, the cyclohexyl ester 4e produced
the least PpIX fluorescence amongst all the prodrugs tested
and was only as effective as ALA itself. Halogen-substituted
benzyl esters 5a—-f showed intermediate PpIX fluorescence, and
amongst them the mono-halogenated esters showed higher
PpIX fluorescence than the di- or penta-substituted esters.>

Although aliphatic ALA esters have been shown to induce
higher PpIX production with an increase in carbon chain
length, as already noted increasing ALA prodrug lipophilicity
in this way can be counter-productive, bringing the limitations
of slower tissue penetration as well as lower water solubility for
esters which are derived from long-chain alcohols.>” In con-
trast, poly(ethylene glycol) derivatives, which have been used
for a large number of pharmaceutical applications, potentially
offer the advantage of both improved water and lipid solubi-
lity, as well as giving rise to a benign promoeity upon ester
hydrolysis.?® To this end, Berger et al. reported the synthesis of
ethylene glycol esters of ALA 6a-c (Fig. 4) and tested their bio-
logical efficacy in human and rat cell lines of carcinoma and
endothelial origin. It was found that a high PpIX fluorescence
compared to free ALA was observed in endothelial cells in com-
parison to tumour cells, especially for long-chain derivatives.**
Godal et al. also reported the synthesis of ethylene glycol
esters 6d and 6e, but biological evaluation in vivo showed that
a lower PpIX fluorescence was produced compared to the
simple hexyl ester 1f.>°

As already noted, the use of ALA esters can result in
increase PpIX production in various cell types, but with a
greater enhancement in tumour cells. In this context, Brunner
et al.** observed that the simple hexyl ester 1f and benzyl ester
4a prodrugs which lack any specific targeting motif in their
structures showed a significantly higher accumulation of PpIX
in tumour cells compared to ALA, when applied at low concen-
trations and short incubation times. In a clinical setting, this
means that appropriate PpIX levels for either PDT or PDD can
be attained more rapidly and with less side effects. Preferential

30 31

Fig. 4 ALA-nucleoside bioconjugate prodrug 28—-31 bearing up to three ALA units.
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accumulation of ALA and its esters in tumour cells can also be
correlated with the expression of specific uptake transporters®
and this has provided a rationale for the development of pro-
drugs that contain structural features that only enhance physi-
cal properties but can provide more effective targeted delivery.

Biomolecule conjugates and
polyvalent ALA ester derivatives

The esterification of ALA with various vitamins, monosacchar-
ides and nucleoside derivatives has been explored both with a
view to tailoring the physical properties of ALA and enhancing
the transport of ALA into cells. For example, the attempted syn-
thesis of novel ester bioconjugates of ALA with vitamin E (or
a-tocopherol) 8 or vitamin D3 12 has been reported by
Vallinayagam et al.** as shown in Scheme 4. Typically, more
complex ester prodrugs of ALA such as the desired conjugates
11 and 15 are prepared using a N-alkoxycarbonyl-protected
ALA derivative such as Boc-ALA 9 or the ALA surrogate, azidole-
vulinic acid 10, with activation of the carboxylic acid function
using Steglich-type esterification conditions with a carbodi-
imide reagent (DCC or EDC) and DMAP as catalyst. Both 9 and
10 are unable to undergo competing Schiff base chemistry
during the key coupling step. For the molecules in Scheme 4,
although vitamin E conjugate 11 was successfully prepared,
the vitamin D conjugate 15 was unstable to final deprotection
chemistry. The original rationale for the preparation of ester
derivatives of ALA with these hydrophobic vitamins was to

View Article Online
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potentially facilitate the transport of ALA into cancer cells
through the ease of incorporation of such bioconjugates into
cell membranes.®> In parallel, the enhancement of ALA-
induced PpIX production by vitamin D has also been
studied;*® the observed enhancement of photodynamic cell
death by vitamin D suggests that there may be potential for
developing multifunctional ALA prodrugs of this type that can
activate more than one cell-death pathway (see below).

The targeting of various photosensitisers with sugars has
been very widely investigated as a means of enhancing selec-
tive accumulation in cancerous vs. normal cells. To this end,
Vallinayagam et al.®” reported the esterification of ALA with
several simple monosaccharides. The presence of multiple
hydroxyl functions in the ester component here presents an
additional challenge for the chemist and required the develop-
ment of distinct synthetic strategies to produce ALA conjugates
selectively monoacylated on the 1-hydroxyl (anomeric) or
6-hydroxyl groups. As shown in Scheme 5, regioselective acyla-
tion of glucose 16 at the 6-position was achieved in moderate
yield by enzyme-catalysed transesterification with the Boc-ALA
derivative 17 using subtilisin, followed by acidic deprotection
of the ALA component in 18 to give the desired conjugate 19.
Similar regioselective acylations could also be achieved with
galactose 20 and mannose 24 and using porcine pancreatic
lipase, again in reasonable yields. In order to effect esterifica-
tion directly on the anomeric hydroxyl of these sugars, a multi-
step orthogonal protection scheme was needed, using benzyl
protection of the other hydroxyl groups, as outlined in
Scheme 6 for the preparation of the galactose conjugate 23. A

1. BocHN
\)J\/\COZH

DCC/DMAP 9

2. TFA

OR

e}
1. Ng\)J\/\COZH

DCC/DMAP 10

2. H,, PIC

9or10
HO,,,

12 X =NHBoc 13

Scheme 4 Synthesis of ester bioconjugate prodrugs of ALA.
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Scheme 5 Enzyme-mediated syntheses of a regioselectively 6'-O-acylated ALA-glucose bioconjugate prodrug 19.

BnO OBn

Ho OH
—_—, Bno\%vv
m OH DCCIOMAP

Ho OH

&/
o
HO SALA

OH

BnO OBn
—_—

&/ SALA-Boc T/

22 23

Scheme 6 Chemical synthesis of regioselectively acylated 1'-O-ALA-galactose bioconjugate prodrug 23 via an orthogonal protecting group

strategy.

simpler, enzyme-mediated approach to 1-functionalised
derivatives could however be achieved without additional
hydroxyl protection by first derivatising the anomeric hydroxyl
with an ethylene glycol spacer, as illustrated for the mannose
derivative 27 (Scheme 7).

Evaluation of these prodrugs in human colon, breast and
lung carcinoma cells and angiogenic endothelial cells revealed
that PpIX production was similar to ALA itself, whereas in
normal fibroblasts PpIX production from the prodrugs was
very low. Surprisingly, there was little difference in PpIX pro-
duction between the 1- or 6-acylated ALA esters such as 19 and
23, and the insertion of a spacer as in 27 tended to decrease
PpIX production. Furthermore, competition experiments with
the parent sugars 16, 20, and 24, or their 1-OMe derivatives
had no effect on PpIX production, suggesting that such pro-
drugs do not appear to produce any cell-selectivity associated
with sugar-mediated uptake mechanisms. It was concluded
that prodrugs of this type may nonetheless be valuable for
topical delivery of ALA to tumour cells with the reduced PpIX
production in normal cells serving to spare them upon
ALA-PDT. Moreover, the production of a harmless, alcohol
component upon prodrug cleavage should again be a potential
advantage for these or other prodrugs based upon natural
sugars.

ALA esters with potential targeting properties have also
been prepared by esterification of the hydroxyl functions of
nucleoside derivatives.”® A feature of these prodrugs, as with

OH OH
HO_o HO_o
HO ethylene glycol HO'
HO ————————> Ho
OH Dowex 50WX 8-200
24 25

other sugar-based derivatives, is the potential to produce
derivatives with an increased payload of ALA compared to con-
ventional esters, which is of interest since 8 copies of ALA
must be delivered to the cell for bioconversion to one molecule
of PpIX. Once again, prodrugs containing a single ALA unit,
demand a chemical approach that allows for selective esterifi-
cation of primary and secondary hydroxyl functions of the
nucleoside component. To this end, an ALA prodrug of adeno-
sine 28, selectively monoacylated at the primary 5-hydroxyl
was prepared in modest yield directly from the parent nucleo-
sides by Gurba et al. again utilising enzyme-mediated trans-
esterification.*® Attempted peracylation of the ribose component
of adenosine using standard carbodiimide chemistry (DCC/
DMAP) was less efficient and led to a mixture of di- and triacy-
lated products from which di- and tri-ALA ester prodrugs 29
and 30 were subsequently obtained. In contrast, the deoxy-
ribose unit of thymidine could be converted to the expected
diester in excellent yield under similar conditions, providing
prodrug 31 bearing two ALA units. Interestingly, evaluation of
28-31 in various cancer cell lines (human colon (SW480),
breast (MCF7), lung (A549), ovarian (A2780), cervix (HeLa))
revealed that PpIX production did not clearly correlate with the
number of copies of ALA present. Indeed, the adenosine conju-
gates 28-30 showed poor PpIX production compared to ALA in
all the cell lines tested, suggesting that they may not be sub-
strates for relevant adenosine receptors. Encouragingly, the
thymidine derivative 31 did produce more PpIX (approximately
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Scheme 7 Enzyme-mediated regioselective synthesis of ALA-bioconjugate prodrug 27 via introduction of a spacer unit at the anomeric position of

the sugar.
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1.5-fold) than equimolar ALA in most cell lines, which sup-
ports the idea that it may be possible to develop ALA prodrugs
that carry multiple copies of ALA and which can be targeted to
specific tumour cells.

Cyclodextrins are well-known nanocarriers of biological
origin that present multiple hydroxyl functions for attachment
of drug entities such as ALA. In a preliminary investigation by
Aggelidou et al.,*® beta-cyclodextrin which disposes seven
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Fig. 5 Cyclodextrin-based trivalent ALA prodrug ester 32. The conju-
gate obtained presents three ALA units which are presumably randomly
distributed over the upper (primary hydroxyl) face of the scaffold.
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primary hydroxyl functions, could be esterified with up to
three ALA units via the azido derivative 10, using DCC/DMAP
chemistry. The water-soluble ALA prodrug 32 that was
obtained (Fig. 5) was found to effectively produce PpIX in
MCF?7 cells in comparison to equimolar ALA, which suggests
that such compounds may have significant potential for the
delivery of enhanced payloads of ALA, if effective functionalisa-
tion of all primary hydroxyls can be achieved.

The use of other polyvalent drug carriers such as dendri-
mers have shown significant promise for the delivery of high
payloads of photosensitisers in PDT. This approach has been
explored in some depth as a means of overcoming the poor
systemic bioavailability of ALA in both PDT and PDD. Battah
et al. in 2001 first reported the synthesis of a series of novel
ALA-containing dendrimers bearing 6 to 18 ALA residues in
which ALA residues are attached to the periphery of the den-
drimer structure via ester linkages.'® First-generation dendri-
mers 34-36 with 6 or 9 ALA units were prepared by attachment
of a tris(Boc-ALA) derivative 33 to a di- or tripodal aromatic or
tripodal aliphatic core via amide bond formation (Fig. 6).
Second