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Abstract

This paper describes the development of a new class of N-linked imidazoles as potential pH-
sensitive, cleavable linkers for use in cancer drug delivery systems. Kinetic analysis of 8
derivatives of N-ethoxybenzylimidazoles (NEBIs) showed that their rates of hydrolysis are
accelerated in mild aqueous acidic solutions compared to in solutions at normal, physiological pH.
Incorporation of electron donating or electron withdrawing substituents on the phenyl ring of the
NEBI resulted in the ability to tune the rates of hydrolysis under mild acidic conditions with half-
lives ranging from minutes to months. A derivative of NEBI carrying doxorubicin, a widely used
anticancer agent, also showed an increased rate of hydrolysis under mild acid compared to at
normal, physiological pH. The doxorubicin analog resulting from hydrolysis from the NEBI
exhibited good cytotoxic activity when exposed to human ovarian cancer cells. These results
demonstrate a potentially useful, general strategy for conjugating a wide range of drugs to
imidazole-containing delivery vessels via NEBI functionalities for controlled release of
therapeutics for drug delivery applications.

Herein, we describe the development of a class of pH-sensitive molecules that hydrolyze
with tunable rates under physiological conditions. Organic functional groups that decompose
slowly in an aqueous environment have attracted wide interest as potential linkers for the
covalent conjugation of drugs to polymers for a range of drug delivery applications (1).
Functional groups that decompose in mildly acidic environments, for instance, may be
useful for the development of cancer drug delivery systems where an acid-sensitive group
could exploit the lower extracellular pH (pH ~ 6.4 — 6.9) of some tumor cells compared to
that of blood or normal tissues (2) to trigger the release of therapeutic agents from suitable
delivery vessels (3). Functional groups that cleave under mild acid may also exploit the low
pH of endosomes (pH =~ 5.5 — 6) and lysosomes (pH = 4.5 — 5) to trigger the release of
covalently-linked therapeutics from drug delivery carriers after endocytosis by targeted cells

(4).

In the course of developing new drug delivery systems, we have explored the possibility of
using N-linked imidazoles as functionalities that could undergo hydrolysis in aqueous acidic
solutions at physiological temperature. We hypothesized that the expected difference in the
protonated state of certain N-linked imidazoles in mild acid (e.g., pH = 5.5) compared to
normal, physiological pH (pH = 7.4) (5) might be useful for initiating the rapid release of
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molecules (e.g., drugs) linked to imidazole-containing delivery vessels when exposed to
tumor-like environments. Here, we present a study of the hydrolysis of a new class of N-
linked imidazoles that cleave under physiologically relevant conditions upon protonation of
the imidazole group. We designed these molecules based on a previously reported (6)
ethoxyethyl protecting group for imidazoles that was shown to be hydrolytically unstable in
aqueous acidic conditions at elevated temperatures. Mechanistically, the cleavage of
ethoxyethyl groups on imidazoles had been proposed to involve the protonation of the
imidazole nitrogen (N3 in Figure 1) followed by breaking of the C6-N1 bond as the rate
determining step (RDS, Figure 1). To attain a related N-linked imidazole that could undergo
acid hydrolysis at physiological temperatures, we explored whether substitution of the ethyl
group (i.e., bearing the C6 carbon in Figure 1) with benzyl groups could lower the activation
energy required for this hydrolysis reaction and facilitate the cleavage of the C6-N1 bond
under physiological conditions.

We synthesized N-ethoxybenzylimidazole (NEBI) 1 from benzaldehyde using a simple and
mild two step procedure (Scheme 1). The Supporting Information summarizes the details of
the synthesis. At 37 °C in 0.5 M HEPES buffer in D,O (pD = 7.4), we measured by 1H-
NMR that 1 hydrolyzes with a half-life of 25 hours to give imidazole, ethanol, and
benzaldehyde as the only products detected (Figure 1) (7). At 37 °C in 0.5 M MES buffer in
D,0 (pD =5.5), 1 hydrolyzed to give the same products as at higher pD (Figure 1) but with
a much shorter half-life of 1.7 hours for hydrolysis. Kinetic analysis indicated that the
hydrolysis of 1 is first-order dependent on the concentration of 1 and zero-order dependent
on the concentration of buffering agent (see Figure S1 in the Supporting Information) (8).
As expected from the proposed mechanism shown in Figure 1, the benzyl group (R =
Phenyl) appears to stabilize the transition state of the rate determining step better than the
previously reported (6) ethyl group (R = Methyl) and, thus, facilitates hydrolysis of 1 at
physiological temperatures. Having measured the pKa of the protonated form of 5 (as a
representative NEBI) to be 5.4 (9), the observed acceleration of the rate of hydrolysis of 1 in
mild acidic solution compared to physiological pH is also consistent with the proposed
mechanism (Figure 1).

To investigate whether electronic effects might influence the rate of hydrolysis of NEBIs,
we incorporated electron donating and electron withdrawing groups at the ortho or para
positions of the phenyl ring and compared the rates of hydrolysis for 1-8. Incorporation of
an electron donating methoxy group at the ortho position in 6, for instance, resulted in a
half-life of 0.6 hours for the hydrolysis of 6 at 37 °C in 0.5 M MES buffered D,0O (pD =
5.5); we observed a slower rate of hydrolysis for 6 (t1/» ~ 5 hours) at 37 °C in 0.5 M HEPES
buffered D,O (pD = 7.4) compared to the rates of hydrolysis at pD = 5.5 (Table 1).
Incorporation of electron withdrawing substituents at the ortho or para positions of the
phenyl ring of 1, on the other hand, resulted in slower rates of hydrolysis in acidic and
neutral solutions. Incorporation of a relatively weak electron withdrawing bromo substituent
at the ortho position in 5, for example, resulted in a significant decrease in the rate of
cleavage of the NEBI moiety, with measured half-lives of 280 and 2300 hours for the
hydrolysis of 5 at 37 °C in buffered D,0 at pD = 5.5 and pD = 7.4, respectively.
Furthermore, incorporation of strong electron withdrawing nitro substituents at the ortho or
para position of the phenyl ring resulted in remarkably slow rates of hydrolysis of the NEBI
moiety at 37 °C, with measured half-lives of 6900 hours for both 3 and 8 in buffered D,0O at
pD = 5.5 and no hydrolysis detected after >8 weeks at pD = 7.4.

To further probe the mechanism of cleavage of NEBIs in acidic solutions, we plotted the
linear free energy relationship (10) for the hydrolysis of 1-4 in DO at pD = 5.5 (Figure 2).
We calculated a p-value of —4.2 for the hydrolysis of the NEBIs, which is consistent with an
increase in positive charge (e.g., on the benzylic carbon of 1-8) in the rate determining step
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of the reaction. This observed linear Hammett correlation, combined with the finding that
the rate of hydrolysis of 1 is independent of the concentration of buffering agent (see Figure
S1 in the Supporting Information), supports a specific acid catalyzed mechanism (10) for the
hydrolysis of 1-8 as shown in Figure 1.

With these results from kinetic and mechanistic studies in hand, we were interested in
determining whether a NEBI carrying an anti-tumor agent—here, doxorubicin (11)—would
also hydrolyze with accelerated rates under mild acidic solutions compared to at normal,
physiological pH. We synthesized 9 by formation of an amide bond between a reactive
amine group on doxorubicin and a carboxylate group on the para position of the phenyl ring
of the NEBI (Figure 3). The supporting information describes the details of the synthesis and
characterization of 9. We measured a half-life by RP-HPLC of 55 hours for the hydrolysis of
9 at 37 °C in MES buffered H,O (pH =5.5) (12). As expected, we observed a slower rate of
hydrolysis of 9 (t1/, = 1150 hours) at 37 °C in HEPES buffered H,0O (pH = 7.4) compared to
the rates of hydrolysis at pH = 5.5 (Figure 3). Cytotoxicity studies indicated that 10 (i.e., the
analogue of doxorubicin resulting from hydrolysis of 9 in mild acidic solutions) retains anti-
cancer activity against human ovarian carcinoma 2008 cells with an 1Csq of ~ 12 uM (Figure
4). For comparison, compound 9 had a 2-fold higher ICsq and doxorubicin had a >10-fold
lower 1Csq than 10 against this cell line. Although less potent than doxorubicin, compound
10 also has similar cytotoxic activity compared to other clinically used anti-cancer agents
being developed for controlled release from drug delivery systems via pH-sensitive linkers
(4c).

We have thus demonstrated that NEBIs hydrolyze in aqueous solutions at physiological
temperatures with hydrolysis occurring approximately 10 times faster in mildly acidic
solutions compared to solutions at normal, physiological pH. By incorporating electron
donating or electron withdrawing substituents, we demonstrated the ability to tune the rates
of hydrolysis of these N-linked imidazoles in mild acidic solutions with half-lives ranging
from ~30 minutes to > 9 months. A NEBI carrying doxorubicin also exhibited accelerated
rates of hydrolysis in acidic solution compared to at neutral pH, with the product of
hydrolysis showing potentially useful cytotoxic activity against human cancer cells.
Previous studies have shown that drugs conjugated to delivery vessels via pH sensitive
linkers with hydrolytic properties similar to 9 can exhibit useful antitumor activity in vivo
(1d). These drugs conjugated to delivery vessels using pH sensitive linkers also showed
reduced toxicity to normal healthy tissues compared to administration of equivalent
concentrations of free drug. The ability to tune the rates of hydrolysis of the NEBIs may
make it possible to optimize the rate of release of drugs attached to delivery vessels via these
acid sensitive functionalities for maximal efficacy for cancer therapy.

The described N-linked imidazoles possess many desired features (1, 4) for use as acid
sensitive linkers in cancer drug delivery. In addition to 1) their tunable rates of hydrolysis, 2)
their non-toxic byproducts from hydrolysis (i.e., ethanol), and 3) their versatility for the
range of alcohol- and amine-containing therapeutics that can be linked to drug carriers, the
known ability to tune the pKa’s of protonated imidazoles (5) may make it possible to
optimize operational pH range of NEBIs for specific drug delivery applications. The mild
conditions required to synthesize NEBIs carrying anticancer agents also provides a simple
route to incorporate this functionality into tumor targeting vessels. It may be possible, for
instance, to use NEBI linkers to covalently attach therapeutics to imidazole-containing
derivatives of known delivery systems (1, 4) that can target tumors and exploit the
endocytotic pathway for internalization in cells. The synthesis and detailed study of a range
of potential therapeutic agents conjugated to drug delivery carriers via NEBI linkers is
currently under way.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Proposed mechanism for the hydrolysis of N- alkoxyalkylimidazoles in aqueous acidic

solutions. RDS = rate determining step.
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Figure 2.
Linear Hammett correlation for the hydrolysis of 1-4 in 0.5 M MES buffered D0 (pD =
5.5) at 37 °C, where R = n-butyl (Bu), H, Br, and NO».
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Hydrolysis of a NEBI conjugated with doxorubicin (9) in MES buffer (pH = 5.5) and
HEPES buffer (pH = 7.4). The pH-dependent rate of hydrolysis of 9 to aldehyde 10 was
determined by RP-HPLC. See supporting information for details.

Bioconjug Chem. Author manuscript; available in PMC 2012 January 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kong et al.

100

80 -

60 -

% survival
of cells 404

20 -

Page 9

Figure 4.
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Concentration dependent cytotoxicity of N-(4-formylbenzoyl)doxorubicin 10 on human
ovarian carcinoma 2008 cells. Cells were exposed to various concentrations of 10 for 1 hour
and survival was determined after a further 7 day period of growth in drug-free medium. See
supporting information for details of the cell survival assay.
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Scheme 1.
General procedure for the synthesis of N-ethoxybenzylimidazoles (NEBIs) 1-8 from the
corresponding benzaldehydes.
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