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Abstract—The externally controlled cleavage of covalently linked prodrugs, proteins, or solid-phase formulation vehicles offers
potential advantages for controlled drug or gene delivery. A series of o-nitrobenzyl ester compounds (1-8) were synthesized to allow
a systematic study of photolability. The o-nitrobenzyl ester was strictly required for photolability, while imido esters were not pho-
tolabile. The degradation kinetics of 1-o-phenylethyl ester was an order of magnitude faster than that of o-nitrobenzyl ester.
Tosylate, phosphate, and benzoate derivatives of 1-o-nitrophenylethyl displayed similar photolability (>80% decomposition within
10 min at 3.5 mW/cm? at 365 nm). O-o-Nitrobenzyl 0’,0"-diethyl phosphate displayed the fastest decomposition at photoirradia-
tion condition (3.5 mW/cm?, 365 nm) suitable for biological systems. We report the synthesis and photo-decomposition of 1-o-nitro-
phenylethyl derivatives amenable for the creation of photolabile prodrugs or formulation particles for drug depots, DNA
condensation, or tissue engineering applications.

© 2006 Elsevier Ltd. All rights reserved.

The timed and accurate dosing of a gene or drug at a
specific location in vivo or in vitro presents a challenging
and diverse set of constraints.! Controlled delivery and
release can be achieved by the use of specific external
stimulation such as temperature, pH, ultrasound, elec-
tric current, or photoexcitation. Caged compounds or
those with photo-cleavable linkers are able to decom-
pose rapidly upon photoirradiation and several biologi-
cal compounds have been examined.>> Among them,
biological compounds containing an o-nitrobenzyl
group appear as an attractive candidate to control the
release of gene and drug from a delivery formulation
triggered by photoirradiation.®® The photolytic mecha-
nism of o-nitrobenzyl derivatives is not yet fully estab-
lished, although evidence suggests the nitro group is
reduced to nitroso, while the benzyl carbon is oxidized
via an initiation by the attacking nitro-group oxygen.’

We investigated photo-cleavable delivery chemistry suit-
able for photoirradiation in vivo and in vitro.'? The study
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of o-nitrobenzyl derivatives allowed substantial improve-
ments of the rates of photocleavage. In this article, we
report in detail the decomposition kinetics associated with
photolysis of o-nitrobenzyl derivatives (Scheme 1).

A series of photo-labile compounds (1-8) were synthe-
sized by the reaction of p-toluene sulfonic chloride (tosyl

(0] (0]
O
Xe @cm— N— O N—
(o] (e}
1 2 3

NO, ON

o
NO. I
9 @—CHZ—O—P—O—CHZQ
CH,-0—P-0CH,CH,
OCH,CHg
4 5
o} 0 o)
NO. 1]
2 v 0*#@’0’“3 0-P-OCH;CH; O_&Q
QQH-O—Y o) OCH,CHg
CHs
6 7 8
Scheme 1.


mailto:sld@seas.upenn.edu

4008 M. S. Kim, S. L. Diamond | Bioorg. Med. Chem. Lett. 16 (2006) 4007-4010

chloride), benzoyl chloride, diethyl phosphorochlori-
date, and phenyl phosphonic dichloride with various
alcohols in the presence of an amine or sodium hydride.
The structures of 1-8 were confirmed by 'H, '*C NMR,
and elemental analysis.!'1°

Photo-decomposition reactions have employed various
photo-active compounds and various irradiation
protocols for biochemical or chemical research.> The
photoreactions carried out in the body tend to use
photosource with comparable long wavelength
(4> 300 nm) to minimize damage to tissue.?*>2> There-
fore, we have chosen o-nitrobenzyl group which can be
activated by photoirradiation of 365 nm. First, the
phot01rrad1at10n of 1-3 was carried out using 365 nm
(1.6 mW/cm?) for 60 min to compare photo-decomposi-
tion of o- nltrobenzyl and imide groups which have
photoactivity. '"H NMR monitored the structural changes
of 1-3 before and after irradiation. N-Hydroxylphthali-
mide tosylate 2 and N- hydroxylnaphthahmlde tosylate 3
exhibited no change in '"H NMR after irradiation
(365 nm) for 60 min, while 1 showed the integration
decrease of benzyl proton and a new signal assignable to
methyl proton of p-toluene sulfonic acid formed by
decomposmon of 1. Therefore, the integration changes
of "H NMR were calculated as decomposition degree of 1.

For photolability, a strict requirement for the —NO,
group was consistent with the need for the formation
of nitroso intermediate to initiate the decomposition
reaction. Compound 1 displayed 6%, 27%, and 43%
decomposition after 60 min irradiation at 400, 365,
and 300 nm_ (Flg 1) On irradiation of 1 at 365 nm
(1.6 mW/cm?) in various solvents, the In[C}/[C], versus
time plots exhibited the expected linear decrease
(Fig. 2). From the slope of the plots the values of appar-
ent first order d1ssoc1at10n kinetic rate constants (kapp)
were 883><10 131x107%  1.63x107% and
1.12x107%s7!, in CD3OD DMSO ds, dloxane—dg,
and CDC13, respectively (Fig. 2).

Having verified a strict requirement for 1, phosphate
derivatives were tested for faster dissociation kinetics
in relation to the tosylate of 1-3. The photo-decomposi-
tion was carried out with O-o-nitrobenzyl O’,0"-diethyl
phosphate 4 at 365 nm with different power (0.3, 1.6,
and 3.5 mW/cm?) for 60 min. Decomposition was deter-
mined by the integration decrease of benzyl protons in
'"H NMR. Compound 4 showed 84% decomposmon at
3.5mW/cm® and 78% at 1.6 mW/cm?, while 40% at
0.3 mW/cm?. We compared the photo decomposition
rate at 365nm (1.6 mW/cm?) of 4 (one o-nitrobenzyl
group) with that of O,0’-di-o-nitrobenzylphenyl phos-
phonate 5 (two o-nitrobenzyl groups). A similar rate
of decomposition was obtained for 4 and 5 (in 78% at
60 min), even though 5 showed 67% increase of absor-
bance at 365 nm compared with 4.

Long-term exposures at 365 nm can damage cells or
DNA in the body?!?* so maximizing the photocleavage
rate is desirable. Prior studies demonstrated that the
methyl group on the benzyl position enhanced the rela-
tive cleavage kinetics by a factor of 20.2* Therefore, a
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Figure 1. Decomposition—irradiation time curves of 1 in CD3;0D at
300, 365, and 400 nm.
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Figure 2. The plot for In[C]/[C], versus irradiation time of 1 in various
solvents (H) CD;0D, (A) DMSO-d;, (®) dioxane-dg, and (V) CDCls.

methyl group was introduced at the benzyl position to
increase the decomposition rate. Figure 3 shows the
UV-vis spectra of 1-o-nitrophenylethyl tosylate 6, O-1-
o-nitrophenylethyl O’,0"-diethyl phosphate 7, and
1-o-nitrophenylethyl benzoate 8. The absorbance order
was 7 > 6 > 8 at 365 nm, but the spectra showed almost
identical absorbance from 300 to 450 nm, indicating the
absorbance of 6-8 depended mainly on the 1-o-nitrophe-
nylethyl group not on the other aromatic substitutes.
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Figure 3. UV-vis spectra of 6-8 (4.4 mM in CDCl;).

The decomposition of 6-8 was monitored using 'H
NMR and HPLC after irradiation. Figure 4 shows the
"H NMR spectra of 6 before and after irradiation. In
the spectrum after irradiation, integration of signals ‘a
and ‘b’ assignable to methyl and benzyl protons decreas-
es at 1.4 and 4.5 ppm, respectively. Meanwhile, new sig-
nals ‘d’ and ‘¢’ appeared and the integration increased
with irradiation time.

From the decomposition—irradiation time curves for
6-8, we report the determination of the apparent first
order dissociation klnetlc rate constants (k,j, ) 4.33 x
1073571 (7), 3.17x 1073571 (6), and 3.05x 10 3! (8).
The decomposmon rate of 6-8 showed faster decompo-
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Figure 4. 'H NMR spectra of 1-o-nitrophenethyl tosylate 6 before (A)
and after photoirradiation for 6 min (B) and 10 min (C).

sition than 1-5. The decomposition order was 7 > 6 > 8,
consistent with the absorption strength at 365 nm
(Fig. 3). This result indicated that the decomposition
rate depended most strongly on the nitrobenzyl group
and to a much lesser extent on the substituent groups.

Figure 5 shows the HPLC chromatography (acetonitrile
and 1% TFA aqueous [80/20 v/v]) of 6 after irradiation
using 365nm (3.5 mW/cm?) for 0-10 min. The peak
intensity of 6 decreased with increase of irradiation time,
while the intensity of the new signals ‘a’ and ‘b’, assigned
to o-nitrosoacetophenone and p-toluene sulfonic acid,
respectively, increased (Fig. 5A). The UV spectrum of
signal ‘a’ showed characteristic absorbance of nitroso-
acetophenone at 270-350 nm (Fig. 5B).

In conclusion, the photo-decomposition of o-nitrobenzyl
and o-nitrophenylethyl derivatives was carried out with
various photosources and power using long wavelength
UV (365 nm). The decomposition rate of o-nitrophenyl-
ethyl derivatives was significantly faster than the rate of
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Figure 5. HPLC charts for photo-decomposition of 6 (A) and UV
spectra of 6, ‘a’ and ‘b’ (B).
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o-nitrobenzyl derivatives. This detail decomposition
study can serve as the basis for the design of new gene
delivery system (i.e., photolytic cationic polymers) to
control gene release using photoirradiation. Further
research on the synthesis of gene carrier modified with
o-nitrobenzyl derivatives for triggered extracellular or
intracellular DNA release by photoirradiation is now
in progress.

—_—
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