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Fluorescent photoremovable precursor (acridin-
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photochemical and biological applications†
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A series of carboxylic acids including amino acids were protected as their corresponding fluorescent ester

conjugates by coupling with an environment sensitive fluorophore 9-methylacridine. Photophysical prop-

erties of all the ester conjugates along with the protecting group have been investigated. Interestingly,

the emission properties of the ester conjugates and 9-methylacridine were found to be highly sensitive

to polarity, H-bonding and pH of the environment. Photolysis of all the ester conjugates was carried out

using UV light above 360 nm and it was found that in every case the corresponding carboxylic acids were

released in high chemical yield. Further, intercalation and the preferred binding mode of acridine-

9-methanol and its ester conjugates with DNA were studied. In vitro biological studies revealed that

acridine-9-methanol has good biocompatibility, cellular uptake property and cell imaging ability.

1. Introduction

In recent years there has been a growing demand for fluo-
rescent photoremovable protecting groups (PRPGs) especially
in the area of drug and gene delivery, due to their unique
ability to perform both as “phototrigger” for the drug release
and “fluorophore” for cell imaging. To meet the growing need,
several fluorescent PRPGs have been synthesized using either
of these two strategies: (i) modifying directly fluorophores into
fluorescent PRPGs or (ii) covalently attaching an external fluo-
rophore to the existing non-fluorescent PRPGs. Based on the
former strategy, fluorophores based on polycyclic aromatic and
heteroaromatic compounds such as anthraquinone,1 pyrene,2,3

perylene,4 phenanthrene,1 anthracene,5 fluorescein6 and cou-
marins7,8 have been successfully modified as fluorescent
PRPGs for various functional groups.

Recently, coumarin9 based fluorescent PRPGs have been
extensively utilized in the construction of a drug delivery
system for cancer therapy. Although coumarin based fluo-
rescent PRPGs showed precise control over the anticancer drug
release, to a larger extent these fluorescent PRPGs were found
to have no specific type of interaction with the DNA and hence
they are mostly localized in the cytoplasm of the cell. By any

means, if we can develop fluorescent photoremovable protect-
ing groups which can bind with DNA, then we can aim to
release the anticancer drug precisely in the cell nucleus, so
that it damages the DNA to stop proliferation of the cell.

Acridine is a well known pH sensitive dye that exhibits a
difference in fluorescence lifetime between the neutral and
protonated states, over the 6.0 to 8.0 pH range in solution. The
neutral acridine exhibits a lifetime of ∼10 ns, while the proto-
nated form has a lifetime of 31 ns.10 In addition, the pH sensi-
tive acridine dye is also known to bind tightly but reversibly to
DNA by intercalation.11 Hence, acridine derivatives have been
utilized as a carrier to target the cell nucleus.12,13 Mainly, DNA
alkylating agents are targeted to DNA by tethering with acri-
dine molecules.14 Recently acridine derivatives have been uti-
lised as a multi-targeting anticancer drug, because of their
dual ability to intercalate with DNA and to inhibit topoisome-
rase enzymes.15,16 The above interesting pH sensitive fluo-
rescence behaviour and intercalating ability of the acridine
moiety prompted us to develop one of its derivatives as a pH-
sensitive fluorescent PRPG with nuclear targeting ability.
Initially, Zhuang et al.17 showed that acridin-9-ylmethyl chro-
mophore can act as a PRPG for alcohols. Recently, Piloto
et al.18 also demonstrated that 9-methylacridine chromophore
can also be successfully used as a PRPG for amino acids.
However, the photophysical properties, nuclear targeting
ability, cell imaging studies and cytotoxicity of caged com-
pound of 9-methylacridine and its photoproduct have not yet
been investigated.

In this paper, we report a novel environment-sensitive fluo-
rescent PRPG 9-methylacridine for carboxylic acids and amino
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acids. Environment sensitive fluorescence behaviours of
9-methylacridine and its ester conjugates were investigated.
The photorelease ability of 9-methylacridine was studied by
irradiating the ester conjugates using UV light above 360 nm.
Further, we also investigated the intercalation and the pre-
ferred binding mode of the 9-methylacridine and its ester con-
jugates with DNA using molecular docking studies. In vitro
cellular imaging and cytotoxicity of 9-methylacridine and ester
conjugates were explored.

2. Results and discussion
2.1. Synthesis of ester conjugates of 9-methylacridine
(4a–k)18

First, 9-methylacridine (1) was converted to 9-(bromomethyl)-
acridine (2) by bromination with N-bromo succinimide (NBS)
in the presence of benzoyl peroxide in carbon tetrachloride
(CCl4) under reflux for 2 h.19 Next, the treatment of 2 with

N-protected amino acids (3a–e) and carboxylic acids (3f–k) in
the presence of potassium carbonate (K2CO3) in dry DCM at
room temperature resulted in ester conjugates (4a–k) with good
to excellent yield (82–90%, Table 1) as shown in Scheme 1.

2.2. Photophysical properties of ester conjugates (4a–k)

2.2.1. UV/vis absorption and fluorescence spectra of ester
conjugates (4a–k) in absolute ethanol. UV/vis absorption and
fluorescence properties of a degassed 1 × 10−4 M solution of
ester conjugates (4a–k) along with the protecting group
9-methylacridine (1) in absolute ethanol were recorded. The
absorption and emission maxima, molar absorptivity, and
fluorescence quantum yields of all the ester conjugates along
with the protecting group 1 are summarized in Table 2. Fluo-
rescence quantum yield was calculated using 9,10-diphenyl
anthracene as a standard (Φ = 0.95 in ethanol).20

Fig. 1a and b depicts the normalized absorption and emis-
sion spectra of the ester conjugate 4i and 1 respectively in
absolute ethanol. The absorption spectrum of both 4i and 1
showed an intense band at 360 nm with log ε 4.08, while the
emission spectrum was found to be red shifted to about
430 nm. The absorption and emission spectra of all the other
ester conjugates in absolute ethanol were found to be almost
similar to 1 (see ESI, p. 9, Fig. S.1 and S.2† respectively),
suggesting that only the acridine moiety dictates the shape as
well as the position of the absorption and the emission
spectra of the ester conjugates and the counterpart carboxylic
and amino acid have minimal influence on the absorption
and emission spectra.

2.2.2. Fluorescence properties of the ester conjugate 4i in
neat solvents. The fluorescence intensity and lifetime of nitro-
gen heterocycles are known to be sensitive to solute–solvent
and hydrogen-bond interactions.21 Thus, to check whether the
fluorescence properties of our newly synthesized ester conju-
gates are sensitive to solvent nature, ester conjugate 4i was

Table 1 Reaction time and synthetic yield for the protection of amino acids
and carboxylic acids

Ester Acid Time (h) Yielda (%)

4a NH(Boc)CH2CO2H 6 90
4b NH(Boc)(CH2)3CO2H 6 82
4c CH3CH(NHBoc)CO2H 8 87
4d PhCH2CH(NHBoc)CO2H 6 85
4e PhCH2CH(NHCOPh)CO2H 7 89
4f CH3CO2H 8 89
4g 2-(Naphthalen-5-yl)acetic acid 8 85
4h Benzoic acid 9 88
4i 4-Methoxybenzoic acid 6 87
4j 4-Ethoxy-3-methoxybenzoic acid 7 88
4k 4-Chlorobenzoic acid 6 93

a Based on isolated yield.

Scheme 1 Synthesis of ester conjugates of 9-methylacridine (4a–k).
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taken as the model compound and it was excited at 355 nm
and the emission spectra were recorded in various solvents.

The fluorescence spectra displayed in Fig. 2 show that the
fluorescence properties of the ester conjugate 4i are strongly
influenced by the nature of the solvent. In nonpolar solvents
(e.g., n-hexane) the ester conjugate 4i showed weak fluo-
rescence with a maximum emission wavelength of 385 nm,
while in a polar solvent (e.g. ACN) the emission spectrum
becomes structured with slight enhancement in fluorescence
intensity along with a red shift. But in an H-bonding donor
solvent (e.g. MeOH, EtOH) a large red shift of the emission
spectrum with strong enhancement of fluorescence intensity
was noted. The above fluorescence solvatochromism of the
ester conjugate 4i can be attributed to its closely lying 1π–π*
and 1n–π* excited states. Theoretical calculations showed that
the 1n–π* state of acridine is of lower energy than that of the
1π–π* state by 0.16 eV.22 Hence, in nonpolar solvents, non-

fluorescent n–π* transition is the lowest energy transition.22

But in a hydrogen-bond donor solvent (e.g., methanol,
ethanol), due to the hydrogen-bonding interactions between
the lone pair electron of the nitrogen atom of acridine and
protic solvent, the 1n–π* excited state energy increases. Thus in
a polar protic solvent, we observed inversion in energy level of
the excited states and the emissive 1π–π* becomes the LUMO
resulting in an increased intensity of fluorescence.

2.2.3. Fluorescence properties of the ester conjugate 4i in
aqueous binary mixtures. Further, to understand the effect of
hydrogen bonding interaction on the fluorescence properties
of ester conjugates, we recorded the emission spectra of 4i in
acetonitrile–water mixtures.

We observed that on the addition of increasing amounts of
water the fluorescence intensity of the ester conjugate 4i gradu-
ally increases and reaches a maximum in a 60% water–aceto-
nitrile mixture (Fig. 3). Further increase of water content
resulted in a large red shift of the fluorescence spectra, which

Table 2 UV/vis absorption and fluorescence data of ester conjugates (4a–k)
and 9-methylacridine (1) in absolute ethanol

Ester

UV/vis absorption Fluorescence

λmax
a (nm) log εb λmax

c (nm) Stokes’ shiftd (nm) Φf
e

4a 360 4.06 435 75 0.033
4b 361 4.07 436 75 0.037
4c 361 4.06 435 74 0.038
4d 360 4.06 436 76 0.036
4e 361 4.07 436 75 0.038
4f 361 4.07 433 72 0.032
4g 360 4.06 432 72 0.033
4h 361 4.07 430 69 0.032
4i 360 4.07 429 69 0.033
4j 361 4.08 427 66 0.036
4k 359 4.08 426 67 0.035
1 361 4.08 433 72 0.040

aMaximum absorption wavelength. bMolar absorption coefficient at
the maximum absorption wavelength. cMaximum emission
wavelength. d Stokes’ shift. e Fluorescence quantum yield (excitation
wavelength 355 nm).

Fig. 1 Normalized absorption and emission spectra of (a) the ester conjugate 4i and (b) protecting group 1 in ethanol.

Fig. 2 Corrected fluorescence spectra of the ester conjugate 4i in different
solvent systems.
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may be attributed to the protonation of the acridine “N” atom
to produce acridinium cation.23

2.2.4. Fluorescence spectra of the ester conjugate 4i at
different pH values. To investigate the pH sensitive fluo-
rescence behavior of the ester conjugates, ester conjugate 4i
was taken as the model compound and it was excited at
355 nm and the emission spectra were recorded at different
initial pH values. Fig. 4 shows that fluorescence properties of
the ester conjugate 4i are dependent on the pH of the medium.
Similar to acridine,23 we also noted a gradual red shift of the
fluorescence spectra of conjugate 4i as we proceeded towards
lower pH (Fig. 4). This is because at lower pH, protonation is
favoured and hence protonated 4i is the predominant species.
Thus the fluorescence spectrum at lower pH is mainly observed
due to protonated 4i in the excited state (red line in Fig. 4),
whereas at neutral pH, the fluorescence spectrum obtained cor-
responds to 4i in the excited state (blue line in Fig. 4). The fluo-
rescence maximum of 4i in the excited state appears at
≈430 nm, whereas that of protonated 4i appears at ≈475 nm.

The photophysical studies showed that 1 and its ester con-
jugates exhibited strong fluorescence, large Stokes’ shift, mod-
erate fluorescence quantum yield, and more interestingly their
fluorescence properties are highly sensitive to the solvent
polarity, hydrogen bonding ability of the solvent and pH of the
medium, which implies that 9-methylacridine chromophore
can be targeted as a potential environment sensitive
fluorophore.

2.3. Photolysis of ester conjugates (4a–k)

2.3.1. Photolysis of ester conjugates (4a–k) in the aceto-
nitrile–water system. Considering our main interest in study-
ing the application of (acridin-9-ylmethyl)esters as
photoremovable precursors for carboxylic and amino acids, we
carried out photolysis of caged esters (4a–k) (5 mL of 1.0 ×
10−4 M solution) individually in acetonitrile–H2O (50 : 50 v/v)
using a 125 W medium pressure Hg lamp as the light source
(≥360 nm) and a 10% CuSO4 solution in 0.1 N H2SO4 as the
UV cut-off filter. We found that all the caged esters released
their corresponding carboxylic acids (4a–k) (Scheme 2) in high
chemical (90–95%) and moderate quantum (0.019–0.025)
yields (Φp) as summarized in Table 3.

The quantum yield (Φp) for the release of carboxylic acids
was calculated using potassium ferrioxalate as an actino-
meter.24,25 The course of the photocleavage reaction was
monitored by reverse phase HPLC.

Fig. 3 Corrected fluorescence spectra of the ester conjugate 4i in an ACN–H2O
mixture (1 × 10−4 M).

Fig. 4 Steady state fluorescence spectra of the caged ester 4i (1 × 10−4 M) in
water at different pH values.

Scheme 2 Photorelease of carboxylic and amino acids.

Table 3 Photolytic data of caged esters (4a–k) on UV irradiation (≥360 nm) in
an acetonitrile–H2O (50 : 50) solution

Ester
Irradiation
timea (min)

% of ester
depletedb

% of acid
releasedc

Quantum
yield (Φp)

d

4a 50 97 95 0.020
4b 50 95 92 0.019
4c 50 97 95 0.020
4d 45 93 90 0.022
4e 60 95 92 0.019
4f 50 96 93 0.020
4g 50 95 90 0.021
4h 50 96 92 0.020
4i 45 96 92 0.025
4j 45 96 90 0.025
4k 50 94 90 0.021

a Time of UV irradiation. b% of ester depleted as determined by HPLC.
c% of carboxylic acid released as determined by HPLC.
d Photochemical quantum yields for the release of carboxylic acids
(error limit within ±5%).
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As a representative example, we have shown in Fig. 5 the
HPLC analysis of the reaction mixture of caged ester 4i at
regular intervals of irradiation. The HPLC analysis showed
gradual depletion of the peak at tR 3.84 min with an increase
in irradiation time, demonstrating the photo-decomposition of
the caged ester 4i. On the other hand, we also noted a gradual
increase of two new major peaks at tR 3.07 min and tR
2.40 min, corresponding to the photoproducts acridine-
9-methanol (5) and 4-methoxybenzoic acid (3i) respectively.

In a similar fashion HPLC was used to monitor the photo-
lysis of all other ester conjugates. The normalized peak area
obtained from the HPLC analysis in various solvents for the
starting ester (4d–e, 4i–j) and the corresponding carboxylic
acid (3d–e, 3i–j) released was plotted as a function of
irradiation time (Fig. 6a and b). We obtained exponential
decay curves for the consumption of the starting ester conju-
gates, whereas we obtained exponential growth curves for the
released acids.

2.3.2. The effect of solvent on the photodecomposition of
ester conjugates. To understand the effect of solvent on the
photodecomposition of ester conjugates, we carried out photo-
lysis of the conjugate 4i in different solvents and the results
are summarized in Table 4.

We noticed that ester conjugate 4i released 4-methoxyben-
zoic acid 3i more efficiently in the acetonitrile–H2O (50 : 50)
solvent system compared to methanol–H2O (50 : 50), THF–H2O
(50 : 50) and dioxane–H2O (50 : 50). HPLC analysis of decompo-
sition of ester 4i and the formation of carboxylic acid 3i in
various solvents as a function of time is plotted (Fig. 7a and b).

Fig. 5 HPLC analysis of the caged ester (4i) at regular intervals of time of photolysis. The y axis is offset by 20 mAU and the x axis is offset by 5 s for better
visualization.

Fig. 6 Normalized HPLC peak area [A] versus irradiation time for (a) the decomposition of the ester conjugates (4d–e, 4i–j) and (b) the formation of the carboxylic
acids (3d–e, 3i–j) in ACN–H2O (50 : 50) solvent systems. [A] was determined by HPLC and is the average of 3 runs (error limit ±5%).

Table 4 Photolytic data of conjugate ester 4i on irradiation by UV light
(≥360 nm) in different solvents

Solvent

Photolytic data of ester conjugate 4i

% of 4i
depleteda

% of 3i
releasedb

Quantum
yield (Φp)

c

CH3CN 7 6 0.002
CH3CN–H2O (90 : 10) 15 15 0.004
CH3CN–H2O (70 : 30) 63 60 0.016
CH3CN–H2O (50 : 50) 95 95 0.025
THF–H2O (50 : 50) 90 84 0.022
CH3OH 64 60 0.016
CH3OH–H2O (50 : 50) 93 90 0.023

a% of 4i depleted as determined by HPLC. b% of acid released as
determined by HPLC. c Photochemical quantum yield for the release of
4i (error limit within ±5%).
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Further, we also noted that as the amount of water in aceto-
nitrile increases, the quantum yield for the photorelease of
caged ester 4i gets increased (quantum yield for the release of
4-methoxybenzoic acid by caged ester 4i increased by ∼4 times
as we move from 10% to 30% of water in acetonitrile). The
increased quantum yields were attributed to the better stabiliz-
ation of the newly generated ion pair (Scheme 3) by solvation;
a similar phenomenon was also noted in the case of caged
anthracene5 and caged coumarins.7,8

2.3.3. Mechanism of the photolysis of ester conjugates.
Based on the literature studies reported by Singh et al.5 and
Schade et al.,7 we suggest that the photolysis of ester conju-
gates proceeds through an ionic mechanism. The initial photo-
chemical step involves excitation of the acridin-9-ylmethyl
chromophore to its singlet excited state, which then undergoes
facile singlet–triplet intersystem crossing. Subsequently, from
the triplet excited state it undergoes either homolytic C–O
bond cleavage followed by an electron transfer to produce
acridin-9-yl methyl carbocation and the carboxylate anion or it
may undergo heterolytic C–O bond cleavage to produce the
already mentioned ion pair. In an aqueous acetonitrile
solvent, the methylenic carbocation and the carboxylate anion
react with solvent molecules to yield acridin-9-yl methanol and
carboxylic acid respectively (Scheme 3).

2.4. Intercalation and the preferred binding mode of
acridine-9-methanol and its ester conjugates

To substantiate the intercalation and the preferred binding
mode of the acridine-9-methanol (5) and its ester conjugates
(4a–e) with DNA, we performed molecular docking studies.
The docking analysis revealed that the planar ring structure of
acridine intercalates between nitrogenous base pairs of the
DNA double helix (Fig. 8a–f ). Thus the docking study corro-
borates the experimental findings, which suggests that ester
conjugates are behaving as DNA-intercalators.

2.5. In vitro cellular imaging studies using ester conjugate
(4b) and PRPG acridine-9-methanol (5)

To explore the fluorescence properties of the protecting group
(5) and the ester conjugate (4b), we carried out cellular imaging
studies using the L929 cell line obtained from the National
Centre for Cell Sciences, Pune (NCCS) which was maintained in
Dulbecco’s Modified Eagle Medium (DMEM) containing 10%
fetal bovine serum at 37 °C and 5% CO2. Further, we also
carried out cellular imaging studies using the HeLa cell line
obtained from the National Centre for Cell Sciences, Pune
(NCCS). Both cell lines were maintained in minimum essential
medium containing 10% fetal bovine serum at 37 °C and 5%
CO2. Cells (5 × 104 cells per well) were plated on 12 well plates
and allowed to adhere for 4–8 h. Cells were then incubated
with 5 × 10−5 M of compounds 5 and 4b separately in a cell
culture medium for 6 h at 37 °C and 5% CO2. Thereafter, cells
were fixed in paraformaldehyde and washed two times with
PBS. Imaging was done in an Olympus confocal microscope
(FV1000, Olympus) using a respective filter. Cellular uptake
study after 6 h incubation reveals that compounds 5 and 4b
were internalized by the cell membrane and uniformly distribu-
ted inside both L929 (Fig. 9) and HeLa cells (Fig. 10).

2.6. Cell cytotoxicity assay of ester conjugate (4b) and
photoproduct acridine-9-methanol (5)

The cytotoxicity in vitro was measured using the MTT27

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide,

Fig. 7 Normalized HPLC peak area [A] versus irradiation time for (a) the photolysis of ester conjugate 4i and (b) the release of the corresponding carboxylic acid 3i
in different solvent systems. [A] was determined by HPLC and is the average of 3 runs (error limit ±5%).

Scheme 3 Possible mechanism for the photorelease of carboxylic and amino
acids by 9-methylacridine.
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a yellow tetrazole) assay in L929 cell line. Briefly, cells growing
in the log phase were seeded into a 96-well cell-culture plate at
1 × 104 cells mL−1. Different concentrations of compound 5
and ester 4b were added in the wells with an equal volume of
PBS in the control wells. The cells were then incubated for
72 h at 37 °C in 5% CO2. Later, fresh media containing
0.40 mg mL−1 MTT were added to the above 96-well plates and
incubated at 37 °C for an additional 6 h. Thereafter, the

medium was removed, the formazan crystals formed were dis-
solved in DMSO and the absorbance was recorded at 595 nm.
The cytotoxic effect of each treatment was expressed as percen-
tage of cell viability relative to the untreated control cells
defined as: [[OD 570 nm treated cells]/[OD 570 nm control
cells]] × 100.

The percentage of cell viability vs. concentration of both
compound 5 and caged ester 4b at different time intervals was

Fig. 8 Surface representation of docked conformations of DNA–acridine caged conjugate complexes showing the binding pockets of conjugate: (a–f ) for acridine-
9-methanol (5) and ester conjugates (4a–e) respectively.

Fig. 9 Confocal fluorescence and brightfield images of L929 cells: (i) untreated
cells, (ii) cells incubated with acridine-9-methanol (5 × 10−5 M), (iii) cells incu-
bated with caged ester 4b (5 × 10−5 M). (a) Brightfield, (b) fluorescence (λex
410 nm), and (c) overlay images of (a) and (b). Cells were incubated separately
with compounds 5 and 4b for 6 h.

Fig. 10 Confocal fluorescence and brightfield images of HeLa cells: (i) un-
treated cells, (ii) cells incubated with acridine-9-methanol (5 × 10−5 M), (iii) cells
incubated with caged ester 4b (5 × 10−5 M). (a) Brightfield, (b) fluorescence
(λex 410 nm), and (c) overlay images of (a) and (b). Cells were incubated separ-
ately with compounds 5 and 4b for 6 h.
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presented in Fig. 11a and b respectively, and from the figures
it is clear that both compound 5 and caged ester 4b show
insignificant cytotoxicity in any given concentration.

3. Conclusion

In conclusion, we have shown that (acridin-9-ylmethyl)esters
can perform dual functions as environment sensitive fluoro-
phores and fluorescent photoremovable precursors for car-
boxylic and amino acids. Carboxylic acids including amino
acids were protected by 9-methylacridine to give their corre-
sponding ester conjugates in good to excellent yield using a
simple procedure. Photophysical studies revealed that 9-methyl-
acridine and its ester conjugates showed good fluorescence
properties and more interestingly their fluorescence properties
were found to be highly sensitive to its surrounding environ-
ment. We also demonstrated the ability of (acridin-9-ylmethyl)-
esters to release carboxylic acids and amino acids in aqueous
organic solvents. Further, we have also shown that acridine-
9-methanol and its corresponding ester conjugates can be
used for cell imaging studies. Moreover, acridine-9-methanol
and its ester conjugates are found to be non-cytotoxic against
the L929 cell line up to 50 μM concentration.

4. Experimental section
4.1. General
1H NMR (200 MHz and 400 MHz) spectra were recorded on a
BRUKER-AC 200 MHz and a BRUKER-AC 400 MHz spectro-
meter, respectively. Chemical shifts are reported in parts per
million from tetramethylsilane with the solvent resonance as
the internal standard (deuterochloroform: 7.26 ppm). Data are
reported as follows: chemical shifts, multiplicity (s = singlet,
d = doublet, t = triplet, m = multiplet), coupling constant (Hz).
13C NMR (50 MHz) spectra were recorded on a BRUKER-AC
200 MHz spectrometer with complete proton decoupling.
Chemical shifts are reported in parts per million from

tetramethylsilane with the solvent resonance as the internal
standard (deuterochloroform: 77.0 ppm). UV/vis absorption
spectra were recorded on a Shimadzu UV-2450 UV/vis spectro-
photometer, fluorescence emission spectra were recorded on a
Hitachi F-7000 fluorescence spectrophotometer, FTIR spectra
were recorded on a PerkinElmer RXI spectrometer and HRMS
spectra were recorded on a JEOL-AccuTOF JMS-T100L mass
spectrometer. Photolysis of all the ester conjugates was carried
out using a 125 W medium pressure mercury lamp supplied
by SAIC (India). Chromatographic purification was done with
60–120 mesh silica gel (Merck). For reaction monitoring, pre-
coated silica gel 60 F254 TLC sheets (Merck) were used.

4.2. Synthesis of 9-methylacridine

A mixture of diphenylamine (6.0 g, 36 mmol), acetic acid
(6.0 g, 100 mmol) and zinc chloride (25.6 g, 188 mmol) was
heated up to 180 °C with continuous stirring. Then excess
acetic acid was removed from the reaction mixture by distilla-
tion and the reaction mixture was heated at 220 °C for an
additional 5 h followed by the addition of an aqueous
ammonia solution. The resulting yellow precipitates were col-
lected by filtration. The residue was dissolved in chloroform
and neutralized by washing with aqueous NaHCO3 and dried
over anhydrous Na2SO4. The organic solvent was then removed
under reduced pressure to give 5.96 g (87%) of crude product
which was further purified by column chromatography using
ethyl acetate in pet ether as an eluent.

4.2.1. 9-Methylacridine (5).26 Yellow solid, mp:
115–120 °C; 1H NMR (CDCl3, 200 MHz): δ = 8.14–8.09 (d, J =
8.8 Hz, 2H), 8.09–8.05 (d, J = 8.8 Hz, 2H), 7.69–7.61 (m, 3H),
7.46–7.38 (m, 3H), 2.93 (s, 3H); 13C NMR (CDCl3, 50 MHz): δ =
148.3 (2C), 142.2 (1C), 130.0 (2C), 129.7 (2C), 125.4 (2C), 125.3
(2C), 124.5 (2C), 13.5 (1C).

4.3. General procedure for the synthesis of ester conjugates
(4a–e)

9-(Bromomethyl)acridine (1 equiv.) was dissolved in dry
dichloromethane (DCM) (2 mL), potassium carbonate (1.2

Fig. 11 (a) Cell viability test for 5 against L929 cell line in different concentrations of 5 at different incubation times (values are presented as mean ± standard devi-
ation). (b) Cell viability test for the caged ester 4b against L929 cell line in different concentrations of 4b in different incubation times (values are presented as mean
± standard deviation).
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equiv.) and the corresponding N-protected amino acid
(1 equiv.) were added. The reaction mixture was stirred at
room temperature for 6–9 h. The solvent was removed by
rotary evaporation under reduced pressure and the crude
residue was purified by column chromatography using ethyl-
acetate (EtOAc) in pet ether.

The compounds 4a, 4b and 4c were characterized by 1H,
13C NMR, IR and mass spectral analysis and the data matched
the literature values.18

4.3.1. (S)-Acridin-9-ylmethyl 2-(tert-butoxycarbonylamino)-
3-phenylpropanoate (4d). 9-(Bromomethyl)acridine (0.100 g,
0.37 mmol), potassium carbonate (0.061 g, 0.44 mmol) and N-
(tert-butoxycarbonyl)-L-phenylalanine (0.098 g, 0.37 mmol)
were used. The reaction mixture was stirred for 6 h. A yellow
residue was obtained which on purification using 25% EtOAc
in pet ether gave compound 4d (0.143 g, 85%) as a yellow
solid; mp: 145–148 °C; 1H NMR (CDCl3, 200 MHz): δ =
8.34–8.28 (m, 4H), 7.89–7.81 (m, 2H), 7.69–7.61 (m, 2H),
7.09–6.94 (m, 3H), 6.88–6.85 (d, J = 7.2 Hz, 1H), 6.34–6.27 (d,
J = 12.6, 1H), 6.09–6.02 (d, J = 12.6 Hz, 1H), 5.00–4.97 (d, J =
6.8 Hz, 1H), 4.69–4.62 (m, 1H), 3.00–2.97 (d, J = 6.0 Hz, 2H),
1.41 (s, 9H); 13C NMR (CDCl3, 50 MHz): δ = 171.8 (1C), 155.3
(1C), 148.8 (2C), 136.2 (1C), 130.4 (2C), 130.0 (2C), 129.1 (2C),
128.3 (2C), 126.8 (2C), 126.0 (1C), 125.4 (2C), 124.0 (2C), 123.5
(1C), 79.8 (1C), 58.2 (1C), 54.5 (1C), 38.2 (1C), 28.3 (3C); UV/vis
(EtOH): λ (log ε) 361 (4.06); HRMS calc. for C28H28N2NaO4

[M + Na+]: 479.1947, found: 479.1950.
4.3.2. (S)-Acridin-9-ylmethyl 2-benzamido-3-phenylpro-

panoate (4e). 9-(Bromomethyl)acridine (0.100 g, 0.37 mmol),
potassium carbonate (0.061 g, 0.44 mmol) and (S)-2-(benz-
amido)-3-phenylpropanoic acid (0.099 g, 0.37 mmol) were
used. The reaction mixture was stirred for 7 h. A brown residue
was obtained which on purification using 25% EtOAc in pet
ether gave compound 4e (0.151 g, 89%) as a yellow solid, mp:
120–122 °C; 1H NMR (CDCl3, 200 MHz): δ = 8.34–8.28 (dd, J =
3.2, 8.8 Hz, 4H), 7.87–7.79 (m, 3H), 7.72–7.58 (m, 4H),
7.55–7.48 (m, 4H), 6.97–6.93 (d, J = 8.8 Hz, 3H), 6.35–6.29 (d,
J = 12.2 Hz, 2H), 6.11–6.05 (d, J = 12.2 Hz, 1H), 5.18–5.07 (m,
1H), 3.15–3.11 (dd, J = 2.2, 5.8 Hz, 2H); 13C NMR (CDCl3,
50 MHz): δ = 171.5 (1C), 166.9 (1C), 148.7 (2C), 136.2 (1C),
135.3 (1C), 133.7 (1C), 131.9 (1C), 130.2 (2C), 130.1 (2C), 129.1
(2C), 128.6 (2C), 128.4 (2C), 127.1 (2C), 127.0 (1C), 126.9 (2C),
125.3 (2C), 123.9 (2C), 58.4 (1C), 53.7 (1C), 37.8 (1C); FTIR
(KBr, cm−1): 3447, 1722, 1631; UV/vis (EtOH): λ (log ε) 361
(4.07); HRMS calc. for C30H24N2NaO3 [M + Na+]: 483.1685,
found: 483.1689.

4.4. General procedure for the synthesis of caged esters
(4f–k)

For the preparation of ester conjugates (4f–k) we followed the
same procedure as in the case of synthesis of ester conjugates
(4a–e) except that carboxylic acids were used instead of amino
acids.

4.4.1. (Acridin-9-yl)methyl acetate (4f). 9-(Bromomethyl)-
acridine (0.100 g, 0.37 mmol), potassium carbonate (0.061 g,
0.44 mmol) and acetic acid (0.022 g, 0.37 mmol) were used.

The reaction mixture was stirred for 8 h. A brown residue was
obtained which on purification using 20% EtOAc in pet ether
gave compound 4f (0.083 g, 89%) as a yellow solid, mp:
152–155 °C; 1H NMR (CDCl3, 200 MHz): δ = 8.37–8.32 (d, J =
8.8 Hz, 2H), 8.31–8.26 (d, J = 8.8 Hz, 2H), 7.86–7.77 (m, 2H),
7.68–7.59 (m, 2H), 6.12 (s, 2H), 2.11 (s, 3H); 13C NMR (CDCl3,
50 MHz): δ = 170.8 (1C), 148.8 (2C), 136.9 (1C), 130.4 (2C),
129.9 (2C), 126.7 (2C), 125.4 (2C), 124.0 (2C), 57.5 (1C), 20.8
(1C); FTIR (KBr, cm−1): 1733; UV/vis (EtOH): λ (log ε) 360
(4.07); HRMS calc. for C16H13NNaO2 [M + Na+]: 274.0844,
found: 274.0840.

4.4.2. (Acridin-9-yl)methyl 2-(naphthalene-1-yl)acetate (4g).
9-(Bromomethyl)acridine (0.100 g, 0.37 mmol), potassium
carbonate (0.061 g, 0.44 mmol) and 2-(naphthalen-1-yl)acetic
acid (0.067 g, 0.37 mmol) were used. The reaction mixture
was stirred for 8 h. A brown residue was obtained which on
purification using 20% EtOAc in pet ether gave compound 4g
(0.118 g, 85%) as a yellow solid, mp: 125–128 °C; 1H NMR
(CDCl3, 200 MHz): δ = 8.28–8.18 (4H), 7.85–7.74 (m, 5H),
7.54–7.41 (m, 3H), 7.35–7.27 (m, 3H), 6.12 (s, 2H), 4.08 (s, 2H);
13C NMR (CDCl3, 50 MHz): δ = 171.4 (1C), 148.8 (2C), 136.7
(1C), 133.8 (1C), 131.9 (1C), 130.3 (2C), 129.9 (2C), 128.7 (1C),
128.2 (1C), 128.1 (1C), 126.6 (1C), 126.3 (1C), 125.8 (2C), 125.4
(2C), 125.3 (1C), 124.0 (2C), 123.6 (1C), 58.2 (1C), 39.1 (1C);
FTIR (KBr, cm−1): 1735; UV/vis (EtOH): λ (log ε) 361 (4.06);
HRMS calc. for C26H20NO2 [M + H+]: 378.1494, found:
378.1500.

4.4.3. (Acridin-9-yl)methyl benzoate (4h). 9-(Bromomethyl)-
acridine (0.100 g, 0.37 mmol), potassium carbonate (0.061 g,
0.44 mmol) and benzoic acid (0.045 g, 0.37 mmol) were used.
The reaction mixture was stirred for 9 h. A brown residue was
obtained which on purification using 20% EtOAc in pet ether
gave compound 4h (0.102 g, 88%) as a yellow solid, mp:
118–122 °C; 1H NMR (CDCl3, 200 MHz): δ = 8.48–8.44 (d, J =
9.0 Hz, 2H), 8.31–8.27 (d, J = 8.8 Hz, 2H), 8.01–7.98 (d, J =
7.4 Hz, 2H), 7.87–7.78 (m, 2H), 7.69–7.61 (m, 2H), 7.53–7.49 (d,
J = 7.4 Hz, 1H), 7.41–7.34 (t, J = 6.8 Hz, 2H), 6.37 (s, 2H); 13C
NMR (CDCl3, 50 MHz): δ = 171.4 (1C), 148.5 (2C), 133.6 (1C),
133.4 (1C), 130.3 (3C), 130.2 (1C), 129.8 (2C), 128.9 (2C), 128.5
(2C), 126.9 (1C), 125.6 (2C), 124.1 (2C), 58.1 (1C); FTIR (KBr,
cm−1): 1710; UV/vis (EtOH): λ (log ε) 360 (4.07); HRMS calc. for
C21H16NO2 [M + H+]: 314.1181, found: 314.1180.

4.4.4. (Acridin-9-yl)methyl 4-methoxybenzoate (4i). 9-(Bromo-
methyl)acridine (0.100 g, 0.37 mmol), potassium carbonate
(0.061 g, 0.44 mmol) and 4-methoxybenzoic acid (0.056 g,
0.37 mmol) were used. The reaction mixture was stirred for
6 h. A brown residue was obtained which on purification using
20% EtOAc in pet ether gave compound 4i (0.110 g, 87%) as a
yellow solid, mp: 148–150 °C; 1H NMR (CDCl3, 200 MHz): δ =
8.49–8.46 (d, J = 8.8 Hz, 2H), 8.34–8.29 (d, J = 8.6 Hz, 2H),
8.00–7.93 (d, J = 9.0 Hz, 2H), 7.88–7.80 (m, 2H), 7.71–7.63 (m,
2H), 6.90–6.85 (d, J = 9.0 Hz, 2H), 6.36 (s, 2H), 3.84 (s, 3H); 13C
NMR (CDCl3, 50 MHz): δ = 166.3 (1C), 163.9 (1C), 149.1 (2C),
137.5 (1C), 132.1 (2C), 130.6 (2C), 130.1 (2C), 126.9 (2C), 125.7
(2C), 124.4 (2C), 122.1 (1C), 113.9 (2C), 58.0 (1C), 55.6 (1C);
FTIR (KBr, cm−1): 1710; UV/vis (EtOH): λ (log ε) 360 (4.07);
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HRMS calc. for C22H18NO3 [M + H+]: 344.1287, found:
344.1279.

4.4.5. (Acridin-9-yl)methyl 4-ethoxy-2-methoxybenzoate (4j).
9-(Bromomethyl)acridine (0.100 g, 0.37 mmol), potassium
carbonate (0.061 g, 0.44 mmol) and 4-ethoxy-2-methoxy-
benzoic acid (0.072 g, 0.37 mmol) were used. The reaction
mixture was stirred for 7 h. A brown residue was obtained
which on purification using 20% EtOAc in pet ether gave com-
pound 4j (0.126 g, 88%) as a yellow solid; mp: 135–138 °C; 1H
NMR (CDCl3, 200 MHz): δ = 8.49–8.45 (d, J = 8.6 Hz, 2H),
8.33–8.29 (d, J = 8.6 Hz, 2H), 7.88–7.79 (m, 2H), 7.70–7.62 (m,
2H), 7.58–7.52 (m, 2H), 6.82–6.78 (d, J = 8.4 Hz, 1H), 6.35 (s,
2H), 4.17–4.07 (q, J = 7.0 Hz, 2H), 3.86 (s, 3H), 1.51–1.44 (t, J =
7.0 Hz, 3H); 13C NMR (CDCl3, 50 MHz): δ = 166.2 (1C), 152.8
(1C), 148.9 (2C), 137.3 (1C), 130.4 (2C), 129.9 (3C), 126.7 (2C),
125.5 (1C), 124.2 (2C), 123.9 (2C), 121.7 (1C), 112.4 (1C), 111.3
(1C), 64.4 (1C), 57.9 (1C), 56.0 (1C), 14.6 (1C); FTIR (KBr,
cm−1): 1712; UV/vis (EtOH): λ (log ε) 361 (4.08); HRMS calc. for
C24H22NO4 [M + H+]: 388.1549, found 388.1550.

4.4.6. (Acridin-9-yl)methyl 4-chlorobenzoate (4k). 9-(Bromo-
methyl)acridine (0.100 g, 0.37 mmol), potassium carbonate
(0.061 g, 0.44 mmol) and 4-chlorobenzoic acid (0.058 g,
0.37 mmol) were used. The reaction mixture was stirred for
6 h. A yellow residue was obtained which on purification using
20% EtOAc in pet ether gave compound 4k (0.119 g, 93%) as a
yellow solid, mp: 175–178 °C; 1H NMR (CDCl3, 200 MHz): δ =
8.46–8.41 (d, J = 8.8 Hz, 2H), 8.34–8.29 (d, J = 8.6 Hz, 2H),
7.95–7.91 (d, J = 8.4 Hz, 2H), 7.88–7.83 (m, 2H), 7.71–7.62 (m,
2H), 7.38–7.34 (d, J = 8.4 Hz, 2H), 6.37 (s, 2H); 13C NMR
(CDCl3, 50 MHz): δ = 165.5 (1C), 147.9 (2C), 139.9 (1C), 136.6
(1C), 131.2 (2C), 130.5 (2C), 129.9 (2C), 128.8 (2C), 127.9 (1C),
126.9 (2C), 125.5 (2C), 123.9 (2C), 58.3 (1C); FTIR (KBr, cm−1):
1718; UV/vis (EtOH): λ (log ε) 359 (4.08); HRMS calc. for
C21H14ClNNaO2 [M + Na+]: 370.0611, found: 370.0611.

4.5. Photophysical properties of ester conjugates (4a–k)

The UV/vis absorption spectra of degassed 2 × 10−4 M solution
of the caged esters (4a–k) absolute ethanol were recorded on a
Shimadzu UV-2450 UV/vis spectrophotometer, and the fluo-
rescence emission spectra were recorded on a Hitachi F-7000
fluorescence spectrophotometer. Fluorescence quantum yield
of ester conjugates was calculated using eqn (1):

ðΦ fÞCG ¼ ðΦ fÞST ðGradCGÞ
ðGradSTÞ

ηCG2ð Þ
ηST2ð Þ ; ð1Þ

where the subscripts CG and ST denote caged compound
and standard respectively. 9,10-Diphenyl anthracene in
ethanol was taken as a standard. Φf is fluorescence quantum
yield; Grad is the gradient from the plot of integrated fluo-
rescence intensity vs. absorbance, and η is the refractive index
of the solvent.

Since, fluorescence for both caged compounds and stan-
dard were recorded in the same solvent eqn (1a) was used for
the calculation of fluorescence quantum yield.

ðΦ fÞCG ¼ ðΦ fÞST ðGradCGÞ
ðGradSTÞ ð1aÞ

4.6. Correction of fluorescence spectra

4.6.1. Excitation spectral correction. Measurement of exci-
tation spectral correction factors was performed using a Rho-
damine B quantum counter (3 g L−1 in ethylene glycol) and
the data were stored automatically by the instrument. Cor-
rected excitation spectra were obtained by using the following
equation:

IFLðcorrectedÞ ¼ IFLðuncorrectedÞ
IFLðquantumcounterÞ

where IFL(corrected) = corrected fluorescence intensity, IFL(un-
corrected) = uncorrected fluorescence intensity, IFL(quantum
counter) = fluorescence intensity of the quantum counter.

4.6.2. Emission spectral correction. The correction factor
for emission spectra was then obtained using the corrected
excitation monochromator. The following equation was used
to calculate the emission correction factors

Emission side correction factor ¼
Product of correction factors onEX andEMsides

Excitation side correction factor
:

The emission corrections were stored in the computer for
performing automatic correction via software.

4.7. Deprotection photolysis of ester conjugates (4a–k)

A solution of 10−4 M of the caged esters (4a–k) was prepared in
acetonitrile–H2O (50 : 50) individually. Half of the solution was
kept in the dark and into the remaining half nitrogen gas was
passed and irradiated using a 125 W medium pressure Hg
lamp as the light source (≥356 nm) and a 1 M CuSO4 in 0.1 N
H2SO4 solution as a UV cut-off filter. At regular intervals of
time, 20 μL of the aliquots was taken and analyzed by
RP-HPLC using methanol mobile phase, at a flow rate of 1 mL
min−1 (detection: UV 254 nm). Peak areas were determined by
RP-HPLC, which indicated a gradual decrease of the caged
compound with time, and the average of three runs. The reac-
tion was followed until the consumption of the caged com-
pound is less than 5% of the initial area. Further, the
quantum yield for the photolysis of caged compounds was cal-
culated using eqn (2)

ðΦpÞCG ¼ ðk pÞCG
I0ðFCGÞ ; ð2Þ

where the subscript ‘CG’ denotes caged compound. Φp is the
photolysis quantum yield, kp is the photolysis rate constant, I0
is the incident photon flux and F is the fraction of light
absorbed. Potassium ferrioxalate was used as an actinometer.

4.8. Preparative photolysis

A solution of ester conjugates (4a–k) (0.05 mmol) in aceto-
nitrile–H2O (50 : 50) individually was irradiated using the
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procedure described under section 4.7. The irradiation was
monitored by TLC at regular intervals. After completion of
photolysis, the solvent was removed under vacuum and the
photoproducts acridin-9-ylmethanol and the corresponding
carboxylic acid were isolated by column chromatography using
increasing percentage of EtOAc in hexane as an eluent.

4.8.1. (Acridin-9-yl)methanol (5).17,18 Yellow solid, mp:
135 °C; 1H NMR (d6-DMSO, 200 MHz): δ = 8.57–8.53 (d, J =
8.8 Hz, 2H), 8.21–8.16 (d, J = 8.6 Hz, 2H), 7.91–7.83 (t, J =
7.6 Hz, 2H), 7.72–7.64 (d, J = 7.0 Hz, 2H), 5.66 (bs, 1H, OH),
5.51 (s, 2H); 13C NMR (d6-DMSO, 50 MHz): δ = 148.3 (2C),
142.3 (1C), 129.9 (2C), 129.6 (2C), 125.8 (2C), 125.3 (2C), 124.4
(2C), 54.7 (1C).

4.9. Hydrolytic stability of caged esters (4a–k) in different
solvent pH values

A solution of 10−4 M of caged esters (4a–k) was prepared in
acetonitrile–H2O (75 : 25), at three different initial pH values
(4.5, 6, and 7.5) and kept in the dark for a period of 30 days
individually. The course of the hydrolysis reaction was followed
by reverse phase HPLC and the percentage of hydrolysis of the
corresponding ester conjugate obtained from the HPLC peak
area was the average of three runs.

4.10. Acridine-9-methanol and the caged ester 4b for cell
imaging studies using L929 cell line

Cell imaging studies were carried out using the L929 cell line
obtained from the National Centre for Cell Science (NCCS)
which was maintained in minimum essential medium (MEM)
containing 10% fetal bovine serum (FBS) at 37 °C and 5% CO2.
To study the cellular uptake of acridine-9-methanol and the
caged ester 4b, briefly L929 cells (5 × 104 cells per well) were
plated on 12 well plates and allowed to adhere for 4–8 hours.
Cells were then incubated with 5 × 10−5 M of both the com-
pounds separately in the cell culture medium for 6 h at 37 °C
and 5% CO2. Thereafter, cells were fixed in paraformaldehyde
for 15 min and washed two times with PBS. Imaging was done
in an Olympus confocal microscope (FV1000, Olympus) using
the respective filter.

4.11. Acridine-9-methanol and the caged ester 4b for cell
imaging studies using HeLa cell line

To check the cellular uptake properties of acridine-9-methanol
and the caged ester 4b on HeLa cell line, we followed the same
procedure as described in section 4.10.

4.12. Cytotoxicity of acridine-9-methanol and the caged ester
4b on L929 cell line

The cytotoxicity in vitro was measured using the MTT27

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide,
a yellow tetrazole) assay on L929 cell line. Briefly, cells growing
in the log phase were seeded into a 96-well cell-culture plate at
1 × 104 cells mL−1. Different concentrations of acridine-
9-methanol and the caged ester 4b were added to the wells with
an equal volume of PBS in the control wells. The cells were
then incubated for 72 h at 37 °C in 5% CO2. Thereafter, fresh

media containing 0.40 mg mL−1 MTT were added to the 95
well plates and incubated for 4 h at 37 °C in 5% CO2. Forma-
zan crystals thus formed were dissolved in DMSO after decant-
ing the earlier media and absorbance was recorded at 595 nm.

4.13. Molecular docking study

Molecular docking studies have been carried to substantiate
the interaction and the preferred binding mode of acridine-
amino acids caged conjugate with DNA. The crystal structure
of DNA was obtained from the Protein Data Bank28 (PDB entry
3MKY) and was used for the docking studies. The DNA file was
prepared for docking by removing water molecules and adding
hydrogen atoms with Gasteiger charges. The 3D structure of
the ligands was generated in the PRODRG server29 and its
energy-minimized conformation was obtained using accelrys
discovery studio 3.1 by applying CHARMM30 force field with
Momany–Rone partial charges. The rotatable bonds in the
ligand were assigned with AutoDock Tools and flexible
docking was carried out with AutoDock 4.2 Lamarckian
Genetic Algorithm (GA).31 The whole DNA was enclosed in a
grid having 0.503 Å spacing for blind-docking purposes. Other
miscellaneous parameters were assigned the default values
given by AutoDock. The output from AutoDock was rendered
in PyMol.32
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