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A spiropyran photoswitch is activated using UV light and

protons from a form that shows no interaction with DNA to a

form that binds to DNA by intercalation. This scheme is

interpreted as a biologically relevant logic AND gate with

potential applications as a dually controlled anticancer drug.

Molecular logic has traditionally been used in the mimicry of

the functions performed by silicon-based electronic devices.1–5

Here, cleverly designed decision-making molecules deliver a

binary on (1)–off (0) response upon exposure to stimuli such as

ions, voltage, and light, according to the respective logic

scheme. The entire set of two-input logic gates has been

mimicked on the molecular scale, and today, this line of

research is targeting advanced logic operations such as

the addition, subtraction, multiplexing/demultiplexing, and

encoding/decoding of binary digits.6–14 It has been argued,

however, that walking in the footsteps of the silicon-based

predecessors may not lead to the soonest practical applications

for molecular logic.15 Instead, fields should be identified where

semiconductor materials cannot go. Biological systems, e.g.,

the human body, serve as good examples. Recently, Konry

and Walt interpreted a medical diagnostic protocol using the

Boolean logic language,16 whereas the groups of Zink/Stoddart,

Shabat, and Aida have used the logic response from molecules

to trigger the activation and the release of (encapsulated)

drugs.17–19 Dually controlled drug-activation is of specific

interest, as it would lead to a better spatiotemporal control

and increase the selectivity even further. Ozlem and Akkaya

recently described a BODIPY derivative designed for dually

controlled photodynamic therapy, using the logic AND gate

as the template.15 H+ and Na+ ions served as the inputs,

whereas efficient generation of toxic singlet oxygen represented

the output. The inspiration for the study is the fact that the

concentration of both H+ and Na+ is drastically increased in

cancerous tissue.20–22 Another frequently used method for

anticancer treatment is to use a drug that binds very strongly

to DNA.23 In this way, proliferation is inhibited, and the

cells die. The downside with this approach is the very low

discrimination between cancer cells and normal cells, leading

to severe side effects. Therefore, controlling the DNA-binding

action using external and/or internal stimuli would be of

tremendous utility.24 Previous activities in our laboratory have

focused on activation of spiropyran (SP) photoswitches using

UV light as the only stimulus.25 Here, we report a photochromic

SP derivative that is activated by the combined application of

UV light together with H+ from a form that does not display any

DNA-binding properties to a form that binds to DNA by

intercalation. Thus, it is interpreted as a biologically relevant

AND logic gate driven by UV light and H+ as inputs and

DNA-binding (potential cytotoxicity) as output. H+ could be

considered as an internal, or sensory, input and the choice is

motivated by the fact that the pH value in cancer cells is

significantly lower compared to healthy cells,21,22 whereas the

UV light is an externally controlled input.

Scheme 1 shows the structures and the isomerization scheme

of SP 1 used in this study. The thermally stable spiro form 1c is

isomerized to the open merocyanine form 1o using UV light, and

the reverse process is stimulated by visible light exposure. The

photostationary distribution after exposure to 254 nmUV light is

ca. 65/35 1c/1o, whereas visible light (600 > l > 475 nm,

B10 mW cm�1) converts the sample to virtually 100% 1c

with a time constant ofB3 min. Left in the dark, a 90/10 1c/1o

thermal equilibrium is established with a time constant of

75 min at 20 1C. Hydrolysis26 of 1o is also observed in the

dark, albeit at a much slower rate (time constant B80 hours).

The formation of 1oH+ is stimulated by acidification of 1o

(pKa = 4.5), and the reaction is reversed by addition of base.

1oH+ may also be formed from 1c in acidic environment,

although at a much slower rate compared to the thermal

opening. Thus, this process does not contribute significantly

to the formation of 1oH+. Furthermore, there is no thermal

conversion from 1oH+ to 1c, although the same process is

photoinduced by visible light exposure. As shown in Fig. 1, 1c

(blue line) absorbs exclusively in the UV region with absorption

maxima at 238 and 286 nm. 1o (red line) and 1oH
+ (green line)

display absorption also in the visible region with the most

intense peaks at 515 and 416 nm, respectively.

DNA-binding typically manifests itself in changes in the

absorption spectrum of the interacting molecule. The absorption

spectra of 1c with and without the addition of calf thymus

Scheme 1 Structures of the closed spiro (1c), open merocyanine (1o),

and protonated merocyanine (1oH+) forms of photoswitch 1.
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Sweden. E-mail: a-son@chalmers.se; Fax: +46 31 772 38 58;
Tel: +46 31 772 28 38
w Electronic supplementary information (ESI) available: Synthesis,
experimental section and details on the DNA-binding. See DOI:
10.1039/c0cc01682a

COMMUNICATION www.rsc.org/chemcomm | ChemComm

D
ow

nl
oa

de
d 

by
 C

ha
lm

er
s 

U
ni

ve
rs

ity
 o

f 
T

ec
ho

lo
gy

  o
n 

08
 O

ct
ob

er
 2

01
0

Pu
bl

is
he

d 
on

 2
7 

A
ug

us
t 2

01
0 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
0C

C
01

68
2A

View Online

http://dx.doi.org/10.1039/C0CC01682A


This journal is c The Royal Society of Chemistry 2010 Chem. Commun., 2010, 46, 7130–7132 7131

(CT) DNA at pH 7 shown in Fig. 2a are virtually super-

imposable, signalling no significant interactions between 1c and

DNA. The corresponding absorption spectra after UV irradiation

are shown in Fig. 2b. Formation of 1o is confirmed by the

absorption band at 515 nm. The similarity between the spectra

with and without added DNA, however, indicates that no

substantial DNA-binding occurs. The same set of measurements

were performed also at pH 6,27 equivalent to the addition of H+,

and the results are shown in Fig. 2c and d. From Fig. 2c it is

clearly seen that 1c (no UV) does not interact significantly with

DNA. In sharp contrast, the spectral changes upon addition of

DNA after UV irradiation are dramatic, as illustrated in Fig. 2d.

The spectrum after addition of DNA has experienced a ca. 50%

decrease at wavelengths longer than 500 nm, where 1o is the only

absorber, and also a significant increase between 400 nm and

450 nm. This strongly suggests that 1 binds to DNA after UV

irradiation at pH 6, but virtually no binding occurs at any of the

other combinations of pH and UV dose.

In order to support this notion, flow oriented linear dichroism

(LD) measurements28 of 1 + CT DNA at pH 7 and 6 were

undertaken. Here, the DNA molecules are aligned in a shear

flow, so that any LD signal originating from 1 is a manifestation

of DNA-binding. Fig. 3 shows the LD spectra of equimolar

samples of 1 at pH 7 (blue line) and 6 (red line) after 10 min UV

irradiation in the presence of DNA. The negative LD signals

indicate binding by intercalation between the DNA-bases.

Furthermore, the reduced LD (LD/Abs) can be used to

determine the angle between the transition moment of the

DNA-binding molecule and the DNA helix axis. Here, the angle

between the transition of DNA-bound 1 centered around 431 nm

(vide infra) and the helix axis is 75 � 51, which confirms the

notion of intercalation being the binding mode.25,29,30

The amplitude of the LD signal is proportional to the

amount of DNA-bound 1, provided a uniform binding

geometry. Here, the LD signal is increased by a factor of

B20 on going from pH 7 to pH 6. The decrease in absorption

at 515 nm upon addition of DNA (see Fig. 2b and d) is

another measure of the amount of DNA-bound 1, and it is

encouraging to note that the absorption change is amplified by

a factor of B25 at pH 6 compared to pH 7, i.e., there is a very

good quantitative agreement between the absorption and the

LD measurements. Furthermore, subtracting the contribution

from the unbound forms of 1 from the absorption spectrum of

1 + DNA after UV irradiation at pH 6, shown as the red line

in Fig. 2d, yields a spectrum with absorption maximum at 431 nm

that virtually coincides with the LD spectrum (see inset in

Fig. 3). These results strongly suggest that 1oH+ is the DNA-

binding species, as the spectrum of the DNA-binding form is

red shifted ca. 14 nm compared to 1oH
+ in solution, which is a

typical observation for DNA intercalating dyes. Furthermore,

it is well established that protonation facilitates DNA-binding,

as the extra positive charge increases the electrostatic attraction

to the negatively charged DNA phosphate backbone. 1oH+ is

not thermally interconverted to any of the other two forms,

Fig. 1 Absorption spectra of 1 in mQ water before UV irradiation

(100% 1c blue line), after 10 min of 254 nm UV irradiation (ca. 65/35

1c/1o red line), and after subsequent acidification of the solution

(BpH 2, ca. 65/35 1c/1oH+ green line). The total concentration of

1 was ca. 60 mM.

Fig. 2 Absorption spectra of 1 in the absence (blue line) and in the presence (red line) of calf-thymus DNA at pH 7 (a and b) and at pH 6 (c and d).

In (b) and (d), the samples were exposed to ca. 50 s UV light to stimulate the light induced isomerization 1c - 1o to a final 90/10 distribution

1c/(1o + 1oH+). In (d), it is clearly seen that the spectral changes upon addition of DNA are dramatic at pH 6 after UV irradiation, while no or

only minor changes are observed for all other combinations of pH and UV dose. The contributions from DNA absorption have been subtracted

for ease of comparison. The concentrations of 1 and DNA were ca. 20 mM and 110 mM, respectively, and the NaCl concentrations of the solutions

were 10 mM. Note that different y-axis scales have been used for the top and the bottom rows in order to better visualize the effect of DNA on the

absorption spectra of the open forms 1o and 1oH+ which were not formed in the absence of UV exposure (a and c).
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which implies that once 1 has been activated to the DNA-

binding form, it is not deactivated unless external stimuli is

applied. Light exposure is such a stimuli (cf. Scheme 1), and it

is encouraging to see that the DNA-binding process is

fully reversible using visible light irradiation to trigger the

dissociation (see the ESIw).
Inspection of the changes in absorption of 1 upon addition of

DNA shown in Fig. 2 makes it possible to estimate the

DNA-binding constant for 1oH+ (see the ESIw for details). This

pH-independent microscopic binding constant was determined to

2.9 � 105 M�1. The corresponding macroscopic binding constant

for 1, however, is dependent on pH and UV dose. The resulting

numbers for the four applied UV and pH situations are collected

in Table 1. The table is outlined according to the truth table for a

Boolean logic gate with two binary inputs and one binary output.

The variation of the binding constant with input combinations

observed in Table 1 is referred to as logic AND gate behavior, i.e.,

both the UV input and the H+ input must be applied (set to 1) in

order to observe a high output signal, here represented by a high

binding constant. All other input combinations yield a low output.

The pH value may differ substantially between different

types of tumors. Hence, it would be of high utility to be able to

control the pH at which the drug is being protonated, i.e., by

fine-tuning the pKa-value, to differentiate between normal cells

and cancer cells. The pKa-value of the phenolate oxygen of

spiropyran photoswitches depends on the electron withdrawing

properties of the group in para-position, which allows for

flexibility in the design of tailor-made, pH sensitive, compounds.

Efforts along these lines are undertaken in our laboratory.

In summary, we have presented a proof-of-principle study

on a dually activated spiropyran derivative for pH- and

light-controlled DNA-binding. The drug is only activated in

the simultaneous events of UV exposure and a high local

concentration of protons. We envision that the application of

two complementary inputs—photonic and chemical—will

have significant implications for general studies in this area,

as the molecule is able to feel its chemical environment for

sensory decision-making but must also be externally triggered

using light.
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Fig. 3 Flow oriented LD spectra on samples of 1 and CT DNA after

10 min UV irradiation at pH 7 (blue line) and at pH 6 (red line). The

amplitude of the LD signal is ca. 20 times higher at pH 6 compared to

pH 7. The inset shows the good agreement between the LD spectrum at

pH 6 (red line) and the absorption spectrum of DNA-bound 1oH+ (green

line). The negative absorption spectrum is shown for ease of comparison.

The concentrations of 1 andDNAwere ca. 50 mMand 90 mM, respectively,

and the NaCl concentrations of the solutions were 10 mM.

Table 1 Truth table for the AND logic gate using UV light and H+

as inputs and the macroscopic DNA-binding constant of 1 as output

Input Output

UVa H+b K/M�1

0 0 o5 (low)
0 1 o5 (low)
1 0 18 (low)
1 1 455 (high)

a 0 = no UV; 1 = 50 s UV exposure. b 0 = pH 7; 1 = pH 6.
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