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Photosensitizers are chemical tools that produce reactive oxygen (A)
species (ROS) upon light illumination and are commonly used to
cause physiological damagelhere are many reported or com-
mercially available photosensitizers, but most have limitations, such
as low photostability, structural instability, or a limited usable range
of solvent conditiond:* The development of novel photosensitizers,
which are highly efficient, photostable, and widely applicable under
various conditions, would be extremely useful. ' effect !
Photosensitizers are frequently used to examine whether ROS
affects a particular cellular molecule or signaling pathway, for
example, enzyme activityapoptosi$, or gene expressiohPho-
todynamic therapy (PDT) for the treatment of cancer is another
application® In general, it is best to use a photosensitizer with a
high absorption coefficient and high efficiency of ROS generation Wavelength (nm)
under a wide range of conditions. Biological targets of ROS (e.g., Figure 1. Structure and near-infrared singlet oxygen luminescence emission
antioxidant substrate, enzyme, or protein of interest) exist in various SPectrum of 2I1-BDP. (A) Structures of 2I-BDP and BDP. (B) Near-infrared
environments, including the aqueous cytosolic environment and isr:n’\gjllggog{%e: Tgwgnas)cg;gi?ezrrg)s/s;]n :Pf;;gﬂggf;‘ggﬂfg mﬁel%%ngal
lipophilic membrane, so the availability of photosensitizers ap- mw output power.
plicable over a wide range of solvent polarity should be advanta-
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y - ~ T B34 nm), but a much lower quantum efficiency of fluorescence
geous. Mqreover, good photo_stab_lllty upon repet_ltlve excnatlo_n is (@4 = 0.02) in MeOH than BDP (Figure S1, Table S1), suggesting
highly des;raﬁle. Photg_bleacglng IS usm;all?‘/ cons_ldere;:i ‘T‘s a g'sad'that the intersystem crossing efficiencli{) from the lowest singlet
van_tage orp otosensm_z ers because the O”Fa“on orp o_to €dla%aycited state to the triplet state has been enhanced by the internal
dation products complicates the interpretation of experimental heavy-atom effect. We then examined the ability of 2I-BDP to
results and Ip_wers_, the efficiency of RO.S ggn_eraﬁa;hs_o, when . generate singlet oxygeAd,). Figure 1B shows the near-infrared
a photose_n_sm_zer Is used as a tumorfws_uallzmg tool_lr_1 PDT, high emission spectruihof 2I-BDP in MeOH excited with an Ar laser
phqtostablllty is needed to allow monitoring for a sufficiently long at 514 nm. The near-infrared emission spectrum of 2I-BDP showed
perlod.. . L a narrow peak at 1268 nm, which is characteristi&®fgeneration
I_n.thls study, we report a novel p_hotosen_smzer_, _Wh'Ch is highly and is stronger than that of Rose Bengal (RB), a commonly used
efflc_lent, photostable, and u;able n bOth_ !'pOph'"C and aqueous photosensitizer for studies on oxidative stress in biological systems.
environments. To develop this photosensitizer, we focused on the.l.he efficiency offO, generation of 21-BDP was 1.34 times greater

boron dipyrrome_thene .(BO.DIPY) fI_u_orophore si.nce BODIPYS  than that of RB (Table S2), showing that 2I-BDP provides a highly
generally have high extinction coefficients) @nd high quantum efficient scaffold for developing novéD; generators.

efficiencies of fluorescencely;), which are relatively insensitive We then examined the ability of 2I-BDP to genera@, in

to gnwronmerﬂﬁ ("%I’ soLyznt pﬁla“ty or EH)’ ind.thzy ire alhso various solvents. This was achieved experimentally by following
resistant to photobleachirg. Thus, we _ypot esized that the the disappearance of the 410 nm absorbance band of 1,3-
BODIPY fluorophore can be transformed into a general photosen- diphenylisobenzofuran (DPBF)a known 'O, scavenger, at the

S|t|2|r;]g chrr]omophore Wghoutlloss of ;:S uglque ct;]aracterlit_lcs bY initial concentration of 2« 10-5 M in each solvent in the presence
attaching heavy atoms directly onto the chromophore, making use ¢ 1 156 photosensitizer under light illumination. Table 1

- i - 3
of _trhe SO c&lleﬁ mtekr]na! heavy atohm ?ﬁé:t'l A-dif| 2 6-diiod shows the rate of DPBF consumption at the initial stage (i.e., the
o test this hypothesis, we synthesized 4,4-difluoro-2,6-diiodo- slope), which corresponds to the efficiency’ak generation. 2I-

1,3,5,7-tetramethyl-4-bora-3a,4a-diazmdacene (21-BDP) by io- - gpp generatedO, in all of the solvents in Table 1 almost equally.
dinating 4,4-d|f|u9ro-1,3,5,7-tetramethyl-éll-bora-.Sa,fLa-dmza.—. The lower efficiency oflO, generation in MeOH and aqueous
dacene (BDP) (FllgurilA). BDP has a high extlncgon coefficient solution probably reflects the shorter lifetime 9, in them as
(¢ — 120 000 M cm™* at Amax = 502_ nm) and a high quantum compared with other solvent®!® On the other hand, RB could
efficiency of fluorescencedty = 0.70) in Meo';" ZI'EDP alsohas ot he ysed in nonpolar solvents, including £ and CHC},
a high extinction coefficiente(= 110 000 M cm™ af Amax = because of its low solubility (data not shown). These results
t University of Tokyo. demonstrate that 2I-BDP can generédgin various environments,
* Presto, JST Agency. suggesting that it would offer considerable flexibility as an
§ KOSE Corporation. experimental tool.
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Table 1. Singlet Oxygen Generation by 2I-BDP in Various Solvents
21-BDP RB
agueous solution? CHsCN CH30H acetone CH.Cl, CHCl3 CH30H
slope x10*s™1) 45 128 44 130 129 142 29
relative number of 0.09 0.11 0.12 0.12 0.096 0.086 0.13
absorbed photons
relative efficiency of 0.048 0.11 0.037 0.11 0.14 0.17 0.022

10, generation

aWith 0.1 M sodium phosphate buffer, pH 7.4 containing 50% MeOH.
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Figure 2. Comparison of photostability of 2I-BDP and Rose Bengal. The

EthD-1

DIC Calcein/AM
Figure 3. Cell photosensitization by 2I-BDP. (AC) Differential interfer-

change of the absorption spectra of 2I-BDP or Rose Bengal in aerobic €nce contrast (DIC) and fluorescence images of Hela cells loaded with

MeOH (1 x 10°% M) upon repetitive laser illumination (546 nm, 0.1 W,
emission interval 0.1 s) is shown from 0 cycle to 8 cycles (1 cycl&28
pulsesx 100).

The photostability of 2I-BDP was then compared with that of
RB. Figure 2 shows the changes of absorption spectra of 2I-BDP
or RB upon repetitive laser illumination. These results indicate that
21-BDP was much more resistant to photobleaching than RB. To
elucidate the reason for this, bearing in mind that the efficiency of
10, generation by 2I-BDP was greater than that by RB, we

calcein AM (living cell marker) and EthD-1 (dead cell marker) after
photosensitization with 2I-BDP. (BF) Loading with 2|-BDP alone had
no toxic effect in this assay. Scale bar indicatesns.

is available for the development of potentially useful bioimaging
fluorescence probégWe now plan to develop 2I-BDP derivatives
with functional groups that recognize specific proteins as an
approach toward a highly efficient photoinactivation technique.
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BDP has a more positive oxidation potential than RB and, thus, is
more resistant to oxidation BD,. Thus, a suitable design strategy
for developing photosensitizers with greater photostability could
be to appropriately control the oxidation potential.

Supporting Information Available: Synthesis, experimental de-

tails, and characterization of 2I-BDP. This material is available free of
charge via the Internet at http://pubs.acs.org.

Finally, we examined whether 2I-BDP can be used as a tool for
cell photosensitization. HelLa cells loaded witu¥1 21-BDP for
30 min were illuminated with green light (535 25 nm, 5 mW/
cn®) for 1 min under a fluorescence microscope, and then cell

viability was assayed through the use of the esterase and nucleic

acid intercalating dyes, calcein AM, and ethidium homodimer-1
(EthD-1). The combination of 2I-BDP and light illumination
resulted in cellular toxicity (Figure 3), suggesting that 2|-BDP is a
potentially useful reagent for cell photosensitization, studies on
oxidative stress, or PDT.

In conclusion, a novel photosensitizer, 21-BDP, was developed
without loss of the unique characteristics of the BODIPY fluoro-
phore (i.e., higk, high photostability, and insensitivity to solvent
environment) simply by changing the high, to high @i, resulting
in high efficiency of'O, generation from the triplet excited state.
We demonstrated that 21-BDP has a much higher efficiendppf
generation than a conventional photosensitizer. It also has high
photostability owing to the positive oxidation potential of the
chromophore. Furthermore, 2I-BDP should be usable in a wide
range of environments. Thus, 2I-BDP meets most of the key criteria
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