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Efficient Singlet Oxygen Generation Upon
Two-Photon Excitation of New Porphyrin With
Enhanced Nonlinear Absorption

Aliaksandr Karotki, Mikalai Kruk, Mikhail Drobizhev, Aleksander Rebane, Eric Nickel, and Charles W. Spangler

Abstract—We demonstrate efficient generation of singlet oxygen ~ Si(g)
upon two-photon excitation with 150-fs 780-nm laser pulses of
a new porphyrin photosensitizer molecule whose two-photon IC
absorption cross section has been considerably enhanced by
chemical design.

Index Terms—Photodynamic therapy, porphyrin photosensi- S,(u) v ISC
tizers, singlet oxygen, two-photon absorption. s A \/\/\/\
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. INTRODUCTION

LONG-STANDING dream in the field of cancer therapy OPE TPE

is the ability to treat subcutaneous tumors noninvasively ET
while at the same time eliminating the adverse physica 94 kJ/mol
discomfort associated with traditional chemotherapy and thi
debilitating effects of actinic radiation treatments. Photody-
namic therapy (PDT) is gaining acceptance worldwide asgyg)
an alternative treatment of tumors [1] as well as age-relatea ) i - .

lar degeneration [2]. PDT employs the special abilit E 1. Schematic of the energy levels for porphyrin photosensitizer (solid
macular aeg ) st ploy p ’ Yy 9_ rs) and molecular oxygen (open baf&)(g), 51 (u), S:(g), andI} represent,
some porphyrin photosensitizers to accumulate in pathologégpectively, ground, first singleith excited singlet, and lowest triplet states
cells and to transfer absorbed photon energy efficiently ?é;hei;;;tgsfﬁmﬁ:- E?‘t?hzyg?:gzg;:c‘;?ngasfte;g‘EESiZensd ?ie%d:égzea?hde

: ; - v u) syl y i o A,

extremely active _Smglet oxygen molecules, WhIC_h Fhen WIRfound and the first excited singlet states of molecular oxygen.
out the surrounding tumor. Unfortunately, the limited pen-

etration depth by visible light into biological tissue allows;ection, and demonstrate its ability to generate singlet oxygen
only feyv types of skin, breast, a”‘?' certain endOSCOP'CaI%on illumination with near-IR light. Injecting a porphyrin
accessible cancers to be treated in this fashion. To makeiosensitizer into a patient's blood stream commences a
PDT more generally applicable, it is crucial to deliver lighfy nica| PDT procedure. After an appropriate time interval
deeper into the tissue. This may be achieved by utilizing thgs,ally tens of hours), the photosensitizer is activated by
nonlinear-optical effect of two-photon absorption (TPA) inining a visible light, usually a red color laser beam, at the
which case the |IIum|nat|c_)n is c_arrl_ed _o_ut at near-infrared (lFﬂlmor’s location [1], [3]. Photophysical processes constituting
wavellengths, yvhere the tissue is significantly more transpgr%-r are summarized in the energy level diagram shown in
than in the visible. However, so far TPA of tumor-specifigg 1 |, its classical implementation, absorption of one visible
porphyrins has been notoriously inefficient, rendering the,son [one-photon excitation (OPE)] brings a photosensitizer

treatment of deeper tumors impractical. Here, we introduce,gjacule into a short-lived excited stafg with energy of
new porphyrin photosensitizer with an enhanced TPA Cro$$0_190 kdnol-%, which corresponds to an illumination

wavelength ofA = 620-690 nm. After a few nanoseconds,
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To be effective, the photosensitizers have to selectively |
accumulate in the tumor tissue. Serendipitously, porphyrin
molecules possess this rare feature [3]. The second critica
point is how deep can light penetrate into the body without
being scattered or absorbed by normal tissue. It is well known @N
that the tissue’s transmission depends critically on the illu-
mination wavelength [4] and is the largest in the so-called
tissue transparency window at~ 750-1000 nm. Porphyrins @)
currently in use for PDT fall short of this transparency window:
their S; «— S absorption varies from 620 to 690 nm, where O
effective penetration in most tissues is no more than just a II I

¥
few millimeters in depth [5]. Unfortunately, attempts to shift ¢ c
the one-photon absorption band toward longer wavelengths by Q Q
chemical modification of the porphyrin structure come into ci

conflict with the fundamental requirement that the excitation
energy of singlet oxygen is lower than the energy of The O
state. In addition, long-wavelength shift of porphyrin’s energy (b) ©
levels often aggravates the situation by reducing compound’s _ _
L Fig. 2. Molecular  structures  of  porphyrins  studied. (a)
Stab'“ty' 5-(4-diphenylaminostilbene), 15-(2, 6-dichlorophenyl)-21H, 23H-porphine.

In the view of these mounting difficulties, a proposal to us%_tgt'ghpilyr:w_l;ﬁ'Zgﬁfgg'r‘;rﬁiﬂg_eny')'21H’ 23H-porphine. (c) 5, 10, 15,
TPA appears as the best alternative way to achieve PDT. TPA

[6] is a third-order nonlinear-optical process and it consists in ] . .
simultaneous absorption of two photons, so that the illuminati®@"Pyrin, which enhances the molecule’s TPA cross section
wavelength is twice of that of the actual transition wavelengtifithout jeopardizing its ability to generate singlet oxygen.

[two-photon excitation (TPE) in Fig. 1]. TPA allows usingThe design was based on structure-property relationships,

near-IR photons in the tissue transparency window and dd&¥Wwn to enhance TPA cross section in orgamiconjugated
not require the red shift of the lowest electronic transition ¢romophores [12]-[14]. In particular, introduction of donors
the porphyrin. Note that even if TPA takes a molecule into orfd @CCeptors of electronic density as substituent groups, ex-
of its’ higher excited states;, this does not bar the lowest!€nSion of 7 conjugation, and inclusion of donar-donor
S, state to be populated via internal conversion. Once tHfOtifS within chromophore have all been previously utilized.
state is formed, the subsequent events follow the same patfi'a@Ur particular case, this was achieved by an introduction of a
described above. In addition, TPA also provides two furthdf(diPhenylaminostilbene)-substituent into the mesoposition of
advantages: 1) laser-induced hyperthermia is minimizet&e tetrapyrrol ring. This results in a 20 tl_mes enhgncement in
since near-IR light has a reduced absorption in tissues and/ Cross section &tex. = 780 nm. In addition, the inclusion
nonlinear (quadratic) dependence of TPA on laser intensftf e 2, 6-dichlorophenyl substituent assists intersystem
provides for higher spatial selectivity of treatment due to tH0SSINg via an internal heavy atom effect.
smaller effective size of the focal spot. The latter is essential
for treatment of sensitive tissues such as those of age-related II. EXPERIMENTAL SECTION
wet macular degeneration. On the downside, because th&tructures of a typical new porphyrin DPASP [5-(4-dipheny-
probability of TPA with conventional low-power light sourcegaminostilbene), 15-(2, 6-dichlorophenyl)-21H, 23H-porphine]
is vanishing small, laser pulses with high peak intensity a(g, as well as its nonsubstituted counterpart (I1) and commer-
required for the TPA effect to be pronounced. Fortunatelyial tetraphenylporphyrin (Ill) are shown in Fig. 2. The last two
the commercialization of femtosecond mode-locked near-[Ryrphyrins were studied for purpose of comparison as model
Ti: Sapphire lasers has greatly alleviated this last problem. compounds. Compound | has been synthesized by condensing
As one might expect, these useful features have stimulategt(2, 6-dichlorophenyl) bilane with (4-diphenylaminostilbene)
an active search for new molecular system for TPA-based P@dehyde under acidic conditions followed by oxidation with
[7]-[11]. Some nonporphyrin-based compounds may inde@d 3-dichloro-5, 6-cyano-1, 4-benzoquinone. The way of syn-
possess an impressively large TPA cross section [8], [9], [1Zhesis of compound Il is identical to that of I. Porphyrins |
However, they either lack the vital property to generate singlahd 1l were purified by flash chromatography on silica using
oxygen or their interaction with biological tissue is not knowrk0%-40% dichloromethane/hexane gradient and the structure
On the other hand, all known porphyrin-based sensitizers weyiemolecules was confirmed by spectroscopic analysis. Com-
found to have a very small TPA cross section, typically ngtound Il was purchased from Aldrich and used as received.
more than few Goppert—Mayer units (GM, 1 GM10-°° cm* Our laser system is schematically shown in Fig. 3. It com-
s photort! molecule!) [10] and, thus, require unreasonabl@rised a Ti: sapphire regenerative amplifier (CPA-1000, Clark
prolonged illumination with a tightly focused laser beam [LOMRX), which was operated at 1-kHz repetition rate and pro-
[11]. Our approach lies in special chemical modification ofuced 150-fs pulses at 0.8 mJ energy per pulse. These pulses

W
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drical irradiated volume of-1.5-mm diameter in both cases.

Regenerative Amplifier | %, i i .
g P —?@ The singlet oxygen luminescence spectrum was measured with
Ti: Sapphire laser ! anitrogen-cooled Ge detector coupled with monochromator and
: lockin amplifier.
| 2
: o [ll. RESULTS AND DISCUSSION
1 § :E; TPA spectra of the three molecules are shown in Fig. 4. Black
L P 1| © ® solid lines represent the appropriately scaled one-photon ab-
_\|Sample : N sorption. All three molecules reveal a characteristic strong Soret
L Vi i = band near 415 nm, accompanied by four relatively weak bands
| in the visible (not shown).
Spectrometer : SHG We obse_rve the_lt the TPA ba_nd does not coincide with any of
TRIAX 550 I the bands in the linear absorption spectrum. Quantum-mechan-
I ical calculations [16], [17] show that key spectroscopic proper-
fgld‘:ecmr y‘* ties of porphyrins such as position and symmetry of main elec-

tronic energy levels are determined by the tetrapyrrol macro-
Fig. 3. Schematic of experimental setup. For measurement of TPA Spe%de and pred_l(_:t that the lowest excited Stat@@fsymmetry
a second harmonic of tunable OPA was used. For measurements of ould be positioned near the Soret band. According to selec-
cross sections and singlet oxygen two-photon photo generation, the outputioh rules, centrosymmetric molecules should have allowed one-
regenerative amplifier was used directly (dashed arrow). For one-photon single{ o transitions between the states of opposite parity and two-
oxygen photosensitization, the second harmonic of this radiation was used. L. . .

photon transitions between the states of same parity. Since the
I]oorphin ground state ha$, symmetry, we assume that the ob-

£

were parametrically down-converted in the optical paramet Brved TPA bands correspond to the transitions between the two
amplifier (OPA) (TOPAS, Quantronix), which yielded loo'fsstates ofy parity P

pulses in the range from 1.1 to 1,8n. TPA spectra were ob- 4 1oy naint, however, is that DPASP (1) shows a very large

tained by tuning the OPA with subsequent second-harmonjg, o rohyrins) TPA cross section with a measured maximum
generation and registration of the porphyrin fluorescence.

¢ ! alue of 804 10 GM at about 390 nmX(,. = 780 nm). The
solute TPA cross sections were measured by comparing flygsg; significant fact is that this excitation wavelength falls well
rescence intensity under OPE and TPE (see [15] for detail$kg the tissue transparency window, which makes the new ap-
For sech temporal profile of excitation pulses and under the ayg4ch very promising for future applications of PDT.

sumption that fluorescence quantum efficiency is the same 10frijg. 5 demonstrates that we were able to directly detect
both modes of excitation, the two-photon cross section writesg@ production of singlet oxygen upon TPA of DPASP (I).

follows: Fig. 5(a) shows two luminescence spectra obtained upon either
By mr(1—107°P1) I, (han)? one-photon .(dash) or tyvo-photon (solid) excitation of DI?ASP,
02 = — T T (1) both normalized to unity. Note that the two spectra coincide
F1 0.3C1 IQ hl/l tQ

well within experimental error and show both a characteristic
Here, indexes 1 and 2 refer to the values measured under Qfegk near 1276 nm, which undoubtedly corresponds to the
and TPE, respectively” is the fluorescence signal recordedsinglet oxygen luminescence spectrum [18]. Fig. 5(b) shows
during timet, C is the molecule concentration (in moleculghat the intensity of luminescence upon TPE increases as a
cm—3), L is the sample thickness (in cm)js the pulse duration square of the illumination intensity, which proves that the
(full width at half maximum in s)y is the pulse repetition rate porphyrin is indeed excited by absorbing two near-IR photons
under TPE/ is the average intensity (in W/&)) v is laser fre- Simultaneously. Furthermore, if the solution was treated with
quency (in hertz), an@ D is the optical density of the sample@ Nitrogen sparge, the intensity of luminescence decreased
at one-photon illumination wavelength. because of the decreased oxygen concentration. Note that only
In our experiments, we employed the fundamental of Ti-sayith DPASP (1) could we reliably detect oxygen luminescence
phire regenerative amplifier for TPE and its second harmorti®on TPA. In the case of Il and Ill, while a strong luminescence
for corresponding OPE. In both cases, the beam was sligh®Qu!d be obtained upon OPE, with infrared excitation the signal
focused with af = 500 mm lens (L) into the 1-cm cell with Was below the noise level of our detector.
sample solution through a pinhole (P) placed in front of the lens.
Fluorescence was collected and focused on the entrance slit of IV. CONCLUSION

a Jobin—-Yvon monochromator with a spherical mirror. Special \We have demonstrated, for the first time to the best of our
care were taken to geometrically eliminate the possible reafhowledge, that singlet oxygen can be produced efficiently
sorption effects. upon TPE of porphyrin photosensitizer with near-IR illumina-
In experiments with singlet oxygen generation, OPE was caien within the tissue transparency window. This is achieved
ried out ath = 390 nm with average intensity of 0.5 W/énand by chemically attaching special moieties to the porphyrin mol-
TPE was carried out &t = 780 nm with average intensity of ecule, which are increasing the TPA cross section in near-IR.
15 Wicnt. The laser beam was slightly focused to give a cylini/e believe that our results open new possibilities for designing
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Fig. 4. TPA spectra (circles) of 1@ M toluene solutions of compounds (a) I, (b) II, and (c) lll. The spectra could not be measured at wavelength shorter than
shown because the energy of excitation photon approaches that of the first excited singfét atatefficient one-photon absorption masks TPA. The wavelength
axis corresponds to the transition wavelength, i.e., half the laser wavelength. Vertical axis shows the TPA cross sections in Goppert—Mayer.
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Fig. 5. (a)'A, — *% luminescence spectra of molecular oxygen in air-saturated toluene solution of I. Dashed and solid curves represent, respectively, the
spectra measured with OPE and TPE. Both spectra are normalized to unity. (b) Dependence’f the *X- oxygen luminescence intensifix on the

average illumination intensity?, upon TPE of porphyrin. Experimental data are shown by black squares. Solid curve is the best powefaw fitP™ with
n =21+£0.1.
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