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ABSTRACT

We have constructed a fiber optic device that internally flows
triplet oxygen and externally produces singlet oxygen, causing a
reaction at the (Z)-1,2-dialkoxyethene spacer group, freeing a
pheophorbide sensitizer upon the fragmentation of a reactive
dioxetane intermediate. The device can be operated and sensi-
tizer photorelease observed using absorption and fluorescence
spectroscopy. We demonstrate the preference of sensitizer
photorelease when the probe tip is in contact with octanol or
lipophilic media. A first-order photocleavage rate constant of
1.13 h)1 was measured in octanol where dye desorption was not
accompanied by readsorption. When the probe tip contacts
aqueous solution, the photorelease was inefficient because most
of the dye adsorbed on the probe tip, even after the covalent
ethene spacer bonds have been broken. The observed stability of
the free sensitizer in lipophilic media is reasonable even though it
is a pyropheophorbide-a derivative that carries a p-formylben-
zylic alcohol substituent at the carboxylic acid group. In octanol
or lipid systems, we found that the dye was not susceptible to
hydrolysis to pyropheophorbide-a, otherwise a pH effect was
observed in a binary methanol-water system (9:1) at pH below 2
or above 8.

INTRODUCTION

Daunting challenges facing the use of photodynamic therapy
(PDT) include (1) selectivity in getting the photosensitizer drug
to the tumor with minimal loss, (2) near-neighbor effects when
tumors are adjacent to vital tissue, and (3) tumor hypoxia
which limits the oxygen-dependent photosensitized damage
(1,2). Methods that do not use the systemic administration of
the photosensitizer could be developed to address these
challenges.

The fiber optic implement shown in Fig. 1 could offer
unique advantages, including high precision delivery of a
photosensitizer to solid tumors, and less ‘‘free’’ photosensitizer
in the body. In addition, oxygen passage through the porous
fiber tip could solve the problem of hypoxia for tumor
destruction due to the oxygen requirement for PDT.

At present, fiber optics are available in endoscopic
applications (3–6), but no point-specific fiber-based 1O2

generator exists as an alternative PDT. Fiber optic intubation
methods exist that can deliver drugs through a catheter to a
sensor probe tip, such as delivery of propranolol to the
gastrointestinal tract in 40 mMM concentrations (7,8) which
exceed what is needed for sensitizer delivery in PDT (ca 250 nMM

in 1 mL) (9). Microneedle PDT methods coupled to fiber optic
intubation devices do not yet exist.

We have recently developed a unique fiber optic system that
sparged O2 gas and photodetached pheophorbide molecules
for the pigmentation of petrolatum (a semisolid hydrocarbon
used as a model of lipophilic biological media) (10). In the
current paper, the fiber optic implement was inserted into
various media so their effects on sensitizer photorelease could
be judged. A qualitative understanding was desired for how
the sensitizer photorelease depends on the surrounding envi-
ronment, thus, we used octanol and water homogeneous
solutions, as well as liposomes (1,2-dipalmitoyl-sn-glycero-
3-phosphocholine [DPPC] and L-a-phosphatidylcholine [egg
lecithin, EL]) as model membranes. Once medium effects are
known, steps could be taken toward a medical device for the
precise, site-specific delivery of photosensitizer and 1O2.

MATERIALS AND METHODS
Materials. Solvents and reagents, i.e. octanol (which refers exclusively
to 1-octanol), acetonitrile, chloroform, acetonitrile, dimethylsulfoxide,
ethanol, methanol, tetrahydrofuran, toluene, deuterium oxide-d2,
chloroform-d1, toluene-d8, phosphocholine, diphenylhexatriene
(DPH), fluorescein, tetrabutyl ammonium azide and DPPC (pur-
ity = 99+% TLC purified), were purchased from Sigma Aldrich (St.
Louis, MO). L-a-phosphatidylcholine from frozen egg yolk consisting
predominately of 33% C16:0 (palmitic), 13% C18:0 (stearic), 31%
C18:1 (oleic) and 15% C18:2 (linoleic) acids was purchased from
Avanti Polar Lipids (Alabaster, AL). Pyropheophorbide-a was pur-
chased from Frontier Scientific (Logan, UT). Corning 7930 porous
Vycor glass was purchased from Advanced Glass and Ceramics
(Holden, MA) and predried at 500!C. Deionized water was purified
using a U.S. Filter Corporation deionization system (Vineland, NJ).
All of the above materials and chemicals were used as received without
further purification.

Instrumentation. UV–Vis absorption spectra were collected on a
Hitachi U-2001 spectrophotometer. Steady-state fluorescence mea-
surements were performed using a Spex Fluorolog Tau-3 spectroflu-
orimeter (SPEX-Horiba Instruments, NJ) equipped with a Peltier
thermostatted cuvette holder, and a PTI spectrofluorimeter (Photon
Technology International, Birmingham, NJ). Excitation and emission
wavelengths used for sensitizer 3 were set to 416 and 673 nm,
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respectively, with corresponding bandwidths of 4 nm each. Repro-
ducibility of the intensity from day to day was checked using 10 nMM
fluorescein standard in 0.1 MM NaOH. The rate of oxygen flow
through the porous Vycor cap was measured using a Hach sensION6
dissolved oxygen meter. Mass spectrometry data were obtained on an
Agilent 6220-TOF coupled with 1200 series LC (Agilent Technolo-
gies, Foster City, CA). HPLC data were obtained on a Perkin-Elmer
200 series instrument equipped with bondclone 10 C18 column at
254 nm.

Fiber optic implement. A device was used as described before (10),
but with a CW diode laser (669 nm output, model 7404, Intense
Ltd., North Brunswick, NJ) and an optical fiber whose distal end
had a stainless steel ring that so that the porous Vycor caps could
be glued securely with ethyl cyanoacrylate. Optical energy was
delivered from the diode laser through an SMA port, which was
connected into the proximal end of a custom-made fiber-optic
cable. The 0.55 numerical aperture borosilicate fiber optic used was
3 ft in length and had a Teflon gas flow tube (0.23 mm i.d.,
0.46 mm o.d.) running from the distal end to a T-valve surrounded
by ca 60 excitation fibers (o.d. 50 lm) randomized in a ring around
it and was encased in a polyvinyl chloride jacket (1.09 mm i.d.,
1.50 mm o.d.) which delivered 0.5 mW out of the end of the
fiber (Fig. 2). As implied in Fig. 1, most of the 669-nm laser light
was distributed out the end of the tip rather than scattered evenly
within the tip. The upper rim (5–10% area) of the fiber tip was
effectively shielded from light and therefore the dye in this area of
the tip did not photocleave. From the 172 nmol sensitizer 5 loaded
onto the 0.20 g glass tips, 90–95% of the dye was exposing the
light producing an effective loading of about 155 nmol, where
photocleavage efficiency was 154 nmol ⁄ 155 nmol = 99% after 4 h.
O2 gas flowed from a compressed oxygen tank to a T-valve in the
fiber, which was connected to the sensitizer cap 1 via the inner flow
tube.

Preparation of the porous probe tips. Porous Vycor glass was shaped
into cylindrical pieces with a grinder-polisher. The length ⁄width ratio
of the caps was ca 1.5:1, where holes (1.5 mm diameter · 4.0 mm
length) were drilled into the caps with a dremel drill. The covalent
bonding of the sensitizer to the PVG tip was achieved with a
preparative reaction described before (10). Briefly, pheophorbide
monoester 4 was synthesized in six steps in 3.9% yield, and was then
reacted with 3-iodopropyltrimethoxysilane (0.50 mmol) and NaH
(0.013 mmol) in THF. THF was evaporated leaving a residue of
pheophorbide 5 and 3-iodopropyltrimethoxysilane, which was added
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Figure 1. Fiber tip attached and photocleavable pheophorbide sensitizer system. The 5 · 8 mm2 probe tip is made of porous glass with a
cylindrical shape, and has a hole extending lengthwise 4 mm. The center of the fiber is a gas flow tube that was coupled to a compressed oxygen gas
tank. The glass tip is capable of cleaving sensitizer 3 free via the scission of a dioxetane intermediate 2.

Figure 2. Cross-section image of the custom hollow fiber optic. The
excitation fibers have a 50 lm diameter and surround the Teflon inner
flow tube coaxially.
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to toluene and sixteen 0.20 g PVG caps (Scheme 1). Silane 5 was
loaded in 0.17 lmol amounts (0.99% of the SiOH groups within a
0.08 mm depth) onto porous Vycor glass per cap and reached a
penetration depth of 0.08 mm based upon microscopy experiments,
thus the sensitizer was largely confined to the outer face of the cap. The
filtrates of solvent washes showed no photosensitizer activity. To
determine the amount of sensitizer bonded to the PVG tip, sensitizer
was liberated from the PVG surface by dipping 1 into a 30% (vol ⁄wt)
hydrofluoric acid solution, and its concentration was determined by
UV–Vis spectroscopy.

Preparation of media. Two types of media were used: (1) Homoge-
neous 1.0 mL solutions of acetonitrile, chloroform, DMSO, ethanol,
methanol, octanol, THF, tris-HCl buffer and H2O; and (2) DPPC or
EL liposomes in a final concentration of 1.5 mMM (300 eq, 1.0 mL) from
a 25 mg mL)1 stock solution (1 mL), which was deposited as a thin
layer by evaporation of the chloroform using nitrogen flow and further
dried under vacuum for 60 min in order to remove any traces of
solvent (11). To the dried lipid film, 0.01 MM tris-HCl buffer containing
0.1 MM NaCl (pH 8.3) was added and mixed by vortexing until a milky
suspension was obtained to reach a final liposome. The suspension was
then sonicated for 21 min using a Heat Systems probe (Farmingdale,
NY). The sample was continuously flushed using nitrogen to prevent
lipid peroxidation and held above the phase transition temperature,
using a water bath during the vesicle preparation process. Small
unilamellar vesicles (SUVs) were formed when an opalescent suspen-
sion was observed. Fractionation of SUVs from multilamellar lipid
and titanium fragments from the sonicator probe was achieved using
ultracentrifugation. The samples were centrifuged at 100 000 g for 1 h
at room temperature using a Beckman Airfuge. The SUVs were stored
at 50!C, and were protected from light until required for studies. The
concentration of the SUVs was assessed as lipid phosphate using the
procedure of McClare (12). Control experiments with 669 nm light or
bare porous silica in the dark did not show any evidence of disrupting
the vesicles based on the fluorescence of intercalated DPH upon
excitation at 355 nm.

Photocleavage procedure. Excitation light and O2 gas were delivered
through the fiber optic implement to the pheophorbide-modified probe
tip 1, which was inserted into various types of media. Solution
dissolved or membrane bound 3 was detected by LC-MS, UV–Vis and
fluorescence spectroscopy (kex = 416 nm). Control experiments with
the bare PVG cap showed no fluorescence in the ca 660–690 nm
region. The photocleavage of sensitizer 3 from the probe tip surface
was followed assuming a first-order process:

Senst
Sens0

! e"kt #1$

where Senst and Sens0 are the amounts of the sensitizer attached to the
probe tip at time t (h) and at the beginning of the experiment,
respectively. Senst ⁄ Sens0 is the fraction of photoreleased sensitizer
detected by UV–Vis in the surrounding homogeneous solution, and k

is the sensitizer photorelease rate constant (3.3 half-lives). Equation (1)
has been used in a similar fashion to model the desorption kinetics of
organic compounds in sediments (13–15), and carries the requirement
that readsorption does not take place during the photorelease of the
sensitizer. Probe tip 1 was stable in the dark, in which no sensitizer
leaching was observed in the homogeneous solutions or liposomes.

Binding constant determination: The binding constants, Kb, of
sensitizer 3 into DPPC and EL liposomes were determined. Sensitizer
3 (20 nMM) was added to the liposomes and stirred for 24 h. We
established that 24 h was required for 3 to localize into the lipids,
where the signal strictly arose from 3 bound in the lipid. The
fluorescence signal at 673 nm was monitored after 24 h with
kex = 416 nm. The binding constants were determined using

F ! Finit % FcompKb&L'
1% Kb&L'

#2$

in which Finit is the fluorescence intensity in the absence of the lipid; F
is the fluorescence intensity in the presence of lipid at a given con-
centration [L]; and Fcomp is the fluorescence intensity, which is achieved
upon complete binding at infinite lipid concentration. Kb was deter-
mined from a plot of F vs [L] with a nonlinear regression equation
(16,17).

RESULTS AND DISCUSSION

The ability of the device tip to sparge O2, photogenerate
1O2,

and cleave 3 is illustrated in Fig. 3. Sensitizer molecules cleave
away from the positionable end tip, where the system bears
some resemblance to other triphase heterogeneous systems
(18–20), including a Teflon flow tube of the fiber optic, which
delivers O2 molecules through the porous tip.

Oxygen flow through the fiber tip

The hollow fiber allowed for O2 delivery into the surrounding
media, because of the 40 Å pores (21) in the porous Vycor tip.
Oxygen transmission through the probe tip into H2O solution
occurred at a rate of 0.16 p.p.m. min)1 at 10 PSI as measured
by a dissolved oxygen meter (Table 1). A ca 9 p.p.m. egress of
oxygen gas was observed over a 1 h period, which indicates a
significant O2 pressure drop occurs at the fiber tip ⁄ solution
boundary. It is tempting to speculate that the ca 1% O2 purge
rate increase in the bare vs sensitizer-coated tip provides purge-
assistance in the release of the sensitizer (albeit marginal in
the current device configuration) since a previous study used a

Scheme 1. Synthesis of the sensitizer-attached tip.

1332 Adaickapillai Mahendran et al.



gas-purge method to facilitate the desorption of 1,2-dibromo-
ethane from microporous soils (22).

Photocleavage of sensitizer into homogeneous solutions

Our photocleavage study was conducted with the fiber imple-
ment delivering the excitation light and oxygen gas to the device
tip in octanol or H2O solutions. The samples were irradiated at
669 nm (irradiance of 4.8 mW cm)2) for 4 h. During the
reaction, the green color of the tip was transferred to the octanol
solution, that is, the tip became transparent and the solution
turned green. Pyropheophorbide-a (PPa) and its derivatives
have been shown to produce singlet oxygen in high yield (23,24);
here sensitizer 3 has a similar absorption spectrum with a strong
Soret band at 410 nm and weaker Q-bands, such as the red
absorbing 4thQ-bandat k = 673 nm.Up to 2 h andafluence of
34 J cm)2, the plot of absorption of the 4th Q-band vs time was
linear, indicating the release of 3 into octanol (inset, Fig. 4).
With 155 nmol 5 loaded onto fiber tip 1, the photorelease of
3 into octanol reached 154 nmol (344 lMM, 99%), which is an
approximate value because porphyrins can aggregate in organic
solvents in the hundreds of lMM range. For example, in DMF
pyropheophorbide-amethyl ester (PPME) was shown to follow

theBeer-Lambert Lawup to 46 lMMsuggesting it wasmonomeric
up to that point (25). Unlike octanol solution, the probe tip did
not photorelease 3 intoH2O.Even though the lifetime of 1O2 (sD)
in neat H2O (3.5 ls) (26) is shorter than octanol (19 ls) (27), 3
was not detected by UV–Vis in H2O after an 8 h irradiation
period. The reason for the nondetection of 3 in H2O was that it
bound strongly to the probe tip in the adsorbed state, even after
1O2 cleaved the covalent alkene spacer bonds as evidenced from
subsequent polar solvent washings and the resulting desorption
and detection of 3.

Figure 5 shows a plot of ln (Senst ⁄ Sens0) vs time that gave a
linear correlation up to 2 h in octanol. After 2 h, a saturation
line appeared, signifying that the probe tip was depleted of
sensitizer. Because the readsorption of 3 back onto the probe
tip did not take place in octanol, a first order photocleavage
rate constant of 1.13 h)1 was measured. The alkene bridge

Figure 3. A schematic of the 3-phase device showing the gas phase in
the hollow core of the fiber (on the right), the solid phase of the fiber
tip (in the center), and the solution phase where singlet oxygen
formation leads to photosensitizer release and further singlet oxygen
formation away from the tip (on the left).

Table 1. Oxygen permeability through porous fiber tip.

Time
(min)

Bare PVG cap Sensitizer coated PVG cap

p.p.m.
O2 in H2O*

Increase,
%

p.p.m.
O2 in H2O*

Increase,
%

0 8.7 0 8.6 0
10 8.8 1.2 8.7 1.2
20 8.9 2.3 8.8 2.3
30 9.1 4.6 8.9 3.5
60 9.6 10.3 9.4 9.3

*Quantities of oxygen delivered through the hollow fiber optic cable
(3 m) with metal tip into 7.0 mL of H2O from a compressed oxygen
tank at room temperature and 760 torr, with the gas regulator set at 10
PSI. PVG fiber tip dimensions: cylinder shape with a length of 8.0 mm,
diameter of 5.0 mm and hole (3.0 mm diameter · 2.0 mm length).

Figure 4. Time-course of photorelease of 3 into 1-octanol arising from
photo-oxidative cleavage and departure from the fiber tip. The
absorption spectra show the fourth Q-band of 3 and were normalized
at 770 nm. The inset is a plot of the concentration of 3 photocleaved
away from the fiber tip into 1-octanol (circles) and H2O (diamonds) at
room temperature.

Figure 5. Time profile for the photocleavage of 154 nmol sensitizer 3
from the probe tip into 1.0 mL 1-octanol at 25!C. The data were
recorded by absorption spectroscopy and monitoring the fourth
Q-band of 3 at 673 nm. The plateau region represents quantitative
sensitizer cleavage and no detectable readsorption.
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photo-oxidation and dioxetane cleavage steps were fast in
octanol, allowing the first order rate constant for sensitizer
departure to be measured accurately. The water solubility of 3
was low enough that we could not determine its water-octanol
partition coefficient (P) experimentally. Computed log P values
of 6.7 ± 1.5 for PPa and 8.0 ± 1.5 for 3 with the Advanced
Chemistry Development program (ACD, version 12.01) (28)
predicted low solubilities in water. Log P values greater than
ca 4 indicate high hydrophobicity of the compound and
preferential partitioning into octanol, which is consistent with
PPa compounds known to aggregate in buffer solution and
localize into lipophilic media (25,29–33). It was logical to
suggest a facile incorporation of 3 into biological membranes,
which led us to study liposomes.

Photocleavage of sensitizer into liposomes

We inserted the probe tip into 1.5 mMM EL and DPPC liposome
solutions under similar conditions as the homogeneous solu-
tions above. The plots of fluorescence intensity vs time were
linear with a higher slope in the saturated fatty acid DPPC
liposomes than the EL liposomes suggesting an increased
trapping of 3 in the former (Figs. 6 and 7). No plateau was
observed in the fluorescence signal after 6 h in the liposomes,
whereas a plateau was seen in the absorption signal after 2 h in
octanol (compare insets of Fig. 4 with Figs. 6 and 7).

The mechanism of mass transfer of 3 from a porous glass
surface, such as a possible brushing action between the probe
tip ⁄ liposome interfaces to assist in the transport is complex
and is poorly defined. The partitioning of 3 was better for the
more rigid DPPC, namely under the conditions EL was above
the phase transition temperature and DPPC was below the
phase transition temperature. The unsaturated EL fatty acids
are reactive with 1O2 with rate constants of ca 7 · 105 MM

)1 s)1

(34) that can lead to lipid hydroperoxides and malonaldehyde,
or lysis of the liposomes (35,36), but these processes were not
examined. Previous work by Kanofsky et al. showed that
photo-oxidation of cholesterol or other hydrophobic quench-
ers took place by a 1O2 reaction within DMPC liposomes
(37,38). As we mentioned in the Introduction, our intent was
to operate the device for sensitizer photorelease and monitor

by absorption and fluorescence spectroscopy, and obtain a
qualitative understanding of the influence of the surrounding
environment. Unlike octanol solution (previous section), the
sensitizer photorelease rate constant could not be measured in
the liposomes due to readsorption onto the probe surface
(adsorption ⁄ desorption dynamics) and the fact we were likely
observing the fluorescence of sensitizer monomers rather than
aggregates. Aggregation in water can skew the determination
of dye concentrations, for example, greater fluorescence
intensities have been observed for porphyrin sensitizers at
20 nMM than at 20 mMM (25). We could detect 3 within the

Figure 6. Fluorescence spectra (kex = 416 nm) of sensitizer 3 photo-
cleaved from the probe tip into egg lecithin vesicles (1.5 mMM, 300 eq,
tris-HCl buffer), normalized at 775 nm. The inset is a plot the
fluorescence intensity for release of 3 from the probe tip according to
time.

Figure 7. Fluorescence spectra (kex = 416 nm) of sensitizer 3 that had
photocleaved from the probe tip into DPPC liposomes (1.5 mMM,
300 eq, tris-HCl buffer), normalized at 775 nm. The inset is a plot the
fluorescence intensity for release of 3 from the probe tip according to
time.

(a)

(b)

Figure 8. The fluorescence intensity of 3 at 673 nm in (a) egg lecithin,
and (b) DPPC liposomes along with curves fitted based on Eq. (2).

1334 Adaickapillai Mahendran et al.



liposomes, whereas in water or tris-HCl buffer, the fluores-
cence signal was ca 400 times less intense. Delanaye et al.
examined the aggregation of PPME, where it was monomeric
in ethanol and in dimyristoyl-L-a-phosphatidylcholine (DMPC)
liposomes, but aggregated in phosphate buffer (29). Similarly
Garcia et al. reported that sensitizer incorporation into lipo-
somes decreased as the extent of aggregation increased (39).

We find binding constants of 3 to DPPC and EL liposomes
of Kb = 66 and 59 (mg mL)1))1, respectively, further pointing
to the hydrophobic character of the dye (Fig. 8). For com-
parison, the photosensitizer hypericin was found to partition

efficiently into DMPC liposomes, with a Kb of 58 (mg mL)1))1

(40). A 5,20-diphenyl-10,15-bis(4-carboxyl atomethoxy)phenyl-
21,23-dithiaporphyrin had a binding constant into liposomes
of Kb = 23.3 (mg mL)1))1 (41), whereas the inclusion of
water-soluble PEG substituents into porphyrazines led to a Kb

of ca 0.2 (mg mL)1))1 (42). Figure 9 shows steady-state
fluorescence spectra of 3 dissolved into six different organic
solvents, DPPC liposomes and tris-HCl buffer. Here, dye 3
was added externally and not delivered via the fiber optic
device. When localized in the DPPC membrane, 3 exhibited a
redshift in the fluorescence spectra (680 nm) compared to
being solvated in the organic solvents (671–674 nm) and
tri-HCl buffer (675 nm).

Photostability of probe tip and released sensitizer

We conducted control reactions which implicated the existence
of singlet oxygen in the photorelease reaction. DABCO and
azides are efficient charge transfer quenchers of singlet oxygen
with quenching rate constants of ca 108 MM

)1 s)1 (43), and in the
presence of tetrabutyl ammonium azide (10 lMM in toluene-d8),
we find the photocleavage of 3 diminished by 58-fold com-
pared with a reaction under normal conditions without the
azide. By comparison, a 19-fold decrease in the lifetime of 1O2

was observed in the presence of NaN3 (10 lMM in H2O)
sD = 180 ns (44) relative to neat H2O sD = 3.5 ls (26).
Changing the solvent from toluene-h8 to toluene-d8 led to an
8-fold increase of the photocleavage yield of 3, which was
similar to the 9.7-fold 1O2 lifetime increase [cf. sD = 264 ls
(toluene-d8) to sD = 30 ls (toluene-h8)] (26,45,46). Alkene

Figure 9. Normalized fluorescence spectra (kex = 416 nm) with sensi-
tizer 3 (1.0 lMM) added into homogeneous solutions and DPPC
liposomes.

Table 2. Stability of sensitizer 3 in acid and base solution*.
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Compound pH

Time

2 min 30 min 2 h 16 h

3 2 90% 55% 24% 0%
4 100% 99% 86% 0%
6 100% 96% 61% 0%
8 96% 23% 0% 0%

6 2 10% 45% 76% 99%
4 0% 0.5% 14% 81%
6 0% 3.5% 37% 86%
8 4% 60% 61% 0%

7 2 0% 0% 0% 0%†
4 0% 0% 0% 0%†
6 0% 0% 2% 0%†
8 0% 17% 39% 0%†

*2 · 10)5 MM 3 in MeOH:H2O volume-to-volume 9:1 ratio with the pH adjusted with 0.01 MM NH4OH or 0.01 MM HCO2H; †Uncharacterized
product(s) formed.
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bonds of the (Z)-1,2-dialkoxyethene (47–49) and disulfidoeth-
ene types (50,51) are chemically reactive with 1O2 with total
rate constants of ca 4 · 107 MM

)1 s)1 (43,52).
Regarding the stability of sensitizer 3, after it was quanti-

tatively cleaved into octanol, upon continued irradiation to
8 h, we find ca 50% of the hydrolysis product 6, but recover
both 3 and 6 with no evidence of photobleaching by LCMS
and HPLC (Table 2). Type-I (radicals or radical ions) and
Type-II (singlet oxygen) photosensitized oxidation processes
are always in competition with each other (53), although a
Type-II process dominated with a Zn(II) phthalocyanine
sensitizer in ethanol solution and DPPC liposomes (54). One
could envision inserting the probe tip into small volumes to
yield high sensitizer or oxygen concentrations [cf. a 10 mL
solution (17 lMM 3) to a 0.1 mL solution (1.72 mMM 3)], where
complexation and Type-I reactions become competitive. Because
of the appearance of 6 in octanol, we examined the
pH-dependence of 3 to hydrolyze to 6 and free PPa 7 upon
loss of the p-formylbenzylic alcohol group (Fig. 10). The
hydrolysis products include 4-hydroxybenzylic alcohol and
formic acid. Sensitizer 3 was monitored by LCMS in a binary
methanol-water system (9:1) (Table 2). After 2 min at any pH,
<10% of the hydrolyzed product 6 was observed. After
30 min, 45% of 6 was observed at pH 2 and 60% at pH 8.
After 2 h, the disappearance of 3 at pH 2 (50%) and pH 8
(80%) was mostly due to the hydrolysis of the formate ester
bond. At pH 8, there was the appearance of PPa. In organic
solvents for over 2 h, only 3 was detected [HRMS calcd for
C41H40N4O5 (M

+) = 688.2999, found 688.2987].

CONCLUSION

Until recently (10), the idea of a point-specific fiber-based 1O2

generator as an alternative PDT has been ignored. One
possible reason is that systemic-administered drug-carrier
strategies have shown promise, although near-neighbor tumor
effects still pose great challenges to surgeons, in addition to the
need for the oxygenation of hypoxic tumors for their photo-
destruction. With the idea of overcoming such problems in
PDT, we report here on a fiber optic implement that cleaves
sensitizer molecules free from the porous silica tip. As a result
of oxygen passage through the pores of the PVG, the gas
reaches the covalent excited sensitizer sites of 1 on the tip,

producing 1O2, pheophorbide 3, and co-fragment 4. The
surrounding medium plays a key role in the photorelease
efficiency. The release of 3 was quantitative in homogeneous
octanol solution, but was inefficient in water where hydro-
phobic 3 remained adsorbed on the probe tip.
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