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Abstract
The photophysical properties of a chlorin, isobacteriochlorin, and bacteriochlorin built on a core
tetrapentafluorophenylporphyrin (TPPF20) and the non-hydrolysable para thioglycosylated
conjugates of these chromophores are presented. The photophysical characterization of these
compounds was done in three different solvents to correlate to different environments in cells and
tissues. Compared to TPPF20 these conjugates have greater absorption in the red region of the
visible spectrum and greater fluorescence quantum yields. The excited state lifetimes are from
3-11 nsec. The radiative and non-radiative rate constants for deactivation of the excited state were
estimated from the fluorescence quantum yield and excited state lifetime. The data indicates that
the bacteriochlorin has strong absorption bands near 730 nm and efficiently enters the triplet
manifold. The isobacteriochlorin has a 40-70% fluorescence quantum yield depending on solvent,
so it may be a good fluorescent tag. The isobacteriochlorins also display enhanced 2-photon
absorption, thereby allowing the use of 860 nm light to excite the compound. While the 2-photon
cross section of 25 GM units is not large, low light and low chromophore concentrations can
induce apoptosis. The glycosylated compounds accumulate in cells and a head and neck squamous
carcinoma xenograft tumor model in mice. These compounds are robust to photobleaching.
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Introduction
Porphyrinoids have been studied extensively for a variety of applications such as dyes for
solar energy harvesting, catalysts, and sensors for biological processes such as glucose
transportation (1). These macrocycles are also extensively studied as photodynamic
therapeutic (PDT) agents for the treatment of a variety of diseases such as cancer and
infections (2-5). There is significant research aimed to improve both the photophysical and
bio-targeting properties of PDT agents (6, 7). For both diagnostic and PDT applications, the
use of the lower energy light is an important photophysical property for next generation
chromophores because red to near infrared (IR) light penetrates deeper into tissues (7-9).
Reduced porphyrins have stronger and redder lowest energy absorption bands (10-12).
Glycosylation targets many cancer types because of the significantly increased glucose
transporters and lectin-type receptors in the membrane (13-15). Carbohydrate–protein
interactions are essential to a large number of biological processes such as metastasis (16),
receptor-mediated endocytosis, inflammation, and infections by pathogens (13). As noted by
Warburg, cancer cells consume glucose and produce lactic acid under aerobic conditions
(17, 18). There are many recent reports of glyco-photosensitizers (19). Non-hydrolysable
sugars appended to PDT agents such as porphyrinoids minimizes cleavage of the targeting
motifs by enzymes and low pH around cancer tissues, in lysosomes, and in endosomes
(20-24).

Chlorins are porphyrinoids with one pyrrole double bond missing, while isobacteriochlorins,
and bacteriochlorins have two double bonds missing on the adjacent and opposite pyrroles,
respectively. Oxidative and reductive transformations are used to form the natural and
synthetic chromophores (10, 25, 26). Porphyrins, chlorins, isobacteriochlorins, and
bacteriochlorins each have unique photophysical properties that are exploited by nature (27)
and can be used for diverse applications (1). The Gouterman four-orbital model generally
explains the consequences of reducing the double bonds on the frontier molecular orbitals
(28-31). For example, the intensity of the lowest energy UV-visible absorption band (Qy) in
the red region progressively increases and red shifts as the number of missing double bonds
increases: porphyrins to chlorins to isobacteriochlorins to bacteriochlorins. The typical
fluorescence quantum yield (Φf) for porphyrins, chlorins and bacteriochlorins is 0.10, 0.25,
and 0.15, respectively (32). Metalation of the macrocycle further modulates the
photophysical properties, e.g. the enhanced spin-orbit coupling of Pd(II) and Pt(II)
complexes nearly quantitatively shunts the excited state into the triplet manifold (33-35)
while Ni(II) complexes form non-luminescent metal centered d,d states (36, 37). Thus,
chlorins are widely studied as second generation PDT agents (38, 39), and recently
bacteriochlorins are reported for this application (23, 40-42). Conjugated exocyclic
chalcones are another means to extend the low energy absorption into the red (43).

To understand the potential therapeutic or diagnostic value of chromophores, the
photophysical properties such as the fluorescence quantum yield, singlet state lifetime,
triplet quantum yield, and the quantum yield of singlet oxygen formation are evaluated (44).
For therapies, red light absorption, efficient intersystem crossing to the triplet manifold, and
suitable triplet lifetimes are needed to maximize the photosensitized formation of singlet
oxygen. Singlet oxygen is the initiation point for the formation of reactive oxygen species
that elicit cell stress and/or death from oxidative damage at multiple sites, including
mitochondria, endoplasmic reticulum, cell membranes (7). For luminescent diagnostics and
trackers for biochemical applications, the fluorescence quantum yield should be optimized.
A chromophore with a balance between the singlet and triplet quantum yields can potentially
be used for both detection and treatment (theragnostic), but must have efficient and robust
targeting motifs.
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Two photon absorption (2PA) is the simultaneous absorption of two low energy photons to
produce the same excited state of the dye as when excited with a single photon of twice the
energy (45). 2PA fluorescence microscopy technologies are being developed for
biochemical studies, pathology, and imaging applications (46, 47). Chromophores with
significant 2PA cross sections are another avenue towards using red light to photosensitize
the formation of singlet oxygen (48). Because red light penetrates deeper into tissues,
endogenous biomolecules have a small 2PA cross section, and the high light flux needed to
simultaneously absorb two photons, the phototoxicity is confined to the narrow area where
the light flux is greatest (∼0.1 mm2) (49, 50).

Most porphyrin derivatives have small 2PA cross sections (45, 51). Peripherally appended
2PA dyes can transfer energy to a porphyrin core (52-54). Ethyne or butadiyne-bridged
porphyrin dimers and oligomers (55-57), self-assembled ethyne or butadiyne-bridged arrays
(58, 59), and aggregates (60, 61) are reported to have large 2PA cross sections. Some water
soluble and glycosylated yne-linked 2PA systems are also reported (48, 62-64). Some of
these systems may also have significant single photon absorptions in the same near IR
region (65). The large molecular size of these systems may be a limiting factor in their
practical applications as PDT agents.

We reported that 5,10,15,-20-tetrakis(2,3,4,5,6-pentafluorophenyl)porphyrin (TPPF20) can
serve as a core platform to make non-hydrolysable glycosylated porphyrins (20-22) and
solution phase combinatorial libraries appended with a variety of bio-targeting motifs (66,
67). The non-hydrolysable tetraglucose derivative (PGlc4) is a quite selective and effective
PDT agent in vitro studies using several cancer cell lines, such as MDA-MB-231 human
breast cancer cells (21, 22). Low light irradiation and <1 μM porphyrin concentrations
induce apoptosis predominantly by damage to the endoplasmic reticulum (68). TPPF20 is
readily modified to form the corresponding chlorin (ChlF20), isobacteriochlorin (IbacF20),
and bacteriochlorin (BacF20) (69). We recently reported that these can be thioglycosylated
in high yield to form CGlc4, IGlc4, and BGlc4 (Scheme 1) using the same click-type
chemistry and that these are also taken up by cancer cells (23, 24).

Herein we describe the photophysical properties of this series of porphyrinoids. The overall
goal is to study the photophysical properties of these new compounds to assess their
potential in applications such as biomarkers and therapeutics under normal, single photon,
and two photon excitation conditions. The results presented here suggest that a single
porphyrin dye molecule, as opposed to a multichromophoric system, can possess a sufficient
two-photon cross section to be a good two photon imaging agent. Specifically, IbacF20, and
IGlc4 have a sufficient 2PA and emission to obtain high quality two photon microscopy
images. These results also suggest that IGlc4 is a good candidate for simultaneous imaging
and PDT using near IR light. Because of significantly stronger Q bands at 730 nm and high
triplet quantum yield, BGlc4 has good potential as a PDT agent under single photon
conditions. The CGlc4 has intermediate photophysical properties that may be used for both
detection and ablation of cancer.

Materials and Methods
TPPF20 was purchased from Huhu Technology or Frontier Scientific and used as received;
solvents from Fisher Scientific were purified by standard methods and reagents from Sigma-
Aldrich.

UV-visible spectroscopy
The UV-visible spectra were recorded on a Varian Bio3 spectrophotometer using 1 cm
cuvettes. The UV-visible data for the glycosylated conjugates were reported earlier (23) and
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are in the Supplementary Materials for clarity. The concentrations of each solution were ca.
1 μM.

Fluorescence spectra and quantum yield
Fluorescence spectra and time correlated single photon counting (TCSPC) were recorded
with a Fluorolog τ3, Jobin-SPEX Instrument S.A., Inc. (23) on ∼1 μM solutions in ethanol
and ethylacetate. Samples were excited at the same band (∼509 nm) where absorbencies ≤
0.1 and were within 10% of each other. For emission spectra, both the excitation and
detection monochromators had a band pass of 2 nm. The corrected emission (for instrument
response) and absorption spectra were used to calculate the quantum yield. Fluorescence
quantum yields were determined for these non-glycosylated F20 analogues in solution
relative to meso-tetraphenylporphyrin (TPP) in toluene, which has a fluorescence quantum
yield of 0.11 (70, 71).

Fluorescence lifetime
TCSPC fluorescence lifetime of non-glycosylated F20 and glycosylated conjugates were
determined in three different solvents: ethanol, ethylacetate, and phosphate buffered saline
(PBS). A 405 nm NanoLED laser, average power 13.6 pJ/pulse with a source pulse width
<200 ps was used to excite the molecules. The instrument has 200 ps resolution. The data
was fit using the instrument software.

Photobleaching
Photo stability was assayed by exposing 1μM solutions of these conjugates in ethanol to sun
light with a power of 40-80 W/m2 for about 2 hours and taking the UV-visible spectra (see
Supplementary Materials).

Octanol/water partition coefficient
The octanol/water partition coefficients were determined by saturating 1:1 (v/v) mixtures of
the solvents with the thioglycosylated porphyrinoids. We shook the mixture well and waited
for 8-10 h to assure the two layers were separated completely. UV-visible spectra of the two
layers were then taken to measure the Soret (B) and first Q-band intensities of the
thioglycosylated compounds. This data were confirmed by saturating each solvent separately
before mixing equal volumes (23).

Confocal microscopy
To check the photo stability of CGlc4 in cells, confocal microscopic measurements were
done. K:Molv NIH 3T3 cells were plated onto cover slips in cell culture dishes. CGlc4
dissolved in methanol was added to the cultures to a final concentration of 0.1 μM. After
incubation for 24 h, the cells were rinsed three times with PBS and incubated with a 4%
paraformaldehyde solution for 15 min at 37 °C under cell growth conditions. Cells were
then washed three times with PBS, mounted in Dako fluorescence mounting medium, and
visualized using a Zeiss LSM510 laser scanning confocal microscope. The cells were
exposed to the laser light and images were captured. An oil immersion objective lens (Leica,
Fluor-40X, NA 1.25) was used for cell imaging. Images were captured with excitation at
552 nm and the emission band pass filter was 578-700 nm. The two photon microscope was
used to investigate the photo stability of IbacF20 on the same cell line under the identical cell
culture conditions. The compound was excited at 860 nm and emission was recorded
between 500-670 nm.
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Two-photon imaging
Two-photon imaging used a custom-built multiphoton imaging system at Weill Cornell
Medical College. The system consists of an Olympus BX61 upright microscope and a
BioRad 1024 scan head. The specimens were excited using a tunable Ti-Sapphire laser (Mai
Tai, Spectra-Physics) tuned to 860 nm. The laser power under the objective is controlled
through a Pockel Cell (Conoptics). To avoid one photon process, 860 nm excitation light
was used and the emitted light collected was between 500-670 nm. Note that the lowest
energy optical absorption bands for the compounds in aqueous media are: PGlc4 645 nm,
CGlc4 649 nm, IGlc4 645 nm, and BGlc4 730 nm. Thus, under these conditions, there is no
single photon excitation of the compounds.

Two-photon cross section
2PA measurements were done as previously described (72). Briefly, a Ti–sapphire laser
(Spectra-Physics Tsunami) pumped by a frequency doubled diode-pumped solid-state laser
(Spectra-Physics Millennia) provided 90 fs pulses operating at 82 MHz was used to probe
the 2PA properties of the dyes, and a CW (continuous wave) laser was used for the single
photon studies. Both lasers were operated at the same power (6 mW). Experiments
concerning quadratic dependence with the laser power were obtained using the femtosecond
laser. Experiments were performed under the same conditions with rhodamine 6G as a
standard and calculations used an existing protocol (73, 74).

Results and Discussion
The synthesis of ChlF20(2), IbacF20(3) and BacF20(4) start from the commercially available
TPPF20(1) and cycloaddition reactions across pyrrole double bonds, as reported by
Cavaleiro and coworkers.(69) The corresponding thioglycosylated conjugates, PGlc4(5),
CGlc4(6), IGlc4(7), and BGlc4(8), are made by efficient nucleophilic substitution of the F
group at the para position of the TPPF20(20, 21, 23, 67). Other click-type reactions can yield
glycosylated porphyrins (75). The reduction of pyrrolic double bonds and the
methylpyrrolidine moiety used to stabilize the chlorin, isobacteriochlorin and
bacteriochlorin may cause a deviation from the planarity compared to the TPPF20 molecule,
which may further change in the energy gap between HOMO and LUMO of the
porphyrinoids. The classical four-orbital model developed by Gouterman account for the
major optical features of the free base and metalloporphyrinoids in terms of transition
between HOMO-LUMO (76). In addition to the rearrangement of the molecular orbitals due
to the reduced double bonds, the red shift of the optical bands can also arise from the
distorted macrocycle (77, 78).

UV-visible
The electronic spectra for the compounds ChlF20, IbacF20, BacF20, PGlc4, CGlc4, IGlc4, and
BGlc4 were recorded in three different solvents: ethyl acetate, ethanol, and phosphate
buffered saline (PBS, pH=7.4) over the wavelength range of 300-900 nm (the upper limit of
the instrument). UV-visible absorption spectra of compounds ChlF20, IbacF20, and BacF20
in ethylacetate are shown in Figure 1. The UV-visible absorption spectra of ChlF20, IbacF20,
and BacF20 are slightly blue shifted from the corresponding thioglycosylated conjugates,
CGlc4, IGlc4, and BGlc4, and these are somewhat different from the porphyrin TPPF20 and
PGlc4. The shift in the peaks may arise because of the change in the electronic environment
with the substitution of electron withdrawing para F-atom on the meso substituted
perfluorophenyl group by the electron donating S-atom of the thioglucose group. The Soret
(B) bands for compounds ChlF20, IbacF20, and BacF20 and CGlc4, IGlc4, and BGlc4
broaden and are blue shifted. For compounds IbacF20 and IGlc4 the Soret band has two
shoulders on the each side of the λmax, while for compounds BacF20 and BGlc4 the Soret

Aggarwal et al. Page 5

Photochem Photobiol. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



band splits into two peaks. A significant increase in the absorption intensity of the lowest
energy Q-band for conjugates ChlF20, IbacF20, and BacF20 and CGlc4, IGlc4, and BGlc4
were observed compare to the parent porphyrins TPPF20 and PGlc4. The lower energy Q-
band for ChlF20 and CGlc4 at 649 nm in ethylacetate has about 25 fold greater intensity than
the corresponding Q-band of TPPF20 at 632 nm. For IbacF20 and IGlc4 a 25-fold increase in
the absorption intensity was observed at 647 nm compared to TPPF20 at 632 nm, while for
BacF20 and BGlc4 the lowest energy Q-band is red shifted and appears at 730 nm with ca.
70-fold increased intensity compare to the absorption of TPPF20 at 632 and PGlc4 at 649
nm. For all of these compounds decomposition products such as dipyrrole methane or
billirubin were not observed even upon exposure to ambient light. Also, there is no
absorption peaks observed between 750-900 nm, in the area of two photon activity for the
non-glycosylated IbacF20 compound. UV-visible spectral data of compounds ChlF20,
IbacF20, and BacF20 in different solvents are summarized in Table 1 whereas for the spectra
for compounds PGlc4, CGlc4, IGlc4, and BGlc4 were reported earlier by us (23) (See
Supplementary Materials).

Fluorescence
The fluorescence emission spectra for compounds ChlF20, IbacF20, BacF20, PGlc4, CGlc4,
IGlc4, and BGlc4 were recorded in three different solvents: ethylacetate, ethanol and PBS
and are found to have a strong solvent dependence. The emission peaks for compounds
ChlF20, IbacF20, and BacF20 are given in Table 1, whereas we reported the spectra for
compounds PGlc4, CGlc4, IGlc4, and BGlc4(23) (see Supplementary Materials). Emission
spectra of compounds ChlF20, IbacF20, and BacF20 in ethylacetate are shown in Figure 2.
There are negligible Stokes shifts observed for these conjugates in different solvents. The
small Stokes shift for PGlc4 and CGlc4 in the three solvents likely indicates that most of the
specific solvent-solute interactions are related to the sugar moieties. Notably, for the IGlc4 in
PBS, the strongest fluorescence band maxima are at 606 nm with a much weaker emission
centered at 650 nm (see Supplementary Materials). Excitation spectra indicate the presence
of only the given compounds. The fluorescence quantum yield for conjugates, ChlF20,
IbacF20, BacF20, PGlc4, CGlc4, IGlc4, and BGlc4 and in the above mentioned solvents are
shown in Table 2. The 0.17 and 0.36 fluorescence quantum yields for CGlc4 and for IGlc4 in
PBS are 6-fold and 12-fold greater than the porphyrin analogue PGlc4. There is a small
decrease in fluorescence quantum yield upon replacement of the para F-atom by the
thioglucose due to both electronic and heavy atom effects. The greater fluorescence quantum
yield of CGlc4 compared to m-THPC (Φ = 0.09 in methanol) (38), likely arises from the
presence of the 16 F groups. Interestingly, the BGlc4 system with the 730 nm absorption
band has a fluorescence quantum yield of about 0.05 and thus for the present we assume
most of the excited state intersystem crosses to the triplet manifold. Nonetheless, the
fluorescence is sufficient to observe the uptake into cancer cell lines. Because BGlc4 is a
minor product, the smaller anti/syn ratio, and the set of diastereomers, this compound was
not extensively evaluated. Our initial hypothesis was that the N- methylpyrrolidine moieties
used to make and stabilize the chlorins, bacteriochlorins, and isobacteriochlorins would have
minimal effect on cell uptake, because these are sandwiched between the phenyl-sugars;
however there octanol/water partition coefficient range from ca. 10 for IGlc4 and BGlc4 to
30 for CGlc4 and 40 for PGlc4(23).

Excited state decay
The decay of the electron from the excited singlet state, S1 to the ground singlet state, S0
follows a series of radiative and/or non-radiative processes. The rate constant for these
decay processes relates to the fluorescence quantum yield (Φf) and the fluorescence lifetime
(τf) can be calculated using following equations:
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(1)

(2)

kf, kic, and kisc are the rate constants for the radiative spontaneous fluorescence, internal
conversion, and intersystem crossing to the triplet excited state, respectively. Using the
above equations, the rate constant for non-radiative decay, knr is calculated (see
Supplementary Materials). These compounds exhibit different degrees of excited state decay
via radiative, non-radiative internal conversion, and S1→ T1 intersystem crossing pathways
that are also solvent dependent. A high fluorescence quantum yield indicates radiative S1→
S0 decay dominates, whereas a low fluorescence quantum yield suggests decay is
predominantly non-radiative via internal conversion and S1→ T1(33, 41, 79). The greater Φf
and radiative decay time constants, and low time constant for non-radiative decay for CGlc4
and IGlc4 indicate that these conjugates may serve as fluorescent tags. The low Φf, the 10-20
fold smaller radiative decay time constants, and the 2-fold greater non-radiative decay time
constant for PGlc4 and BGlc4 indicates that these compounds enter the triplet manifold more
efficiently, thus can serve as PDT agents.

The macrocycle distortion from the planarity and increased conformational dynamics causes
the destabilization of the π-system and contributes to the significantly shorter lifetimes (80).
This contributes to the ca. 2-4 fold shorter lifetimes for nonplanar glycosylated conjugates
compared to the planar TPPF20 compound.

The glycosylated derivatives are used to evaluate uptake by K:Molv NIH 3T3 mouse
fibroblasts cells, vide infra. Ethylacetate, PBS, methanol or ethanol solvents were used to
probe the photophysical properties since the amphipathic glycoporphyrinoids may localize
in aqueous, highly polar, or hydrophobic environments within cells. The electronic spectra,
fluorescence, and fluorescence microscopy studies all show that these compounds are robust
to photobleaching (Figure 3). The remaining 16 F groups impart stability toward oxidative
damage to the macrocycle and further enhance the photonic properties. The significantly
greater fluorescence quantum yield of the IGlc4 system indicates that it can be used at <25
nM concentrations in fluorescence microscopy. For PDT applications, sensitizers with
strong red absorptions are generally considered better because these wavelengths penetrate
deeper into tissue. The optical cross section of CGlc4 in the red region is significantly larger
than the porphyrin or isobacteriochlorin analogues. Thus, if red light is used to activate the
CGlc4 dye, the increased light absorptivity more than compensates the reduced triplet
quantum yield. The enhanced fluorescence quantum yield of IGlc4 makes it better suited for
tagging and sensor applications, whereas the very strong 730 nm absorption and the low
fluorescence quantum yield of BGlc4 indicates that this may be the best photosensitizer for
PDT of the compounds described herein. The singlet oxygen quantum yields are reported in
Table 3.

Photobleaching of CGlc4
K:Molv 3T3 NIH cells were incubated with CGlc4 for 24 hours to a final concentration of
0.1 μM and were prepared for confocal microscopy as described in the experimental section.
The excitation wavelength was selected 552 nm and the emission band filter was 578-700
nm. The images show almost no photobleaching for this compound (Figure. 3), thus
indicating that this chromophore can also be a good imaging agent, whereas the
commercially available tracker dyes used for imaging purposes photobleach quickly under
the same conditions (81).
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Two Photon Microscopy
Since the emission of IGlc4 and BGlc4 taken up by cells was observable by two-photon
microscopy, we investigated these derivatives to quantify the two photon absorption
properties. Similar to our previous studies on the PGlc4 with MDA-MB-231, CHO cells
were incubated overnight with PGlc4, CGlc4, or a 5:1 mixture of IGlc4 and BGlc4 at 10 μM.
Only the 5:1 mixture of IGlc4 and BGlc4 is observable with two photon microscopy, or at
least, some fluorescence light in the range of 500 nm to 670 nm is detected when the
compounds are excited with 860 nm light (Figure. 4). These results clearly show the
possibility that either IGlc4 or BGlc4 has an appreciable two-photon cross section. In order
to delineate the contributions of each compound to the observed two-photon microscopy
images, the cells were incubated under the same conditions with IbacF20 and BacF20
separately. UV-visible spectra show that neither compound absorbs at the 860 nm excitation
used in the two photon microscopy (Figure. 1). Since the fluorescence of BacF20 begins
around 720 nm and the detector is set up from 500 nm until 670 nm, significant fluorescence
of this compound is not observed. The IbacF20 is two-photon active (Figure. 5).

Two photon excitation
Although the one photon absorbance spectra of IbacF20 and BacF20 show no absorption
peaks around 860 nm (Figure. 1), both compounds were excited using a continuous wave
(CW) laser and a femtosecond (fs) laser to insure that the absorption process at this
wavelength is due to a two photon process. The lower irradiance of the CW laser typically
results in one photon excitation, while the fs laser can result in two photon excitation (72).
The two photon efficiency depends on the instantaneous irradiance. The powers of both
modes used here were the same.

Rhodamine 6G (R6G) was used as two photon reference to measure the two photon activity
of IbacF20 and BacF20. The two photon reference, R6G, is not exited when the CW laser is
used but is excited and fluorescence is measured when a fs laser is used. The fs pulse for
IbacF20, indicates that IbacF20 is two photon active, and one photon absorption at 860 nm is
not observed. Mixed results were obtained when BacF20 is exited using a similar set up as
one photon absorption can be observed when 760 nm, 780 nm or 800 nm wavelengths are
used. Whereas at lower energy wavelengths (820 nm, 840 nm, 860 nm and 880 nm), both
two photon and one photon absorption were observed (Supplementary Materials).

Two photon absorbance processes imply that the fluorescence emission increases
quadratically with increasing laser power, rather than linearly for one photon emission. This
behavior arises from the fact that two photons are absorbed in the same quantum event. With
the fs laser, BacF20, IbacF20 and R6G were exited at 860 nm, and the fluorescence light
measured as a function of laser power (Figure. 6). The observed combination of both
absorption processes in the case of BacF20 when laser excitation at 760 nm - 800 nm likely
arises from the small but long tail of the lower energy absorption peak λmax 730 nm, or there
is a very small band centered at ca. 830 nm. An anti-Stokes effect is also possible wherein
the molecule gets vibrational and rotational excitation from the basal level from kt energy,
thus allowing excitation of the molecule with a lower energy than normally expected.
Neither the small tail or the absorption band, nor the anti-Stokes effect is observed with the
IbacF20 compound because its lowest energy absorption peak λmax at 600 nm is far away
from the 760 nm laser. Thus IbacF20 can only have a 2PA at wavelengths greater than 760
nm (Table 4).

Emission from IbacF20 has a clear quadratic dependence on the laser power that is similar to
the R6G standard while BacF20 shows a linear dependence on the laser power (Figure. 6).
These results confirm that IbacF20 is indeed 2-photon active, and that BacF20 either has little
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or no two photon absorption (2PA) or the single photon processes dominate the observed
fluorescence.

Two photon cross sections are difficult to measure consistently and accurately because of
the large flux of photons needed from the fs laser can vary significantly. For this reason, all
the 2PA calculations are based on the fluorescence light emitted when the sample is excited
and by assuming this is directly proportional to the photons absorbed. This also assumes that
the quantum yields of both reference and the sample are constant as a function of the
wavelength. The reference for 2PA is R6G in methanol at 110 μM (quantum yield = 0.93).
IbacF20 was dissolved in DMSO at the same concentration (quantum yield = 0.15). The
cross section (σ) of IbacF20 was calculated for each wavelength using the following
equation:

Where F(λ), Fr(λ), QY, QYr, σs(λ) and σr(λ) are the two photon fluorescence of the sample,
two photon fluorescence of the reference, quantum yield of sample, quantum yield of the
reference, sample cross section, and the reference cross section respectively, nr and n are the
refractive index of the solvents. The cross sections obtained are expressed in Table 4. Two-
photon cross-sections for molecular systems are expressed in Goeppert-Mayer (GM) units,
where 1 GM is 10−50 cm4 s photon−1.

Two photon photobleaching of IbacF20 in cells
The photo stability of the fluorescent imaging agent and/or PDT photosensitizer is very
important, since longer photo stability would allow imaging over a greater amount of time or
multiple images to be taken, and from a therapeutic perspective, the stability of the sensitizer
to photo bleaching increases the efficacy of the dye.

To investigate the photo stability of IbacF20, the compound was incubated into K:Molv NIH
3T3 cells. After 24 hours the cells were washed 3 times with PBS buffer. 25 scans were
performed using the two photon microscope and the first image from the first scan was
compared to the last image from the last scan. As shown in Figure 7, IbacF20 does not
significantly photobleach. Thus this core platform may be an excellent choice for both
therapeutic and imaging applications where one needs to follow cells or biochemical
processes over time. The photo stability of IGlc4 and CGlc4 was also measured in sunlight
on sunny days wherein 1 μM solution of the conjugates in ethanol were exposed to sunlight
and UV-visible spectra were recorded versus time for 3-4 hours (see Supplementary
Materials). Photobleaching was observed for CGlc4 ca. 5%, for IGlc4 ca. 10%,, and we
reported previously ca. 10% for IGlc4(23).

Bioimaging
Head and neck squamous carcinoma (HNSCC) tumors indicate a poor long-term prognosis.
Single photon fluorescence imaging investigations were made to determine the uptake of the
glycosylated compounds into HNSCC in mouse models. Subcutaneous injection of athymic
mice with a HNSCC cell line expressing green fluorescent protein (GFP) results in tumors
that can be tracked by fluorescence imaging. When tumors reached adequate size 100 μL of
5 mg/mL solution of PGlc4 or IGlc4 or CGlc4 in PBS was injected in tail vein of the mouse
(50). Fluorescence images were collected periodically using different band pass filters to
distinguish GFP versus dye emission (Figure. 8). This series of whole mouse images
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indicates some accumulation of the IGlc4 and CGlc4 in the xenograft tumor. IGlc4
fluorescence was initially observed in the mouse brain, spinal column, and liver five minutes
after the tail vein injection, and a maximum IGlc4 fluorescence was detected in the xenograft
tumors after 30 minutes injection. The IGlc4 fluorescence indicates the dye was cleared in
ca. 21 hours after injection. CGlc4 distribution was significantly delayed compared to IGlc4
in that that the fluorescence was initially detected in xenograft tumors, brain and liver 21
hours after injection. Interestingly, a large amount of CGlc4 fluorescence was accumulated
in the xenograft tumors 24 hours after injection. PGlc4 does not yield consistent results
under these conditions, which is likely due to the low fluorescence quantum yield and
perhaps because the dyes remain aggregated for a longer time in the mice. Mice were
monitored an additional 21 days to assess the effects of IGlc4, CGlc4 and PGlc4 on the
xenograft tumor growth. Both CGlc4 and PGlc4 showed a notable capacity to inhibit
xenograft tumor growth under the standard conditions for keeping mice, i.e. no specific light
irradiation of the tumors. The tumor weight in CGlc4 or PGlc4 treated groups was
approximately 24% to 34% lower than untreated control groups (Figure. 9). This may
indicate some effect of the compound under the ambient light used to keep the mice. Though
the 1O2ΦΔ of 0.59 is greater than for CGlc4, there was no statistically significant difference
of tumor weight between IGlc4 treated and untreated groups, which may result from the
faster pharmacokinetics.

Conclusion
Since nucleophilic aromatic substitution of the para fluoro group is rapid and efficient, these
studies provide the methods to synthesize and evaluate a wide range of exocyclic motifs for
applications ranging from photonic materials to therapeutics (67). Amphipathic compounds
such as these glycosylated dyes are often found to be more effective PDT agents (82, 83).
Both CGlc4 and IGlc4 have significantly enhanced fluorescence quantum yields compared to
the PGlc4, while the BGlc4 derivative has a fluorescence quantum yield that is similar to the
parent porphyrin. Thus IGlc4 has greatest potential use as fluorescent tags, diagnostics, or
imaging agents. The intermediate fluorescence of the CGlc4 system may well serve as a
theragnostic agent for targeting, detecting, and treating diseased tissues. The BGlc4 system
has near optimal properties as the PDT agent, but new synthetic strategies are needed to
make these compounds. The much lower concentrations of CGlc4 and IGlc4 needed for
fluorescence microscopy indicate these compounds can be used as bioimaging and
diagnostic tools. IbacF20 has 2PA between 760 nm to 880 nm, while BacF20 is largely a one
photon dye that may have small contributions from two photon processes. Both the
compounds have advantages compared to currently used photosensitizers for PDT: (a)
strong red light absorbance, (b) the exocyclic glucose moieties target cancer cells over
normal cells. The 2PA properties of IbacF20, while not large compared to the
multichromophore systems reported, are sufficient for imaging applications and perhaps for
therapeutic applications. The role of aggregation and possible differences in metabolism in
vivo is under investigation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
UV-visible absorption spectra of compounds 1-4 in ethylacetate in 1 cm cuvettes and the
concentration of each solution was 1 μM.
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Figure 2.
Emission spectra of compounds 2-4 in ethylacetate; excitation at 509 nm where the O.D was
0.014 for each compound.
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Figure 3.
K:Molv 3T3 NIH cells plated onto cover slips were incubated with CGlc4 for 24 hours,
washed three times with PBS buffer, fixed with 4% paraformaldehyde, again washed three
times with PBS, and mounted in Dako fluorescence mounting medium. Confocal images
were taken using excitation wavelength 552 nm and emission filter was 578-700 nm. A:
image after first scan, and B: image of the same sample after 25 scans. The images are as
collected.
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Figure 4.
CHO cells were incubated overnight with a) 10 μM PGlc4 b) 10 μM CGlc4 c) 10 μM of a
mixture of IGlc4: BGlc4 (5:1). Two-photon microscope excitation light was at 860 nm, and
the detector was set for 500 nm to 670 nm. The image data was collected for 1s. The images
are as collected.
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Figure 5.
K:Molv NIH 3T3 cells were incubated with 10 μM of IbacF20 overnight. Two-photon
microscope excitation light was at 860 nm, and the detector was set for 500 nm to 670 nm.
The image data was collected for 1 s. The image is as collected.
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Figure 6.
Dependence of light emitted versus laser power. Excitation: 860 nm. Light collected: 500
nm to 800 nm. Pink = IbacF20, blue = rhodamine 6G, yellow = BacF20.
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Figure 7.
K:Molv 3T3 NIH cells were incubated with IbacF20 for 24 hours and rinsed three times with
PBS buffer, the 2-photon microscopy was done repeatedly to examine the photo stability of
the compounds under these conditions. Excitation was at 860 nm, and detection between 500
nm and 670 nm. The 2-photon microscopic image after one scan (A), and the same sample
after 25 scans (B). The images are as collected.
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Figure 8.
IGlc4 and CGlc4 up-take, distribution, clearance. Four-week-old, male Balb/c athymic nude
mice (Nu/Nu) were obtained from Harlan Sprague Dawley, Inc. (Indianapolis, IN). Mice
were housed in temperature-controlled rooms (74 ± 2°F) with a 12-hour alternating light-
dark cycle. Approximately 3×106 GFP-JHU-22 cells in log phase were injected
subcutaneously into the mice. The up-take experiments were done after seven days after
GFP-JHU-22 cell inoculation. The mice received tail-vein injections with a total volume of
100 μLof 5mg/mLIGlc4 or CGlc4.The fluorescence images were taken at the times indicated
after injection. Each individual group has two images where the emission due to GFP is on
the left of each time interval, and monitored using a 465-520 band pass filter. A 605 -660
nm band pass filter was used to image the tumors with CGlc4 and IGlc4.The arrows
indicated the location of tumor xenografts. A Xenogren IVIS instrument (Caliper Life
Sciences, Hopkinton, MA) was used to collect these images.
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Figure 9.
Decrease in tumor weight after 21 days.
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Scheme 1.
Structure of non-glycosylated (1-4) and glycosylated (5-8) conjugates of porphyrin. The syn
versus anti compounds for the bacteriochlorins and isobacteriochlorins are isolated, but the
diastereomers for CGlc4 and two sets of diastereomers for IGlc4 and BGlc4 (see ref. 23) are
not separated for these studies.
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Table 1

Absorption and emission spectral data of non-glycosylated F20 porphyrinoids conjugates.

Comp. Solvent UV-visible Emission

ChlF20 ethanol 399, 502, 528, 597, 651 654, 708

ethylacetate 398, 501, 527, 597, 649 655, 709

IbacF20 ethanol 381, 504, 541, 583, 635 592, 645, 707

ethylacetate 380, 503, 541, 581, 647 594, 645, 711

BacF20 ethanol 348, 374, 503, 729 647, 723

ethylacetate 347, 373, 502, 729 651, 735
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Table 3
Singlet oxygen quantum yield (1O2ΦΔ)

compound 1O2ΦΔ)

PGlc4 0.85

CGlc4 0.32

BGlc4 0.28

IGlc4 0.59

All the compounds were excited at 532 nm in methanol-d1 solvent; data taken from ref. 23.
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Table 4
Two photon cross section values of IbacF20

Wavelength (nm) Cross section (GM)

760 1.7

780 7.5

800 3.2

820 3.1

840 3.2

860 24.5

880 6.1
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