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The four para fluoro groups on 5,10,15,20-tetrakis-(2,3,4,5,6-pentafluorophenyl)-porphyrin (TPPF20) are known
to react with a variety of nucleophiles, but the reaction conditions for this substitution reaction depend on
the nature of the nucleophiles, e.g. primary amines versus thiols. Glycosylated derivatives of this core
porphyrin have been shown to be effective photodynamic agents in the induction of necrosis or apoptosis
in several cancer cell lines. The present report demonstrates that TPPF20 can be used as a core platform to
efficiently generate a variety of solution-phase combinatorial libraries. The focused combinatorial libraries
have substituents that are chosen from a set of motifs known to bind biopolymers such as DNA, be taken
up by cancer cells, or to render the compounds amphipathic. Incubation of a breast cancer cell line with
these solution-phase libraries, followed by cell lyses and extraction, affords a selection assay. Matrix-assisted
laser desorption ionization (MALDI) mass spectrometry of the extracts allows identification of the molecules
taken up by the cells. Cell binding assays of the winning compounds synthesized directly indicate that both
glycosylation and amphipathicity are key properties since neither tetraglycosylated porphyrins nor those
with four polar groups are selected to the same extent. In addition, photodynamic efficacy was evaluated.

Introduction

Peripheral substituents on the porphyrin core can be used
both to modulate the photophysical properties and impart
desired chemical characteristics to the macrocycle. For
example, these substituents can direct the self-assembly or
self-organization of the molecules into solid state materials,1–4

target the chromophore to various biological materials such
as cells,5–7 modulate the electronic properties such as
absorption and emission,8–10 serve as recognition motifs for
small molecules,11 and serve as a scaffold for further
chemical modifications.6,12,13 Porphyrinic systems coordinat-
ing redox active metals can be used as oxidation catalysts,14–19

and metalloporphyrins have wide applications as selective
and cross reactive sensors.20–23 Herein, we report the
synthesis of a library of porphyrins in solution, and selection
by a binding assay, in this case to a cancer cell line, that
demonstrates the feasibility of this approach for the discovery
of new porphyrinic materials.

There are several therapeutic applications of porphyrins.24–35

In terms of photodynamic therapeutics (PDT), the applica-
tions of porphyrins and related macrocycles to the treatment
of cancers and as potential antibacterial or antiviral
compounds36–41 arise from the high triplet quantum yields
of the free bases and some metalloporphyrins. The main

mechanism for the therapeutic activity of these compounds
is where the triplet state of the chromophore acts as a
photosensitizer in the formation of singlet oxygen. Singlet
oxygen reacts with near diffusion limited kinetics with a
variety of biomolecules, such as those containing double
bonds, aromatic moieties, sugars, and phosphate esters. There
are other potential therapeutic applications of porphyrins
including treatment of stroke by iron porphyrins acting as
superoxide dismutases16,42,43 and as potential agents that
prevent the misfolding of the prion proteins that cause
scrapies and Creutzfeldt-Jakob syndrome.44–48

Depending on the intended application and the modality
of use, some of the goals of current research on the
therapeutic applications of porphyrinoids are, broadly, to
make compounds that (a) are more selective to target cells
or tissues, (b) have greater triplet quantum yields, (c) are
good two-photon absorbers, (d) have increased optical density
in the 650–850 nm region where biofluids absorb light less,
(e) cross the blood–brain barrier, (f) selectively bind to target
bacteria, viruses, and infected cells, (g) selectively bind to
target proteins to prevent misfolding or to otherwise modulate
activity, and (g) have different catalytic activities, e.g.
dismutases. There is vigorous research on other applications
of porphyrins and metalloporphyrins as sensors, catalysts,
electronic, and luminescent materials. The vast majority of
this research focuses on the design and synthesis of the
peripheral substituents on the porphyrin to affect the desired
chemical or materials properties. Thus, there is an obvious
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need for the rapid, parallel synthesis of porphyrinoids with
diverse peripheral substituents.

A complex mixture of monomers and oligomers of free
base hematoporphyrin, Photofrin, is widely used in the
treatments of a variety of cancers, and other applications are
in the pipeline.49–52 Because of the huge market as an
anticancer treatment and the many other possible therapeutic
applications, there are numerous labs exploring the design
and efficacy of new porphyrinic derivatives for PDT ap-
plications. One widely claimed rational for this research is
that a major disadvantage of Photofrin is that it is a mixture.
In contrast, we hypothesized that the efficacy of Photofrin
as an anticancer treatment is due to the fact that it is a
mixture.6,53 The role of a mixture of hydrophobic porphyrins
for PDT applications has also been considered.54 This
hypothesis would indicate that the various Photofrin com-
ponents partition into different parts of the diseased tissues
and bind to different cellular components (e.g. cell mem-
branes, mitochondria, proteins, other organelles). When cell
death is the intended outcome, this multipronged attack
reduces the ability of the cell machinery to simultaneously
repair the damage caused by singlet oxygen-induced oxida-
tive stress at multiple sites. Secondly, the broad range of
cancers that are effectively treated with Photofrin may be a
result of the partitioning of different components into
different cancer tissues and cancer cells. Thus, it is unlikely
that one pure compound will be as broadly applicable to as
wide a variety of diseased tissues and as effective as
Photofrin. However, pure compounds that are selective to
cancer cells or other diseased tissues, which also can be made
in high yields, have significant advantages over the currently
used mixtures, e.g. less cross reactivity to noncancerous cells
and lower dosages. This necessitates discovery of specific
cell recognition motifs as substituents on the porphyrinoid
core. A cocktail of these porphyrins targeted to a specific
cell type or tissue then may have significant advantages over
current technologies.

For example, previous reports on nonhydrolysable glyco-
sylated porphyrins reveal that the sugars direct the macro-
cycles to cancer cells because of the significantly increased
metabolic needs of these cells and the increased number of
sugar transporters found on cancer cells.5,6 A simple, high-
yield procedure for making nonhydrolysable thioglycosylated
porphyrins based on the 5,10,15,20-tetrakis-(2,3,4,5,6-pen-
tafluorophenyl)-porphyrin (TPPF20) core was reported. It was
shown that a glucose derivative was 2–5 times more active
as a PDT agent than a galactose derivative on a breast cancer
cell line known to express glucose transporters, MDA-MB-
231. The tetraglucose derivative was also shown to induce
apoptosis under low light at low porphyrin concentrations.6,55

In contrast to appending porphyrins with one or more
substituents designed to meet a given criteria, a combinatorial
approach can be used to rapidly discover new substituents,
combinations of substituents, and isomers for a given
application. We have shown that large solution-phase com-
binatorial libraries of porphyrins can be screened for DNA
binding by running the library down a chromatography
column of DNA adsorbed onto glass fibers.53 From a library
of 1540 compounds, 4–6 members were selected as the best

binders to DNA. A significant finding was that amphipathic
molecules with two polar groups and two positively charged
groups on the same side of the macrocycle have substantially
greater affinity to DNA than the widely studied tetracationic
tetrakis(4-N-methylpyridinium)porphyrin. Photo-induced cleav-
age assays using plasmid DNA further indicated the activity
of the winning compounds. This study synthesized a mixture
of porphyrins from the corresponding aryl aldehydes and
pyrrole, which necessitated purification of the library from
the side products of the reaction and subsequent deprotection
of the substituents.

One advantage of solution-phase libraries includes the
straightforward synthetic chemistry around a multitopic
core.53,56–66 Another advantage is that artifacts arising from
the confounding roles of surface chemistry and energetics
are eliminated from the selection process. Characterization
of these libraries is straightforward using HPLC and elec-
trospray mass spectrometry.53 Disadvantages can arise from
the identification of selected compounds, but again, the
sensitivity of mass spectrometry can be exploited for this
purpose.

Herein, we present a significantly improved route to
solution-phase combinatorial libraries of porphyrins that use
TPPF20 as a core platform. One advantage is that TPPF20 is
commercially available and can be made in large 100 g
batches in the laboratory. By appending substituents to
TPPF20, this approach eliminates the need to remove the tarry
side products of the porphyrin synthesis53 and obviates the
need for most protecting groups.13,55 We demonstrate the
chemistry by forming focused solution-phase libraries of this
porphyrin bearing functionalities known to be important for
PDT, e.g. sugars, cationic groups, and moieties that impart
amphipathic solubility properties. The reagents used herein
are also commercially available and can be made in large
quantities. As a proof-of-concept, these solution-phase librar-
ies are screened for binding to the MDA-MB-231 breast
cancer cells by incubating the cells, washing away the
unbound materials, and identifying the absorbed porphyrins
in cell extracts by matrix-assisted laser desorption ionization
(MALDI) mass spectrometry. The winning compounds were
made by directed synthesis. Fluorescence microscopy based
cell-binding assays and the photodynamic efficacy of the
winning compounds made from the TPPF20 platform and
from the original solution-phase libraries were compared to
the tetra(thioglucose) derivative (TPPF16-Glu4) standard and
confirm the selection criteria.

Results and Discussion

Nucleophilic substitution reactions of the four para fluoro
groups on TPPF20 are well-documented.6,12,13,67 The reactiv-
ity of the para fluoro group on the pentafluorophenyl moiety
varies significantly with the specific primary nucleophile
used, where softer nucleophiles are more reactive than harder
nucleophiles, HS–CH2R > H2N–CH2R . HO–CH2R. As
expected, secondary nucleophiles are much less reactive than
similar primary derivatives. For example, primary amine
derivatives are efficiently synthesized in N-methylpyrrolidone
and microwave heating for about 12 min,12 and thiol
derivatives are made in DMF under an inert atmosphere at
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room temperature for 8–24 h.13 The yields of both of these
reactions can exceed 90%, and are tolerant of other functional
groups such as alcohols. Thus, TPPF20 can serve as a suitable
platform for combinatorial chemistry as long as one class
of nucleophile is used, since the reaction conditions vary
with nucleophile type and degree of steric crowding.

A survey of reactions with primary thiols allowed devel-
opment of a list of reagents with similar reactivities. For
example, the overnight reaction of TPPF20 with six equiva-
lents of 6-mercaptopurine riboside in DMF with DEA at
room temperature results only in a low yield (<10%) of the
tetrasubstituted product. But when the amount of 6-mercap-
topurine riboside was increased to 16 equiv (4 equiv to each
p-fluorine on the porphyrin), and the reaction allowed to
proceed for 5 days, 5,10,15,20-tetrakis-[4-(6′-thio-purineri-
boside)-2,3,5,6-tetrafluorophenyl)]porphyrin (TPPF16-Ribo4)
is isolated in about 38% yield. The major side product was
the partially reacted 5-(pentafluorophenyl)-10,15,20-tris-[4-
(6′-thiopurineriboside)-2,3,5,6-(tetrafluorophenyl)]porphy-
rin (30% yield). Also, since fluorous alkanes can be used as
identifiers in combinatorial libraries, the coupling of a long
perfluoroalkyl structure possessing a thiol tail to TPPF20 was
examined. 1H,1H,2H,2H-perfluorododecane-1-thiol in DMF
was first dissolved in a DMF/ethyl acetate/DEA (4:4:1 v/v)
solvent mixture, and this was followed by the addition of
the porphyrin dissolved in the minimum amount of DMF.
The ratio of porphyrin to thio reagent was 1:10. Nitrogen is
then passed through this solution for about 2 min, and the
product precipitates. The yield of the desired tetra substituted
product, 5,10,15,20-tetrakis-[4-(1′-thio-1′H,1′H,2′H,2′H-per-
fluorododecane)-2,3,5,6-tetrafluorophenyl]porphyrin (TPPF16-
C12F21), is greater than 95%. Electrospray ionization mass
spectra (ESI-MS) of the product mixture showed no peaks
corresponding to the trisubstituted or partially substituted
porphyrins, suggesting the excellent efficiency and the
importance of the solvent system for this particular reaction.
Thiopyridine was used as it can be further modified to form
cationic species, e.g. the methylpyridinium.

Twenty-One-Member Porphyrin Combinatorial Li-
brary: L1. The efficiency of the nucleophilic substitution
of the 4-fluoro group by various thio compounds indicated
that TPPF20 would be a good platform for the formation of
core-centered combinatorial libraries. On the basis of the
PDT activity of the aforementioned thioglycosylated deriva-
tives and the amphipathic solubility of pyridyl moieties, small
21-member libraries focusing on different thiosugars and
pyridine were synthesized and characterized to assure this
strategy results in a statistical distribution of products. When
1 equiv of TPPF20 is stirred with 1.4 equiv of each of the
three thiols (2,3,4,6-tetra-O-acetyl-glucosylthioacetate, 2,3,4-
tri-O-acetylxylosylthioacetate, and 4-mercaptopyridine; a
1:4.2 ratio of TPPF20 to thiol or 1:1.05 per para fluoro group)
and 20 equiv of diethylamine (DEA) at room temperature
in DMF for 24 h, a statistical mixture of 21 compounds is
formed (Scheme 1). All the nucleophiles involved in the
substitution of the p-fluorine atom of pentafluorophenyl
porphyrin derivatives mentioned in this work are free thiol
functions. In the case of acetyl-protected thiosugars, the
presence of basic diethylamine in the reaction mixture is

sufficient to deprotect the acetyl functions to regenerate the
parent thiol moieties. Core-centered libraries based on this
chemistry have positional isomers (e.g., two copies of a
substituent on adjacent versus opposite sides of the porphy-
rin), such that the statistical reaction of three auxiliaries to
the four aryl groups of the porphyrin results in 15 isobaric
compounds. Thus, isobaric peaks in the mass spectra arise
both from isomers and from coincidental m/z overlap at this
resolution. Comparison of the ESI-MS spectra of the reaction
mixture with that predicted from the simulated spectrum
indicates that all 15 compounds are present (see the Sup-
porting Information).

Deprotection of the sugars is quantitatively accomplished
using an equal molar ratio of NaOMe to the acetate protecting
groups. Since ESI-MS does not always give high-quality
spectra of the deprotected sugar libraries, MALDI-MS is
used. The peaks in MALDI-MS spectra are also consistent
with the peaks in the simulated spectra (see the Supporting
Information). In both cases, Na+ adducts are observed as
lower intensity satellites 23 mass units greater than the parent
peaks, which is typical for glycosylated compounds. The Na+

adducts account for the small differences between the
simulated and experimental spectra.

Using the same strategy, a 55-member porphyrin library,
L2, formed from the addition of four different thiols (GluAc,
XylAc, PyranAc, SPy, Scheme 1) of which 35 are isobaric.
ESI-MS indicates the expected distributions of these core-
centered libraries vide infra (see the Supporting Information).

Synthesis of a 666-Member Porphyrin Combin-
atorial Library: L3. The successful synthesis of the 21-
and 55- member libraries prompted us to construct larger
porphyrin libraries with different thio reagents. Since there
are numerous studies that correlate the solubility properties
such as amphipathicity of PDT agents with what is likely
diffusive cell uptake, we chose several sugars and several
thio alkanes. Seven different thio reagents were reacted with
TPPF20 using similar reaction conditions as noted above but
with 2-day reaction times and 40 equiv of DEA. When seven
different thiols are reacted with TPPF20, 406 compounds (210
isobaric) are expected. However under these reaction condi-
tions, substitution of all four fluorines proceeds with 85–90%
yields, so there are some members of the library that contain
unreacted F groups. Neither the unreacted starting material
nor the monosubstituted tri-(pentafluorophenyl) compounds
were observed in the ESI-MS. A few library members with
two 4-fluoro groups were observed with low abundances,
and a somewhat greater number and abundance of com-
pounds with a single unreacted 4-fluoro group were found.
When the F group is included, there are eight possible
substituents, yielding a library with 666 members of which
there are 330 isobaric species (Scheme 1). The reaction
mixture was assayed by ESI-MS by first separating the
porphyrinic compounds into various fractions by HPLC and
second taking the mass spectral profile of each fraction.
Neighboring fractions oftentimes contained some of the same
compounds and/or isomers, thus confirming the identity of
these. Examination of the ESI-MS of all the HPLC fractions
allowed identification of almost all of these 330 possible
peaks (see the Supporting Information). The parent ion peaks
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of <20 members were not detected in the mass spectra with
confidence (those containing 4, 3, or 2 F groups). Some were
indicated as the Na+/K+ or HCOO- adducts, which is
consistent with previously observed adducts in the ESI-MS,
especially for sugar-containing systems.6,13 There are a few
unidentified mass peaks that likely arise from these adducts.

Pentafluorophenyl Corroles. Corroles are porphyrinoid
macrocycles missing one of the porphyrin methylene bridges
and are similar to the corrins of vitamin B-12 (nonaromatic).
Corroles possess 20 π-electrons, out of which 18 are
conjugated, and hence, corrole is an aromatic system like
porphyrins. In general, free base corroles are found to have
a greater fluorescence quantum yield than porphyrins because

they have a direct pyrrole–pyrrole linkage.69,70 Thus these
macrocycles have been proposed as fluorescence sensors and
fluorescence imaging agents. Because of the –3 charge of
the free base, these compound stabilize high valent metal
ions, including some that are suitable for contrast agents such
as Ga(III).71 Since the perfluorophenyl groups in triPCF15

are orthogonal to the corrole macrocycle, similar to those
on the porphyrin TPPF20, the reactivity of the para fluoro
group was expected to be similar.

With triPCF15 corrole, a library with two substituents yields
six compounds but there are two sets of isomers so there
are only four isobaric peaks expected in the mass spectra.
Similarly, in the case of three substituents, one expects 18

Scheme 1. R1–R11 Substituents in the Libraries Examined in this Studya

a The sugars are synthesized as the acetate derivatives and subsequently deprotected by a stoichiometric amount of NaOCH3 after formation of the
quaternary pyridinium moieties. In the text, the derivatives are described according to the numbering of the meso-porphyrin positions, 5, 10, 15, and 20, e.g.
Glu/Glu/Glu/Glu. Note that the Ac protected sugars were used in characterization of the libraries.
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compounds but 10 unique masses because of the various
positional isomers. We find that the substitution chemistry
works better for the corrole system using N-methylpyrroli-
done (NMP). This indicates a solvent effect on the reactions
of the corrole versus porphyrin, which may be a result of
differences in the electron withdrawing effects of corroles
in comparison to porphyrins and/or the acidity of the corrole
pyrrole N–H may play an important role in these reactions.70

When 3 equiv of the thioglucose and thioxylose acetate-
protected sugars in NMP are stirred overnight in the dark,
the ESI-MS of the crude reaction mixture indicates formation
of the expected six-member library (Scheme 2). However,
the attempt to create the 18-member library on a corrole
platform using thio pyridine in addition to the protected
sugars proved only partially successful. Evaluation of the
ESI-MS spectra of the product mixture showed 17 of the
expected 18 compounds and 4 compounds with the 4-fluoro
groups remaining on the corrole systems. Neither an increase
in the quantity of the thio derivatives nor increase reaction
times (from hours to days) resulted in complete reactions.
The ESI-MS indicates that the thio pyridine moiety is less
reactive than the thiosugars.

Selection of Winning Compounds from a Solution-
Phase 21-Member Library Using Human Breast Cancer
Cells. Although there are many potential therapeutic ap-
plications of porphyrinoids, at present the primary clinical
use is for the photodynamic treatment of macular degenera-
tion and of cancer. For the treatment of cancer, the goal is
to kill or eliminate cells by any means that target diseased
cells and tissues. There are a variety of cellular processes
and components that can be targeted, but since most crucial
cellular processes have various repair mechanisms, it may
be preferable to target more than one, or even many, parts
of the cell to maximize the probability of killing it. Rather
than specifically targeting a particular cellular component,
or specific cellular process, or evaluating solubility properties,
by designing a molecule or a class of molecules and testing
them individually for PDT efficacy, we hypothesized that
the cells themselves may indicate which molecules bind and
are taken up most efficiently. Thus, an assay was developed
wherein viable human breast cancer cells (MDA-MB-231)
were treated with focused solution-phase libraries to allow

the cells to select the members of the library. Compounds
with high affinities and/or uptake into the cells were
examined for PDT activities.

After incubation of the cells with library L1 (100 µM in
total porphyrin content and 1–5 µM of the individual
compounds) for 24 h, the cells were rinsed three times with
PBS buffer to remove unbound porphyrins and collected.
The cells were treated with 2-chloroethanol and sonicated,
and the solvents were removed. The porphyrins selected by
the cancer cells were extracted from the lysates by sonication
in methanol and centrifugation to remove insoluble materials.
This was repeated until no porphyrin fluorescence was
observed in the methanol. The methanol was concentrated
and assayed by MALDI-MS (see the Supporting Informa-
tion). Two major parent ion peaks corresponding to members
of the library were identified;55 each can be one of two
isomers: (1) Glu/Glu/SPy/SPy, Glu/SPy/Glu/SPy, and (2)
Xyl/Glu/SPy/SPy, Xyl/SPy/Glu/SPy. Additionally, two minor
peaks were identified; each can be one of two isomers: (3)
Glu/Glu/Xyl/SPy, Glu/Xyl/Glu/SPy, and (4) Xyl/Xyl/Glu/
SPy, Xyl/Glu/Xyl/SPy. Thus, there are eight potential
winning compounds. If one considers the Xyl as a surrogate
for Glu (Xyl was used because of the difference in molar
mass for mass spectrometry assays) and since most cells do
not specifically take up xylose, then these eight possible
compounds distill into the three: Glu/Glu/SPy/SPy, Glu/SPy/
Glu/SPy, and Glu/Glu/Glu/SPy. Since 5,10-porphyrinic
isomers are known to have greater affinity to cancer cell
membranes and other cellular components than 5,15-
isomers,5 it is reasonable to eliminate the Glu/SPy/Glu/SPy,
but to be sure, the identification of the selected isomer was
accomplished by cell-binding assays of the individual
compounds.

Synthesis of Winning Compounds and Their Affinity
Towards Cancer Cells. The Glu/Glu/SPy/SPy and Glu/SPy/
Glu/SPy and Glu/Glu/Glu/SPy compounds were made by
reacting the TPPF20 core with the corresponding stoichiom-
etries of the thiol reagents and separating the compounds
by chromatography followed by deprotection of the acetate
groups (Table 1). The compounds initially identified from
L1 had polar pyridyl groups, but cationic N-methylpyri-
dinium groups on porphyrins have known affinities for DNA,
RNA,72–74 and anionic membranes.75–77 Thus, in addition
to the study on winning compounds, it was decided to further
this work by investigating compounds bearing the cationic
methylpyridinium species (Scheme 1, SPy+). The methyla-
tion of the pyridine moiety with CH3I is done before
deprotection of the sugars.

Fluorescence microscopy was used to investigate the
affinity of these compounds to human breast cancer MDA-
MB-231 cells and compared to the well-studied TPPF16-Glu4

(Glu/Glu/Glu/Glu) derivative, which was also a member of
the library. Figure 1 shows the fluorescence microscopy of
MDA-MB-231 cells treated with 2.5 and 10 µM of three
porphyrin derivatives for 24 h under identical conditions.
After rinsing the unbound compounds from the cells on the
cover slips and fixing, fluorescence images of the cells were
taken on the same day and 1 week later. The observed
fluorescence intensity was taken to be proportional to the

Scheme 2. Reactions of Pentafluorophenyl Corrolesa

a The reactions to form the trisubstituted corroles requiring more
equivalents of the thiol reagent and longer reaction times resulting in lower
yields, e.g. the triglycosylated compound. The same procedures do not yield
the expected statistical mixture of corrole libraries when more than one
thiol reagent is used. These experiments reveal that the para F group on
the central aryl moiety is somewhat less reactive than those on the opposing
aryl moieties.
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quantity of porphyrin bound to the cells and was quantified
by an image intensity comparison program, “FLim.”78 When
cells are treated with either the uncharged or the cationic
5,10-isomer Glu/Glu/SPy/SPy, Glu/Glu/SPy+/SPy+, or the
Glu/Glu/Glu/Glu standard for 24 h, the low intensity of the
fluorescence observed by fluorescence microscopy seems to
indicate that little of these porphyrins is taken up by the cells
just after fixing the cells (Figure 1, 1 day). This result is
misleading because the same fixed cells examined 1 week
later exhibit a much brighter fluorescence (Figure 1, 1 week),
indicating that the porphyrins were indeed taken up by these
cells. Since the cells were rinsed to remove unbound
porphyrins, no further uptake of porphyrin is possible.

Using the FLim78 program to compare the fluorescence
intensity of cells treated with 10 µM of porphyrins at day 1
shows that the charged Glu/Glu/SPy+/SPy+ and Glu/Glu/
Glu/Glu have similar intensities and are more intense than
the uncharged Glu/Glu/SPy/SPy by a factor of ca. 1.4. The
5,15-isomer, Glu/SPy/Glu/SPy, which was also a possible
selection from the 21-member library, shows the poorest
uptake (data not shown), so the trans Glu/SPy+/Glu/SPy+

pyridinium derivative was not further evaluated. The 5,15-
pyridinium species are known to be poorly absorbed by many
cell lines and similar cellular uptake results have been
previously reported for 5,10- versus 5,15-isomers.5,53 Re-
examination of the same slides 1 week later reveals a

Table 1. Test Reactions Using Diverse Thiol Reagents and the TPPF20 Core in Scheme 1a

porphyrin product

5 10 15 20 thio reagent solvent rxn time yield (%)

R10 R10 R10 R10 6-mercaptopurine riboside DMF 5 day 38
R10 R10 R10 R9 30
R11 R11 R11 R11 1H,1H,2H,2H-perfluorododecane-1-thiol ethyl acetate:DMF (1:1) 2 min 97
R1 R1 R4 R4 2,3,4,6-tetra-O-acetyl-glucosyl-thioacetate/4-thiopyridine 1:1)b DMF 2 day 30
R1 R4 R1 R4 25

a Reactions are run under an inert atmosphere with 20 equiv DEA and magnetic stirring. b Remainder of the six possible derivatives: 33%.

Figure 1. Assays of porphyrin uptake by MDA-MB-231 cells by comparison of fluorescence intensities. Here, 10 and 2.5 µM Glu/Glu/
SPy/SPy and the charged derivative Glu/Glu/SPy+/SPy+ are compared to Glu/Glu/Glu/Glu immediately after fixing and 1 week after fixing
the cells. Micrographs were taken under identical conditions and the images are not manipulated. The magnification is 60×.
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substantial increase in fluorescence intensity of the 5,10-
isomers and that the fluorescence of Glu/Glu/SPy/SPy
porphyrin is still significantly less intense than the charged
derivative Glu/Glu/SPy+/SPy+ (Figure 1, 1 week). The
increased fluorescence intensities indicate that the porphyrins
in the cells are initially aggregated (quenching the fluores-
cence) and that it takes time for them to disaggregate. It is
noteworthy that even the Glu/Glu/Glu/Glu derivative, which
was shown to be highly active as a PDT agent,6 must be
aggregated in the cells to some extent when used at this
concentration, which is born out by the UV–visible spectra
(see the Supporting Information). This implies that this
compound may be more active than initially reported if
allowed time to disaggregate.

In order to further discern any differences between the
compounds in terms of cell uptake, lower concentrations were
also used. The FLim program was used to compare the
fluorescence intensity of MDA-MB-231 cells treated with
2.5 µM of the porphyrins as above (Figure 1). Initially, a
weak fluorescence is observed for all porphyrins tested;
however, fluorescence micrographs after 1 week exhibit a
dramatic increase in fluorescence intensity for all porphyrins,
e.g., a factor of 49 for the Glu/Glu/Glu/Glu and 41 for the
Glu/Glu/SPy+/SPy+ derivatives. Once again, the uncharged
Glu/Glu/SPy/SPy shows the poorest uptake into the MDA-
MB-231 cells. At this lower concentration the tetraglycosy-
lated compound shows a slightly better cellular uptake than
the charged Glu/Glu/SPy+/SPy+ compound.

These results suggest that the porphyrins bind and/or enter
the cells as nanoscaled aggregates,79–89 which have signifi-
cantly quenched fluorescence by well-understood mecha-
nisms including shading, energy transfer, and enhanced
vibrational relaxation.9,90–92 The UV–visible spectra of the
compounds of interest in polar organic solvents (e.g.,
CH3OH) are typical of porphyrin derivatives based on
TPPF20; however, the Soret bands of the porphyrins in PBS
or cell culture medium without the chromophoric components
(no phenol red) are significantly broadened and/or split,
which is typical of aggregated porphyrins (see the Supporting
Information).2,93 Dynamic light scattering (DLS) of 10 µM
of these three compounds (Glu/Glu/Glu/Glu, Glu/Glu/SPy/
SPy, and Glu/Glu/SPy+/SPy+) in PBS indicate that the
particles are between 10 nm and 30 nm in diameter. The
apparent increase in fluorescence intensity 1 week after fixing
the cells is indicative of the deaggregation of the nanopar-
ticles mediated by the binding of the porphyrins to various
cellular components and is kinetically slow. Note that particle
size is determined by the complex interplay of intermolecular
forces between solute and solvent and that the functional
groups are still displayed on the surface of the aggregate.2,93

Photodynamic Activity of Selected Compounds. The
PDT activity of the winning compounds from L1 was
evaluated using breast cancer cells, MDA-MB-231. Since
fluorescence assays indicate that the 5,15-isomers (Glu/SPy/
Glu/SPy and Glu/SPy+/Glu/SPy+) do not bind efficiently to
these cells they were not evaluated. The uncharged 5,10-
isomer Glu/Glu/SPy/SPy and its cationic derivative, Glu/
Glu/SPy+/SPy+, were evaluated at 10 and 2.5 µM and
compared to the Glu/Glu/Glu/Glu compound. After incuba-

tion for 20 h, the cells were washed 3–5 times to remove
unbound porphyrin materials and irradiated for 20 min with
white light from a 13 W fluorescent bulb (0.9 mW/cm2).
Cell death was monitored by trypan blue dye staining over
a 24 h period, wherein cells stained blue were counted using
a hemacytometer and considered nonviable.

With 10 µM of all three compounds, more than 25% of
the cells are necrotic immediately after light irradiation under
the specified conditions (Figure 2A). The assay also reveals
that the percentage of nonviable cells for Glu/Glu/SPy+/SPy+

and Glu/Glu/Glu/Glu continues to increase with time to
>80% after 24 h. The cell density is observed to increase,
during this time, so some of the treated cells are able to
divide. The persistent increase in the percentage of nonviable
cells over 24 h implies a secondary mechanism, i.e. cell death
via apoptosis.88,94–97 The uncharged Glu/Glu/SPy/SPy showed
less than 60% cell death over 24 h and was therefore not
evaluated at the lower concentration. One may speculate that
the uncharged Glu/Glu/SPy/SPy remains aggregated in the
cell, so are poorly fluorescent and have significantly dimin-
ished triplet quantum yields.24,98

The cationic Glu/Glu/SPy+/SPy+ was evaluated at 2.5 µM
and compared to the Glu/Glu/Glu/Glu standard (Figure 2B).
At this concentration, ca. 40% of the cells are found to be
necrotic just after exposure to the light. The percentage of
nonviable cells continues to increase to >60% over a 24 h
period. When the cells are treated with this 4-fold lower
concentration of Glu/Glu/Glu/Glu more cells were found to
be necrotic immediately following the irradiating light (43%
vs 28%). While for cells treated with Glu/Glu/SPy+/SPy+,
there was a decrease in the percentage of necrotic cells just
after light exposure (57% vs 37%). This can be explained
by the normalized absorption spectra for varying concentra-
tions of the Glu/Glu/Glu/Glu porphyrin in aqueous solution
(PBS), where the half-width of the Soret band broadens with
increasing concentrations, which is interpreted as indicating
aggregation of the chromophores (see the Supporting
Information).99,100 Since dye aggregates are less efficient in
forming excited state triplets, one expects reduced PDT
activity, as observed.

Mixed Aryl Porphyrin Analogues of the Porphyrins
Selected from L1. The compounds selected from L1 and
studied above have the pyridinium moiety attached to the
tetrafluorophenyl group on the macrocycle. Thus, these
compounds have different hydrophobic properties and polari-
ties than porphyrins bearing the pyridinium directly on the
meso position that we53 and other groups24,50 have studied.
Secondly, the molecular dynamics of the pyridinium-S-
tetrafluorophenyl bonds have an impact on the molecular
properties of these compounds. Thus, the molecular proper-
ties of Glu/Glu/SPy/SPy and Glu/Glu/SPy+/SPy+ that dictate
intermolecular interactions, especially the formation of
aggregates in aqueous solutions, may be significantly dif-
ferent than compounds wherein the pyridinium moiety is
directly attached to the porphyrin. The reduced dynamics
and increased charge density per molecular volume may play
a role in cell uptake.

To investigate these differences in hydrophobicity and
dynamics on aggregation and cell uptake, we made analogues
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of the selected compounds wherein the pyridinium is directly
attached to the porphyrin. The reaction of pyrrole with
pentafluorobenzaldehyde and 4-pyridinecarboxaldehyde (2:
1:1 equiv) results in a statistical mixture of six porphyrins
that are readily separated by flash chromatography.101 This
facile, scalable reaction affords three of the desired porphyrin
cores wherein the pentafluorophenyl and pyridyl groups can
be separated and quantitatively modified (Scheme 3). The
coupling of thiols to the pentafluorophenyl groups of these
mixed aryl porphyrins proceeds with similar yields as
TPPF20.

Uptake by Breast Cancer Cells. Each of the analogues
of the selected compounds from the combinatorial library
(Scheme 3) were incubated with MDA-MB-231 cells at 5
µM for 20 h. Following this period, the cells were rinsed
with PBS to remove unbound porphyrin and fixed with 4%
paraformaldehyde. Using fluorescence microscopy, the fluo-
rescence intensity and uptake/binding of each isomer was
evaluated. For cells treated with Glu/Glu/Glu/Py, Py+/Py+/

Py+/Glu, Glu/Glu/Py+/Py+, and the standards Py+/Py+/Py+/
Py+ and Glu/Glu/Glu/Glu, the fluorescence micrographs
yield relative intensities of 1:1.2:1.4:1.2:1.4, respectively
(Figure 3). The fluorescence intensities of cells treated with
Glu/Py+/Glu/Py+, Glu/Glu/Py/Py, Glu/Py/Py/Py, and Glu/
Glu/Glu/Py+ are negligible. Thus, the Glu/Glu/Glu/Glu and
Glu/Glu/Py+/Py+ derivatives are the best binders to this cell
line. Consistent with previous reports,5 this study also shows
that cationic species bind better than uncharged species.

Optical properties. For the amphipathic porphyrins in
aqueous solvents there is a broadening of the Soret bands
near 418 nm and red or blue shifts of Q bands compared to
the spectra in methanol or to compounds freely soluble in
water such as the Py+/Py+/Py+/Py+ porphyrin. The UV–vis
data suggests significant aggregation of especially the
uncharged mixed aryl porphyrins, yet some degree of
aggregation is indicated for the other macrocycles as well.
Despite the peripheral hydrophilic moieties, the porphyrin
core remains hydrophobic and π-stacking is still possible.

Figure 2. Photodynamic activity of (A) 10 µM Glu/Glu/SPy/SPy and its charged analogue Glu/Glu/SPy+/SPy+ compared to Glu/Glu/Glu/
Glu and (B) 2.5 µM of the Glu/Glu/SPy+/SPy+ and Glu/Glu/Glu/Glu porphyrin derivatives. MDA-MB-231 cell death over a 24 h period
was quantified by trypan blue staining. Cells were irradiated with white light from a 13 W fluorescent bulb for 20 min (0.9 mW/cm2 ) 10.8
kJ/m2). Results are the average of three independent trials (1 SD.
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Additionally, hydrogen-bonding and electrostatic interactions
are weaker, but not eliminated in water. Since all of these
intermolecular forces are in equilibrium, the relative con-
centrations largely dictate the degree of aggregation, e.g. as
observed for the Glu/Glu/Glu/Glu compound.

The triplet quantum yield for TPP is 80% ( 10%, and
for TPPF20, it is >80%.102 The fluorescence quantum yields
of the mixed aryl derivatives and other derivatives in
methanol and PBS were evaluated. These calculations
suggest that the Glu/Glu/Glu/Glu, with a reduced fluores-
cence quantum yield of ΦF ) 7% in methanol and PBS, has
a concomitantly greater triplet quantum yield than the parent
TPPF20. This effect is probably due both to the electronic
differences and to replacing the fluorides with the sulfur
atoms. The importance of the triplet quantum yield is that it
is the triplet state that sensitizes the formation of singlet
oxygen, which, as mentioned before, is the dominant pathway
to cellular necrosis or induction of apoptosis. Thus, the
quantum yields of singlet oxygen (Φox) are expected to be
greater compared to nonfluorinated porphyrin derivatives
such as tetraphenylporphyrin. Although the fluorescence
quantum yield of these porphyrins is 6–10% in methanol
and 3–8% in PBS, the large extinction coefficient (∼2 ×
105 M-1 cm-1) and extended integration times permit the
observation of ca. 100 nM concentrations by fluorescence
microscopy. Note that the major porphyrin derivatives studied
in this research have similar fluorescence quantum yields in
both methanol and PBS media; therefore, the observed
relative intensities should be proportional to the quantities
of porphyrins inside the cells. The exceptions to this are the
macrocycles with neutral, pyridyl groups, which may be

obfuscated by a small degree of aggregation that is not clearly
visible in the UV–visible spectra.

Conclusion

A simple, one-step reaction to functionalize the TPPF20

porphyrin platform with different primary thio reagents
results in solution-phase combinatorial libraries with 21, 55,
and 666 members. These porphyrin libraries bearing carbo-
hydrate, polar pyridyl, and alkane moieties were synthesized
and characterized by mass spectrometry. A proof-of-principle
method based on mass spectral identification of winning
compounds selected by human breast cancer MDA-MB-231
cells indicates that two pyridyl and two sugar motifs are
important for binding. Synthesis and evaluation of the two
possible isomers containing two pyridyl and two glucosyl
moieties reveals that the isomer with the sugars on one side
and the polar groups on the other side of the macrocycle
bind this cell line better than the arrangement with the sugars
on opposite sides. In addition, although nucleophilic thio and
amine reagents can substitute and react with the pentafluo-
rophenyl corrole, the reactivities of these nucleophiles are
not uniform towards the triPCF15 system, and thus at present,
the corrole is not as efficient as a core for the formation of
solution-phase combinatorial libraries as TPPF20. An unex-
pected finding is that several of these compounds form stable
10–30 nm nanoparticles which are readily taken up by the
cells. This last observation may afford a mechanism to
deliver porphyrinoids across the blood–brain barrier. Ag-
gregation is a complex equilibrium phenomena that depends
on the intermolecular interactions between the porphyrins
(so varies with molecular structure), the conditions (which
vary dramatically from solution to the specific location in
the cell), and dynamics (e.g. the role of cellular processes).
The issue of aggregation is an important consideration in
drug efficacy and will be the subject of a future report.

Experimental Methods

General. UV–visible spectra were recorded with a Cary
spectrophotometer system. Absorption maxima are given in
nanometers (solutions in methanol, unless otherwise indi-
cated). Electrospray ionization mass spectra (ESI-MS) were
recorded on an Agilent 1100 LC/MSD equipped with a diode
array detector. Results are given as m/z + H+ (relative
intensity). 1H NMR was run on a Bruker Avance 300 or
500 MHz spectrometer. Chemical shifts are reported in parts
per million (ppm). Baker-flex (J. T. Baker) silica gel IB2
precoated sheets (2.5 cm × 7.5 cm) were used for analytical
thin layer chromatography (TLC) and silica gel 60 Å supplied
by Sorbent Technologies, Inc. was used for column chro-
matography. Basic alumina (J. T. Baker) was also used.
Preparative TLC was carried out using EM Science (Merck)
silica gel 60 Å. All solvents (Fischer Scientific HPLC grade)
were used without further purification. 5,10,15-Tris-pen-
tafluorophenylcorrole (triPCF15) was purchased from Frontier
Scientific. 5,10,15,20-Tetrakis(pentafluorophenyl)porphyrin
(TPPF20) was either purchased from Aldrich or Frontier
Scientific.

Synthesis. The porphyrins bearing different meso aryl
groups (5,10-bis-pentafluorophenyl-15,20-di-pyridin-4-yl-

Scheme 3. Mixed Aryl Porphyrin Derivatives with the
Pyridyl and Pyridinium Moieties Directly Attached to the
Macrocycle
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porphyrin (F/F/Py/Py), 5,15-bis-pentafluorophenyl-10,20-di-
pyridin-4-yl-porphyrin (F/Py/F/Py), and 5-pentafluorophenyl-
10,15,20-tri-pyridin-4-yl-porphyrin(F/Py/Py/Py))weresynthesized
by the typical mixed aldehyde condensation method101 with
pyrrole, pyridyl-4-carboxaldehyde, and pentafluorobenzal-
dehyde in propionic acid. Synthesis of 2,3,4,6-tetra-O-acetyl-
glucosylthioacetate has been reported earlier.6

Synthetic Methods to Couple Thio Reagents to TPPF20

and the Mixed Aryl Porphyrins. Generally, a mixture of
porphyrin, thio reagent, and diethyl amine were stirred in
DMF in the dark under nitrogen at room temperature. After
evaporation of the solvent (50 °C and reduced pressure), the
crude product was purified by silica gel flash column
chromatography using increasingly polar eluents (chloroform/
methanol or dichloromethane/methanol). The major fraction
was collected and subjected to one more column chromatog-
raphies.

5,10,15,20-Tetrakis[4-(6′-thio-purine riboside)-2,3,5,6-
tetrafluorophenyl]porphyrin (Ribo/Ribo/Ribo/Ribo). A
mixture of TPPF20 (10 mg, 10.2 µmol), 6-mercaptopurine
riboside (93.3 mg, 328.6 µmol), and diethyl amine (40 µL,
388 µmol) were stirred in DMF (3 mL) for 5 days. Flash
chromatography used a chloroform/methanol solvent mixture,
80:20 v/v. The major fraction was collected and subjected
to a second column, first using 90:10 v/v chloroform/
methanol to remove partially reacted porphyrins and then
with 80:20 v/v of the same solvents to isolate the product.

Yield: 7.8 mg, 38%. UV–vis (CHCl3/ CH3OH): 415, 507,
540(s), 583, and 641. ESI-MS: 2053 (M + Na+)

5,10,15,20-Tetrakis[4-(1′-thio-1′H,1′H,2′H,2′H-per-
fluorododecyl)-2,3,5,6-tetrafluorophenyl]porphyrin
(C12F21/C12F21/C12F21/C12F21). 1H,1H,2H,2H-Perfluorodode-
cane-1-thiol (65 mg, 112 µmol) was dissolved in 3 mL ethyl
acetate/DMF (2:1 v/v), and DEA (20 µL, 194 µmol) was
added. TPPF20 (11.5 mg, 11.8 µmol), dissolved in a minimum
amount of DMF (∼1 mL), was added to this solution, and
N2 was bubbled through this solution for 2–3 min. The
product precipitated and was collected by filtration, redis-
solved in hot acetone, and purified by silica gel chromatog-
raphy using hexane/acetone (9:1 v/v) initially followed by
hexane/acetone (3:1 v/v). Yield 36.8 mg, 97%. UV–vis
(acetone): 411, 503, 536(s), 581, and 644. MALDI-MS: 3215
(MH+).

5,10,15-Tris-[4-(1′-thio-2′ ,3′ ,4′ ,6′-O-acetyl-glucosyl)-
2,3,5,6-tetrafluorophenyl]- 20-(pyridin-4-yl)porphyrin
(GluAc/GluAc/GluAc/Py). A mixture of F/F/F/Py (20 mg,
22.5µmol), 2,3,4,6-tetra-O-acetyl-glucosylthioacetate (55 mg,
135 µmol), and diethyl amine (46 µL, 450 µmol) was stirred
in a mixture of DMF, chloroform, and methanol (4:4:1 v/v,
3,mL). The product was purified by flash column chroma-
tography using dichloromethane/methanol, (98:2 v/v) mix-
ture. Yield 36 mg, 83%. 1H NMR (500 MHz, CDCl3): δ )
9.12 (d, J ) 2.54 Hz, 2H), 8.99 (m, 8H), 8.22 (d, J ) 4.7
Hz, 2H), 5.41 (t, 3H), 5.24 (m, 9H), 4.34 (s, 6H), 3.92 (m,

Figure 3. Different affinities of pyridinium functionalized glycosylated porphyrins toward human breast cancer MDA-MB-231 cells assayed
by fluorescence images and compared with the tetraglucose porphyrin (5 µM incubated with cells followed by rinsing and fixing the cells).
For cells treated with 5 µM Glu/Glu/Glu/Py, Glu/Py+/Py+/Py+, Py+/Py+/Py+/Py+, Glu/Glu/Py+/Py+, and Glu/Glu/Glu/Glu, the fluorescence
intensity ratios are 1:1.2:1.2:1.4:1.4, respectively. The fluorescence intensities of cells treated with 5 µM Glu/Py+/Glu/Py+, Glu/Glu/Py/Py,
Glu/Py/Py/Py, and Glu/Glu/Glu/Py+ are significantly less. The magnification is 60×.
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3H), 2.25 (m, 9H), 2.10 (m, 27H), and -2.82 (s, 2H). UV–vis
(CHCl3): 415, 511, 543, 586, and 642. ESI-MS: 1918 (MH+)
and 1940 (M + Na+).

5,10-Bis-[4-(1′ -thio-2′ ,3′ ,4′ ,6′ -O-acetyl-glucosyl)-
2,3,5,6-tetrafluorophenyl]-15,20-di-(pyridin-4-yl)porphyrin
(GluAc/GluAc/Py/Py). A mixture of F/F/Py/Py (20 mg, 25.1
µmol), 2,3,4,6-tetra-O-acetyl-glucosylthioacetate (41 mg,
100.9 µmol), and diethyl amine (51 µL, 494 µmol) was
stirred in a solvent mixture of DMF, chloroform, and
methanol (4: 4:1 v/v, 3 mL), for 24 h. The crude product
was purified by flash column chromatography using dichlo-
romethane/methanol, 97:3 v/v. Yield 30.5 mg, 82%. 1H NMR
(500 MHz, CDCl3): δ ) 9.12 (d, J ) 5.1 Hz, 4H), 8.96 (m,
8H), 8.22 (d, J ) 5.1 Hz, 4H), 5.40 (t, 2H), 5.23 (m, 6H),
4.33 (s, 4H), 3.92 (m, 2H), 2.25 (m, 6H), 2.10 (m, 18H),
and -2.81 (s, 2H). UV–vis (CHCl3): 416, 511, 543, and 586.
ESI-MS: 1485 (MH+)

5,15-Bis-[4-(1′ -thio-2′ ,3′ ,4′ ,6′ -O-acetyl-glucosyl)-
2,3,5,6-tetrafluorophenyl]-10,20-di-(pyridin-4-yl)porphyrin
(GluAc/Py/GluAc/Py). F/Py/F/Py (20 mg, 25.1 µmol),
2,3,4,6-tetra-O-acetyl-glucosylthioacetate (41 mg, 100.9 µmol),
and diethyl amine (51 µL, 494 µmol) were stirred in DMF/
chloroform/methanol (4:4:1 v/v, 3 mL) for 24 h. The eluent
used for column chromatography was dichloromethane/
methanol, 97:3 v/v. Yield 31 mg, 84%. 1H NMR (500 MHz,
CDCl3): δ ) 9.15 (d, J ) 5.2 Hz, 4H), 8.98 (m, 8H), 8.31
(s, 4H), 5.39 (t, 2H), 5.25 (m, 6H), 4.33 (s, 4H), 3.92 (m,
2H), 2.22 (m, 6H), 2.10 (m,18H), and -2.81 (s, 2H). UV–vis
(CHCl3): 415, 509, 542, 584, and 641. ESI-MS: 1485 (MH+)
and 1507 (M + Na+).

5- [4 - (1 ′ -Thio -2 ′ , 3 ′ , 4 ′ , 6 ′ -O -ace ty l -g lucosy l ) -
2,3,5,6-tetrafluorophenyl]-10,15,20-tri-(pyridin-4-yl)porphyrin
(GluAc/Py/Py/Py). A mixture of F/Py/Py/Py (20 mg,
28.2µmol), 2,3,4,6-tetra-O-acetyl-glucosylthioacetate (23 mg,
56.4 µmol, and diethyl amine (58 µL, 564 µmol) was stirred
in a mixture of DMF, chloroform, and methanol (4:4:1 v/v,
3 mL). The eluent for column chromatography was a
dichloromethane/methanol (97:3 v/v) mixture. Yield 27 mg,
90%. 1H NMR (500 MHz, CDCl3): δ ) 9.11 (d, J ) 4.8
Hz, 6H), 8.94 (m, 8H), 8.21 (d, J ) 5.3 Hz, 6H), 5.39 (t,
1H), 5.23 (m, 3H), 4.33 (s, 2H), 3.90 (m, 1H), 2.25 (m, 3H),
2.11 (m, 9H), and -2.85 (s, 2H). UV–vis (CHCl3): 415, 511,
543, 586, and 642. ESI-MS: 1052 (MH+).

Synthesis of a 21-Member Porphyrin Library. A
mixture of TPPF20 (30 mg, 30.8 µmol), 2,3,4,6-tetra-O-
acetylglucosylthioacetate (17.1 mg, 42.1 µmol), 2,3,4-tri-O-
acetyl-xylosylthioacetate (14.1 mg, 42.1 µmol), 4-mercap-
topyridine (4.7 mg, 42.1 µmol), and diethylamine (63.6 µL,
616 µmol) was stirred in DMF in the dark under nitrogen at
room temperature for 24 h. The solvent was evaporated, and
the library was subjected to ESI-MS without purification.
The library (5 mg, 2.87 µmol) was stirred with sodium
methoxide (53.5 µL of 0.5 M in CH3OH, 2.87 µmol) in dry
CH3OH/CH2Cl2 (10 mL, 9:1) for 1 h, followed by neutral-
ization with a pH 7.2 ammonium acetate buffer. A large
excess of NaOCH3 should be avoided as it partially cleaves
the porphyrin–saccharide conjugate. The solvents were
evaporated, and the library was subjected to MALDI-MS.

Synthesis of a 666-Member Porphyrin Library. R )
Glu, Xyl, SPy, SPen, SHex, SOct, SBrBzyl. A mixture of
TPPF20 (15.4 mg, 15.8 µmol), 2,3,4,6-tetra-O-acetyl-gluco-
sylthioacetate (6.36 mg, 15.8 µmol), 2,3,4-tri-O-acetyl-
xylosylthioacetate (5.28 mg, 15.8 µmol), 4-mercaptopyridine
(1.76 mg, 15.8 µmol), thiopentane (1.65 mg, 15.8 µmol),
thiohexane (1.87 mg, 15.8 µmol), thiooctane (2.31 mg, 15.8
µmol) 4-bromo-phenylmethanethiol (3.20 mg, 15.8 µmol),
and diethyl amine (65 µL, 632 µmol) were stirred in DMF
(4 mL) for 1 day in the dark under nitrogen at room
temperature. After evaporation of the solvent at reduced
pressure at 50 °C, the crude product was subjected to ESI-
MS.

Synthesis of Winning Compounds 5,15-Di-[4-
(1′-thio-2′,3′,4′,6′-O-acetyl-glucosyl)-2′,3′,5′,6′-tetrafluorophenyl]-
10,20-di-[4-(4′-thiopyridy)l-2,3,5,6-tetrafluorophenyl]-
porphyrin (GluAc/SPy/GluAc/SPy) and 5,10-Di-[4-(1′-thio-
2′,3′,4′,6′-O-acetyl-glucosyl)-2′,3′,5′,6′-tetrafluorophenyl]-
15,20-di-[4(-4′-thiopyridy)l-2,3,5,6-tetrafluorophenyl]-
porphyrin (GluAc/GluAc/SPy/SPy). A mixture of TPPF20

(30 mg, 30.8 µmol), 2,3,4,6-tetra-O-acetyl-glucosylthioac-
etate (25.0 mg, 61.6 µmol), 4-mercaptopyridine (6.8 mg, 61.6
µmol), and diethylamine (63.6 µL, 616 µmol) was stirred in
DMF in the dark under nitrogen at room temperature for
24 h. The resulting mixture was subjected to a flash silica
gel column using a 0–3% gradient of methanol in methylene
chloride as eluent, followed by preparatory thin layer
chromatography using 5% methanol in methylene chloride
as eluent to obtain the acetate protected glucose 5,15-glycosyl
and 5,10-glycosyl TPPF16 isomers with yields of 6.9% and
10.0%, respectively. 5,15-glycosyl isomer: 1H-NMR (500
MHz, CDCl3 ): δ ) 9.00 (m, 8H), 8.63 (s (br), 4H), 7.41 (s
(br)), 5.39 (t, 2H), 5.24 (m, 6H), 4.34 (m, 4H), 3.93 (m,
2H), 2.25 (m, 6H), 2.10 (m, 18H), and -2.82 (s, 2H). UV–vis
(CH2Cl2) λmax, nm: 415, 508, 542, 584, and 638. ESI-MS:
1845 (MH+). 5,10-glycosyl isomer: 1H-NMR (500 MHz,
CDCl3 ): δ ) 9.04 (m, 8H), 8.68 (d, J ) 3.88Hz, 4H), 7.40
(d, J ) 5.93, 4H), 5.40 (t, 2H), 5.24 (m, 6H), 4.34 (m, 4H),
3.93 (m, 2H), 2.25 (m, 6H), 2.10 (m, 18H), and -2.79 (s,
2H). UV–vis (CH2Cl2) λmax, nm: 415, 508, 542, 584, and
638. ESI-MS: 1845 (MH+)

Quaternization and Deprotection of Porphyrins Hav-
ing Pyridyl and Glucose Functions. The formation of the
quaternary pyridinium groups on the porphyrins was ac-
complished by stirring a slight excess of CH3I in CH2Cl2

containing minimum amount of CH3OH at 40 °C overnight.
After evaporation of the solvent under reduced pressure, the
porphyrins were dissolved in a 1:1 CH2Cl2/CH3OH mixture
and passed through a column packed with prewashed
Amberlite IRA-900 ion exchange resin to exchange the I–

for Cl-. The cationic porphyrins were then purified by
precipitation from hexanes.

Deprotection of the acetate-protected thioglucose was
carried out by treating the compounds with a stoichiometric
amount NaOCH3 per acetate group at room temperature in
a 9:1 v/v solution of methanol/methylene chloride for 1 h.
The solution was then neutralized to a pH of 7.2 with an
ammonium acetate buffer and purified by precipitation using
hexane and/or diethyl ether. The mass spectral details of all
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the cationic as well as deprotected glucose porphyrins are
given in the Supporting Information.

Cell Culture. Cells were maintained in Dulbecco′s modi-
fied eagle medium (DMEM), 10% bovine calf serum, and
1% antimycotic at 37 0C and in a 5% CO2 atmosphere.6 For
experiments, 2 × 105 cells/mL were seeded in cell culture
plates and then allowed to grow for 24 h.

Extraction of the 21-Member Library from Human
Breast Cancer (MDA-MB-231) Cells. The 21-member
library (6.74 mM) dissolved in 144 µL CH3OH was added
to 10 mL culture medium in 100 mm cell culture dishes to
make a final concentration of 100 µM in total porphyrin
concentration (1–5 µM per member). Twenty-four hours
later, the cells were rinsed with medium to wash off any
unbound porphyrins and collected in an Eppendorf tube with
a rubber policeman in 0.5 mL distilled water. The cells from
two of these were used in the following steps. A 1.5 mL
portion of 2-chloroethanol was added to the mixture and
sonicated for 1.5 min with pulses on ice. Solvents were
evaporated and 300 µL of CH3OH was added. The mixture
was centrifuged, and the supernatant was collected. The
solvent was evaporated again, and 100 µL of CH3OH was
added. The mixture was centrifuged again; the supernatant
was collected and submitted for MALDI-MS analysis.

Fluorescence Imaging of Cells. Cells were plated onto
cover slips in cell culture dishes. Porphyrins (dissolved in
methanol) were added to the cultures to a final concentration
of 2–10 µM. Twenty-four hours later, cells were washed
twice with PBS (136 mM NaCl, 2.6 mM KCl, 1.4 mM
KH2PO4, and 4.2 mM Na2HPO4) and fixed in 4% paraform-
aldehyde solution in PBS for 20 min at room temperature.
The cells were then washed with PBS 3–5 times. The cover
slips were mounted in Dako fluorescent mounting medium,
put onto slides, air dried, and then visualized using a Nikon
Optiphot 2 fluorescence microscope where images were
captured as high quality TIFF files. (excitation 505-565 nm
and emission 565-685 nm). For comparison and to record
cell morphology, images were also captured as JPEG images
using a phase contrast light microscope. For each set of
experiments, cells were cultured and the fluorescence images
were taken under identical culture and microscopic condi-
tions. Quantitative comparisons of fluorescence intensities
of the fluorescence micrographs were calculated by the FLim
program.78
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