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Studies on the synthesis, structural elucidation, and biological evaluation of new conjugates
of poly-S-lysine with meso-substituted porphyrins are described. The new conjugates were used
in the photoinactivation of antibiotic-resistant Gram-positive bacteria (Staphylococcus aureus
strains ATCC 25923 and MRSA 110) and Gram-negative bacteria (Escherichia coli strain O4).
The results show that the cationic conjugates are able to photosensitize the efficient inactivation
of both types of bacteria.

Introduction

With the increasing number of antibiotic resistant
strains of microorganisms, it is extremely important to
find alternative treatments for microbial infections. The
possibility of using photodynamic therapy (PDT) as a
nonantibiotic approach for killing pathogenic microor-
ganisms seems to be very promising.1,2 The photody-
namic destruction of microorganisms is based on the
ability of certain photosensitizers, when activated by
light, to generate reactive oxygen species that are able
to destroy or affect bacterial membranes.3

Recent works4,5 have shown that cationic photosen-
sitizers are able to induce the photoinactivation of
Gram-positive [Gram (+)] and Gram-negative [Gram
(-)] bacteria without the addition of membrane-perme-
abilizing agents, such as polymixin or Tris-EDTA. These
results are extremely important, especially due to the
resistance of Gram (-) bacteria to the direct action of
neutral and anionic photosensitizers.6

Following our interest in the development of porphy-
rins with potential use in medicine,7 we report here the
synthesis of new conjugates of poly-S-lysine with neutral
and cationic meso-tetra-substituted porphyrins. The
photosensitizing efficiency of the newly synthesized
derivatives was tested against antibiotic-resistant Gram
(+) bacteria (Staphylococcus aureus strain ATCC 25923
and methycillin-resistant Staphylococcus aureus strain
MRSA 110) and Gram (-) bacteria (Escherichia coli
strain O4).

Chemistry. Synthesis of Porphyrin-Poly-S-lysine
Conjugates. Porphyrin 1 was obtained from a crossed
Rothemund reaction using 4-pyridinecarbaldehyde,
4-formylbenzoic acid, and pyrrole in refluxing acetic acid
and nitrobenzene.8 Attempts to couple porphyrin 1
directly to poly-S-lysine did not lead to the desired
conjugate 5. This fact prompted us to prepare the
activated porphyrin 2 (Scheme 1) and then to use it in
the coupling reaction. Porphyrin 2 was obtained in two
steps, in 91% global yield. Treatment of porphyrin 1

with thionyl chloride afforded the corresponding acyl
chloride; addition of N-hydroxysuccinimide to this in-
termediate yielded the desired compound 2. The cationic
porphyrins 3 and 4 were obtained from the reaction of
porphyrins 1 and 2 with a large excess of methyl iodide
in dry DMF (Scheme 1). The products were obtained
pure and in excellent yields (higher than 90%) from the
reaction mixture by precipitation with diethyl ether,
filtration, and recrystallization.

The porphyrin-polylysine conjugates 5 and 6 (Scheme
2) were prepared by reacting poly-S-lysine hydrobro-
mide oligomers, with molecular weights between 1000
and 4000, with porphyrins 2 and 4, respectively. After
24 h at 40 °C all the porphyrin derivative 2 was
consumed. The reaction of polylysine with porphyrin 4
was less efficient than that with 2 since after 24 h some
unreacted porphyrin 4 and/or its corresponding acid 3
could be detected by TLC. To remove unreacted por-
phyrins, the reaction mixtures were dialyzed during 48
h using membranes of 1000 MW cutoff successively
against three aqueous solutions of hydrochloric acid
(1%) in methanol (1:1). Using TLC it was then concluded
that all the remaining porphyrin was covalently bound
to the poly-S-lysine. The red nondiffusible material
solutions were concentrated to a few milliliters under
reduced pressure, at 35 °C. The resulting solutions were
frozen in liquid nitrogen and lyophilized to obtain the
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conjugates 5 and 6 . The degree of porphyrin linked to
the polylysine chains was estimated as ca. 30% (w/w)
by UV-vis using the Soret molar extinction coefficients
of porphyrin 1 (log ε418 nm ) 5.61) and of porphyrin 3
(log ε425 nm ) 5.34), respectively, for polymers 5 and 6.
The porphyrin-polylysine conjugate 7 with fully quat-
ernized ε-amino groups (Scheme 2) was obtained by
treating the derivative 5, before dialysis, with a large
excess of methyl iodide. The reaction was carried out
at 40 °C for 7 h. The polymer was purified by dialysis
using the protocol referred above.

Biological Evaluation. Photosensitizers. The stock
solutions of the photosensitizers were prepared as
follows: the neutral porphyrin 1 in DMSO, the poly-S-
lysine conjugate 5 in DMSO with 10% of water, and the
cationic derivatives 3, 6, and 7 in PBS (10 µM phosphate-
buffered saline, pH 7.4). The concentration of each
photosensitizer in the stock solutions was determined
by UV-vis using the Soret molar extinction coefficient
of porphyrin 1 for polymer 5 and the one of porphyrin 3
for polymers 6 and 7.

The solutions of the two neutral compounds 1 and 5
to be used were then prepared in PBS/DMSO (95:5) and
in PBS for the cationic ones (3, 6, and 7).

Bacterial Strains. Staphylococcus aureus strain
ATCC 25923, methycillin-resistant Staphylococcus au-
reus strain MRSA 110, and Escherichia coli strain O4
were grown aerobically at 37 °C in brain heart agar
(BHA). The cells in the stationary phase of growth were
harvested to a tube with brain heart infusion (BHI) at
37 °C, centrifuged (3000 rpm for 10 min), washed two
times with PBS, and diluted with the same buffer to
an optical density of ca. 0.7 at 650 nm, corresponding
to 108 to 109 cells/mL.

Cellular Uptake of Porphyrins. The cellular up-
take was determined by incubating suspensions of
bacteria (108 to 109 cells/mL) for 10 min in the dark at
room temperature with the same photosensitizer con-
centrations as used in the inactivation studies. Then,
those suspensions were centrifuged (3000 rpm for 10
min), and the photosensitizer solution was removed by
suction and the cell pellet was dissolved by digesting it
in 0.5 mL of 2% aqueous SDS to give a homogeneous
solution.

The concentration of the porphyrin was determined
by spectrophotofluorimetric analysis, and the protein
content of the cell extract was determined by a modified
Lowry method with bovine serum albumin to obtain

calibration curves. Recoveries were expressed as nmol
of photosensitizer per mg of cell protein.

Cell Survival Assays at Different Concentra-
tions of the Photosensitizer. The phototoxicity of the
various photosensitizers was determined by incubating
suspensions of bacteria (108 to 109 cells/mL) with
appropriate concentrations of photosensitizer for 10 min,
in the dark and at room temperature, followed by
irradiation with white light, at a fluence rate of 50 mW/
cm2 for 30 min. The dark toxicity was determined under
the same conditions but without irradiation. Typically,
the suspensions were serially diluted with PBS, each
dilution was plated on BHA, and the colonies formed
after 16-20 h incubation at 37 °C were counted. Percent
survival was calculated by dividing the number of colony
forming units (cfu) from cells incubated with a photo-
sensitizer by the number of cfu from controls (without
photosensitizer).

Irradiation of the cells in the absence of a photosen-
sitizer caused no detectable decrease in cell survival.

Cell Survival Assays at Different Irradiation
Times. The cell survival studies at different irradiation
times were accomplished by incubation of suspensions
(108 to 109 cells/mL) of S. aureus ATCC 25923 and
MRSA 110 with 0.1 µM solutions of photosensitizer, as
well as of E. coli O4, with 1 µM solutions of photosen-
sitizer. The incubations were carried out for 10 min in
the dark and at room temperature. The suspensions
were irradiated for different periods of time with white
light at a fluence-rate of 50 mW/cm2. The determination
of cell survival, as a function of the irradiation time,
was performed by counting the cfu and dividing it by
the number of cfu from controls (without photosensi-
tizer).

Results and Discussion

The antibacterial efficiencies of the polylysine deriva-
tives 5, 6, and 7, and their porphyrinic precursors 1 and
3, were tested against the Gram (+) bacteria S. aureus
ATCC and MRSA, and against the Gram (-) bacterium
E. coli.

Photostability of Compounds. The photostability
of the various porphyrin derivatives is shown in Table
1.9 In all cases, exposure of the porphyrins to visible
light caused a decrease in the intensity of the visible
absorption bands, which is indicative of an irreversible
destruction of the tetrapyrrolic macrocycle. Such a
process is generally defined as photobleaching.2 The
data in Table 1 clearly suggest that all our compounds
show a high photostability under the conditions used
for the PDT tests. Other widely used porphyrin deriva-
tives, such as hematoporphyrin and protoporphyrin-IX
are photobleached far more than 50% when irradiated
under the same experimental conditions (unpublished
data from our laboratories). The reduced extent of

Scheme 2 Table 1. Photostability Percentage of the Photosensitizers
after Irradiation with White Light for Different Periods of Time

irradiation time (min)

compd 0 1 3 5 10 20 30

1 100 99 97 96 94 90 85
3 100 93 86 83 77 72 67
5 100 98 98 97 97 95 95
6 100 100 98 94 93 91 89
7 100 92 88 86 84 80 75
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photodegradation exhibited by compounds such as 1, 5,
and 6 would guarantee that the concentration of the
photoactive principle undergoes no important changes
during the required irradiation time in case of photo-
therapeutic applications.

Cellular Uptake Results. The uptake of the various
porphyrin samples by the three bacterial strains was
found to increase with the porphyrin dose in the 0.1-
10 µM range. The amount recovered was of the order of
porphyrin nanomoles per mg of cell protein. No plateau
value was apparently reached. In particular, the por-
phyrins exhibited an almost identical affinity for the
ATCC and MRSA S. aureus strains. On the other hand,
the neutral derivatives 1 and 5 showed a higher and
similar uptake in both cell types [Gram (+) and Gram
(-)] than the cationic derivatives. This behavior is
partially at a variance with that displayed by the
cationic derivatives 3, 6, and 7, which showed a similar
profile of uptake for the three strains studied, but the
accumulation by E. coli was approximately four times
smaller than by S. aureus.

Cell Survival Assays at Different Photosensi-
tizer Concentrations. The results obtained upon
studying the cytotoxic action of the various photosen-
sitizers on bacterial cells in the dark9 and upon il-
lumination are summarized in Table 2. No detectable
decrease in cell survival was observed upon dark
incubation. All porphyrin derivatives proved to be
efficient photosensitizers for the damage of both strains
of S. aureus, and, under the most favorable experimen-
tal conditions, drastic inhibitions (>6 log) of cell survival
were obtained. Remarkably, derivatives 1 and 5, which
lack any positive charge in the tetrapyrrolic macrocycle,
appear to be especially active against the ATCC and,
to a lesser extent, the MRSA strain of S. aureus in the
low (0.1-0.5 µM) concentration range, even though
under these conditions the amount of cell-bound pho-
tosensitizer was similar with that observed for the
cationic porphyrins (see Table 2). For concentrations
larger than 1 µM the cationic derivatives appeared to
yield more pronounced cytotoxic effects despite the
smaller binding affinity, while there was essentially no
difference in the degree of photosensitivity between the
two S. aureus strains. These findings confirm earlier
observations10 showing that the response of bacteria to
porphyrin photosensitization is independent of their
antibiotic resistance spectrum.

Apparently, E. coli is markedly less photosensitive
than the Gram (+) bacterial cells. Only the cationic
derivatives 3, 6, and 7 induced a significant (4-5 log)
cell lethality at concentrations in the 1-5 µM range, in
agreement with the hypothesis that electrostatic inter-
actions between the positive charges in the photosen-
sitizer and negative charges at the cell surface represent
a driving force in promoting the photosensitivity of

Gram (-) bacteria.11 The phototoxic effect was more
pronounced in the presence of the polylysine moiety. A
similar enhancing action was observed for polylysine-
porphycene conjugates,12 and it was ascribed to the
ability of the polylysine chain to interfere with the
highly organized structure of the outer wall typical of
Gram (-) bacteria, thereby increasing its permeability.6
Interestingly, for noncationic porphyrin derivatives,
such as 1 and 5, a kind of threshold concentration value
appears to exist in the 10 µM range, endowing them
with an overall phototoxicity against E. coli which is
quite similar with that shown by the cationic deriva-
tives. The binding of derivatives 1 and 5 with bacterial
cells at a 10 µM concentration is significantly larger
than that measured for their cationic counterparts, but
the same result obtains also at lower porphyrin con-
centrations. Therefore, the explanation of this unex-
pected phototoxic effect of neutral porphyrins 1 and 5
on E. coli requires further investigations.

Since the relatively low water solubility of compounds
1 and 5 required the use of a binary PBS/DMSO (95:5)
solvent mixture, we checked whether the presence of
5% DMSO could affect the photoprocess in any way, by
repeating the studies of S. aureus photoinactivation in
the presence of compound 6 dissolved in PBS/DMSO (95:
5). Marginal differences were observed.

Cell Survival Assays as a Function of the Ir-
radiation Time. These experiments were performed
by using cell suspensions with an overall volume of 3
mL containing 0.1 or 1 µM photosensitizer for Gram (+)
and Gram (-) bacteria, respectively. Such a protocol
allowed us to utilize one sample for each photokinetic
experiment, which generally required cell viability
assays at different irradiation times up to a maximum
of 30 min.

Such experiments, while confirming the order of
porphyrin photoactivity observed in the previous pho-
tosensitization studies pointed out that S. aureus MRSA
is more photoresistant than S. aureus ATCC to the
photosensitizing action of all porphyrins studied by us.
Under most favorable circumstances, the survival of the
wild and antibiotic-resistant S. aureus strains decreased
by about 5 and 3-4 log, respectively. In particular,
porphyrin 1 appears to be more efficient in promoting
the inactivation of S. aureus ATCC, while conjugate 6
exhibits a high phototoxicity against S. aureus MRSA.

The results obtained for the survival of E. coli cells
in the presence of 1 µM photosensitizers 3, 6, and 7
underlined the unusually high photoefficiency displayed
by derivative 6 which caused a 7 log drop in cell survival
just after 5 min of irradiation. Conjugate 7 also proved
to be very efficient after a 20 min irradiation. These
results and the negligible phototocicity of tricationic
porphyrin 3 confirmed the importance of the polylysine
moiety for inducing an extensive inactivation of this
Gram (-) bacterium.13

Conclusions

New conjugates of poly-S-lysine with neutral and
cationic meso-substituted porphyrins were efficiently
prepared, and the antibacterial efficiency of the new
polymers and of their porphyrinic precursors was tested
on the photoinactivation of antibiotic-resistant Gram (+)
and Gram (-) bacteria. The results show that all

Table 2. Porphyrin Dose (µM) Causing a 4-log Decrease in the
Survival of Selected Bacterial Strains upon White Light
Irradiation for 30 min at a Fluence-Rate of 50 mW/cm2

porphyrin S. aureus ATCC S. aureus MRSA E. coli

1 0.25 1.00 10.00
3 2.50 2.50 5.00
5 0.50 2.50 10.00
6 1.00 2.50 2.50
6* 1.00 1.00 -
7 0.50 2.50 10.00
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compounds studied were able to photoinactivate directly
both strains of S. aureus.

The photoinactivation of E. coli occurred only in the
presence of the cationic derivatives 3, 6, and 7. The
highest efficiency was obtained with conjugates 6 and
7; thus, positive charges are required to photoinactivate
Gram (-) cells and that polylysine significantly in-
creases the activity of the photosensitizers. However,
the extraordinary efficiency of 6 after 5 min of irradia-
tion when compared with 7 shows that the conversion
of the free amino groups into quaternary ammonium
ones in polylysine induces a smaller efficiency. From
these data we can conclude that the use of conjugate 6
represents the most convenient choice in order to
achieve the most efficient photosensitized inactivation
of both Gram (+) and Gram (-) bacteria.

These results are also promising for the progress of
any research work on the synthesis of novel porphyrin
derivatives and their potential application for the
inactivation of highly antibiotic-resistant Gram (+) and
Gram (-) bacteria. Potentially, this opens the possibility
to obtain a drug with a large spectrum of antimicrobial
activity.

Experimental Section
5-(4-Carboxyphenyl)-10,15,20-tris(4-pyridyl)porphy-

rin (1). 4-Formylbenzoic acid (1.27 g, 8.46 mmol, 1.2 equiv)
and 4-pyridinecarbaldehyde (2.00 mL, 20.9 mmol, 2.9 equiv)
were added to a refluxing mixture of glacial acetic acid (200
mL) and nitrobenzene (150 mL). After the dissolution of the
4-formylbenzoic acid, pyrrole (2.00 mL, 28.9 mmol, 4 equiv)
was added dropwise (ca. 4 min) to the mixture. The reaction
mixture was then refluxed for 1 h. The solvents were distilled
under reduced pressure, and the crude material was taken
into chloroform/methanol (85:15) and directly chromato-
graphed on a silica column using a mixture of chloroform/
methanol (85:15) as eluent. The first fraction was identified
by TLC as 5,10,15,20-tetrakis(4-pyridyl)porphyrin (93 mg, 3%).
The second fraction gave porphyrin 1 (257 mg, 6% yield) after
evaporation ofthe solvent and recrystallization from chloroform/
methanol(85:15)/acetone.

General Procedure for the Methylation of Porphyrins
1 and 2. To a stirred solution (or suspension) of porphyrins 1
and 2 in dry DMF (5 mL for 25 mg of porphyrin) was added a
large excess of methyl iodide, and the reaction mixture was
heated at 40 °C in one flask equipped with a condenser for
3-4 h. The progress was monitored by TLC using a mixture
of acetic acid/methanol/water (5:2:1) as eluent. When the
reactions were complete, the cationic porphyrins 3 or 4 were
precipitated with diethyl ether, filtered, and washed several
times with the same solvent. The solids were dissolved in
acetone/water (1:1) and reprecipitated with acetone. The
products were dried under reduced pressure.

Porphyrin-Polylysine Conjugate 5. Poly-S-lysine hy-
drobromide (29 mg) was dissolved in dry DMSO (19 mL), and
triethylamine (0.5 mL) was added to this solution. The
porphyrinic activated ester 2 (24.0 mg, 31.7 µmol), in dry
DMSO (10 mL), was then added dropwise at room tempera-
ture. The reaction mixture was stirred in the dark and under
nitrogen for 24 h at 40 °C. The coupling reaction was monitored
by TLC using chloroform or acetic acid/methanol/water(5:2:1)
as eluents. The reaction mixture was then dialyzed using
membranes of 1000 MW cutoff for 48 h against a 1:1 solutions
of aqueous hydrochloric acid (1%) and methanol (3 × 300 mL).
The retentate solution was concentrated to a few milliliters
under reduced pressure at a maximum temperature of 35 °C.
The resulting solution was frozen in liquid nitrogen and lyo-
philized to give 5‚nHCl (25.5 mg) as a green flocculated solid.

Porphyrin-Polylysine Conjugate 6. Poly-S-lysine hy-
drobromide (64 mg) was dissolved in dry DMSO (50 mL), and
triethylamine (1.5 mL) was added to this solution. The

porphyrinic activated ester 4 (80.0 mg, 67.6 µmol), dissolved
in dry DMSO (14 mL), was added dropwise at room temper-
ature. The mixture was stirred in the dark and under nitrogen
for 24 h at 40 °C. The progress of the reaction was monitored
for TLC using acetic acid/methanol/water(5:2:1) as eluent.
After the workup (as described for the preparation of conjugate
5), the conjugate 6‚nHCl (68.0 mg) was obtained as a green
flocculated solid.

Porphyrin-Polylysine Conjugate 7. The activated ester
2 (21.0 mg, 27.7 µmol) dissolved in dry DMSO (10 mL) was
added to a solution of poly-S-lysine hydrobromide (26 mg) in
dry DMSO (16 mL) and triethylamine (0.5 mL). After 24 h at
40 °C, the mixture was cooled to room temperature, and
methyl iodide (3 mL) was added. The mixture was stirred for
7 h at 40 °C. After the workup (as described for conjugates 5),
the mixture was dialyzed against (1%) hydrochloric acid
aqueous solutions (3 × 300 mL). The conjugate 7‚nHCl (21.5
mg) was obtained as a green flocculated solid. The degree of
homogeneity of the sample was assayed by HPLC analysis (see
Supporting Information).
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