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A novel 5,10,15,20-tetrakis[4-(3-N,N-dimethylaminopropoxy)phenyl]chlorin (TAPC) was synthesized by reduc-
tion of the corresponding porphyrin TAPPwith p-toluenesulfonhydrazide, followedby selective oxidationwith o-
chloranil. Spectroscopic properties and the photodynamic activity of these photosensitizers were compared in
N,N-dimethylformamide. An increase in the absorption band at 650 nm was found for the chlorin derivative
with respect to TAPP. These photosensitizers emit redfluorescencewith quantumyields of 0.15. Both compounds
were able to photosensitize singletmolecular oxygenwith quantum yields of about 0.5. Also, the formation of su-
peroxide anion radical was detected in the presence of TAPC or TAPP and NADH. Photodynamic inactivation was
investigated on aGram-positive bacterium Staphylococcus aureus, a Gram-negative bacterium Escherichia coli and
a fungal yeast Candida albicans cells. In vitro experiments showed that TAPC or TAPP were rapidly bound to mi-
crobial cells at short incubation periods. These photosensitizers, without intrinsic positive charges, contain four
basic amino groups. These substituents can be protonated at physiological pH, increasing the interaction with
the cell envelopment. Photosensitized inactivation improvedwith an increase of both photosensitizer concentra-
tions and irradiation times. After 15min irradiation, a 7 log reduction of S. aureuswas found for treatedwith 1 μM
photosensitizer. Similar result was obtained with E. coli after using 5 μM photosensitizer and 30 min irradiation.
Also, the last conditions produced a decrease of 5 log in C. albicans cells. Therefore, TAPCwas highly effective as a
broad-spectrum antimicrobial photosensitizer.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The use of antibiotics to destroy selectivelymicroorganisms suggests
one of the most revolutionary progresses made in scientific medicine.
However, the advent of multiple drug resistance in microbes has
posed new challenge to researchers [1]. Well known resistance carriers
with high clinical impact include the Gram-positive organism Staphylo-
coccus aureus. In contrast to this bacteria that is usually still treatable
with newer alternative antibacterial drugs, some Gram-negative bacte-
ria, especially Escherichia coli, have developed resistance to most or all
available antibiotics [2]. Also, fungal infections have increased signifi-
cantly in recent years [3]. Candida albicans is known as an opportunistic
fungal microorganism that can cause skin infections. Inadequate dosing
of antifungal agents has contributed to treatment failure and the emer-
gence of resistance [4]. The scientists are nowevaluating alternatives for
combating infectious diseases [1]. Thus, photodynamic inactivation
(PDI) of microorganisms represents an interesting alternative to
ntini).
eradication of microorganisms [5]. PDI involves the addition of a
phototherapeutic agent, which is rapidly bound to cells. The aerobic ir-
radiation of the infection with visible light produces highly reactive ox-
ygen species (ROS) that react with a variety of biomolecules. These
reactions induce a loss of biological functionality leading to cell inactiva-
tion [6]. Therefore, PDI may be a promising treatment modality for sev-
eral localized infections [5].

In this sense, discovery of an appropriate photosensitizer is decisive
in improving the efficacy of PDI. A large number of potential photosensi-
tizers have been proposed for different microorganisms [6,7]. The prop-
erties of chlorins often satisfy the demands of a good photosensitizer,
and therefore they are strong candidates for better photosensitizers. In
some cases, in vivo applications of porphyrins are hampered by
wavelengths with limited tissue penetration. However, tetrapyrrolic
macroycles can be converted to the corresponding chlorin derivatives,
which show an intense absorption band at 650 nm and high singlet mo-
lecular oxygen, O2(1Δg), generation. Thus, for example chlorins are high-
ly effective to produce photohemolysis of human red blood cells in
comparison with its porphyrin homologs [8]. Moreover, chlorin e6 has
been used as a second-generation photosensitizer for photodynamic
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Fig. 1. Absorption spectra of reaction mixtures (solid line), TAPP (dashed line) and TAPC
(dotted line) in DMF.

Scheme 1. Synthesis of TAPC from TAPP.

244 D.D. Ferreyra et al. / Journal of Photochemistry & Photobiology, B: Biology 158 (2016) 243–251
therapy of neoplastic diseases [9]. In particular, chlorin e6was covalently
conjugated to polycation chains to efficiently inactivate bacterial and
yeast cells [10]. Also, a synthetic cationic chlorin and bacteriochlorin
can be regarded as promising for the treatment of bacterial infections
under red light [11,12].

In this study, 5,10,15,20-tetrakis[4-(3-N,N-dimethylaminopro-
poxy)phenyl]chlorin (TAPC) was obtained from the corresponding por-
phyrin derivative TAPP. This chlorin contains four basic amino groups in
the periphery of themacrocycle, which can be protonated at physiolog-
ical pH [13]. In previous investigations, it was demonstrated that this in-
trinsically non-charged porphyrin TAPP represents an interesting
photosensitizer in aqueous solutions [14]. Therefore, we are interested
in comparing the spectroscopic properties and photodynamic activity
of TAPC with those of TAPP in solution. Moreover, the PDI efficacy of
TAPC and TAPP was evaluated against a Gram-positive S. aureus, a
Gram-negative E. coli and a yeast C. albicans. The resultswere used to es-
tablish conditions for the eradication of microorganisms mediated by
these photosensitizers.

2. Materials and methods

2.1. General

Proton nuclearmagnetic resonance spectrawere taken on a FT-NMR
Bruker Avance DPX400 spectrometer at 400 MHz. Mass spectra were
taken with a Bruker micrO-TOF-QII (Bruker Daltonics, MA, USA)
equipped with an atmospheric pressure photoionization (APPI) source.
UV–visible absorption spectra were recorded on a Shimadzu UV-
2401PC spectrometer (Shimadzu Corporation, Tokyo, Japan). Fluores-
cence spectrawere performed on a Spex FluoroMax spectrofluorometer
(Horiba Jobin Yvon Inc., Edison, NJ, USA). Cell growth was measured
with a Turner SP-830 spectrophotometer (Dubuque, IA, USA). Fluence
rates were obtained with a Radiometer Laser Mate-Q (Coherent, Santa
Clara, CA, USA). Chemicals from Aldrich (Milwaukee, WI, USA) were
used as received. Thin-layer chromatography (TLC) was carried out on
the silica gel plates (250 μm) from Analtech (Newark, DE, USA).

2.2. Photosensitizers

5,10,15,20-Tetrakis(4-methoxyphenyl)porphyrin (TMPP) was pur-
chased from Aldrich. 5,10,15,20-Tetrakis[4-(3-N,N-dimethylaminopro-
poxy)phenyl]porphyrin (TAPP) was obtained as previously described
[15]. 5,10,15,20-Tetrakis[4-(3-N,N-dimethylaminopropoxy)phen-
yl]chlorin (TAPC) was synthetized by dissolving TAPP (29 mg,
0.028 mmol) and Na2CO3 (0.85 g, 0.008 mol) in 20 mL pyridine. The
mixture was purged with argon for 15 min. Then, a solution of de p-
toluenesulfonhydrazide in pyridine (4mL, 0.4M)was added and the re-
action mixture was stirred at 140 °C for 2 h. The formation of chlorin
and bacteriochlorin derivatives was detected by UV–visible spectrosco-
py following the appearance of the bands at 650 and 740 nm, respec-
tively. The solution was cooled at room temperature and treated with
40 mL toluene/water (1:3). The organic phase was separated and
washed with a saturated solution of NaHCO3 in water. The organic sol-
ventwas evaporated, the solidwas redissolved in 10mL chloroformand
treated with o-chloranil (17 mg, 0.069 mmol) for 6 h at room tempera-
ture. The reaction was monitored by TLC and UV–visible spectroscopy
until the disappearance of the bacteriochlorin absorption band at
740 nm. The product was purified by flash column chromatography
(silica gel, chloroform/triethylamine (TEA) 2%/methanol 10–30% gradi-
ent) yielded 25 mg (87%) of the pure TAPC. TLC analysis (chloroform/
methanol 15%/TEA 2%) Rf = 0.62. 1HNMR (CDCl3, TMS) δ [ppm]
−1.46 (bs, 2H, NH-pyrrole), 1.98 (m, 8H, −CH2-), 2.28 (s, 24H,
−N(CH3)2), 2.50 (t, 8H, J = 6.5 Hz, −CH2-N), 4.13 (s, 4H, CH-
pyrrole), 4.27 (t, 8H, J = 7.0 Hz, −OCH2-), 7.18 (d, 4H, J = 8.4 Hz,
Ph), 7.19 (d, 4H, J = 8.4 Hz, Ph), 7.74 (d, 4H, J = 8.6 Hz, Ph), 7.98 (d,
4H, J = 8.6 Hz, Ph), 8.17 (d, 2H, J = 4.7, CH-pyrrole), 8.41 (s, 2H, CH-
pyrrole), 8.56 (d, 2H, J = 4.7 Hz, CH-pyrrole). APPI-MS [m/z]
1021.6068 (M+ H)+ (1020,5990 calculated for C64H76N8O4).

2.3. Spectroscopic studies

UV–visible absorption and fluorescence spectra were recorded in a
quartz cell of 1 cm path length at 25.0 ± 0.5 °C. The fluorescence quan-
tum yield (ΦF) of the photosensitizers was determined by comparison
of the area below the corrected emission spectrum in DMF. TMPP was
used as a reference (ΦF=0.14) inDMF [16]. The absorbance of the sam-
ple and reference (b0.05) were matched at the excitation wavelength
(522 nm) and the areas of the emission spectra were integrated in the
range 600–800 nm.

2.4. Partition coefficient measurements

1-Octanol/water partition coefficients (Pow = [photosensitizer]o/
[photosensitizer]w) were determined at 25 °C using equal volumes of
water (0.5 mL) and 1-octanol (0.5 mL). A solution of each



Fig. 2. (A) Absorption, (B) fluorescence emission (λexc = 520 nm) and (C) excitation
(λem = 721 nm) spectra of TAPC (solid line) and TAPP (dashed line) in DMF.
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photosensitizer (~50 μM) was stirred in the thermostat after the equi-
librium was reached (2 h). An aliquot (100 μL) of aqueous and organic
phaseswere dissolved in 2mLof DMF and the final photosensitizer con-
centrations were determined by absorption spectroscopy [17].

2.5. Steady state photolysis

Solutions of 9,10-dimethylanthracene (DMA, 35 μM) and photosen-
sitizer in DMF were irradiated in 1 cm path length quartz cells (2 mL)
withmonochromatic light atλirr = 515 nm (photosensitizer absorption
0.1 at 515 nm). The light source was a Cole–Parmer illuminator 41720-
series (Cole–Parmer, Vernon Hills, IL, USA) with a 150W halogen lamp
through a high intensity grating monochromator (Photon Technology
Instrument, Birmingham, NJ, USA). The light fluence rate wasmeasured
given a value of 0.35 mW/cm2. The photooxidation rate of DMA was
studied by following the decrease of the absorbance (A) at λmax =
378 nm. The observed rate constants (kobs) were determined by a linear
least-squares fit of the semilogarithmic plot of Ln A0/A vs. time. Quan-
tum yields of O2(1Δg) production (ΦΔ) were calculated comparing the
kobs for the corresponding photosensitizer with that for TAPP, which
was used as a reference (ΦΔ =0.53) [14]. Determinations of kobs values
for the sample and reference under the same conditions affordedΦΔ by
direct comparison of the slopes in the linear region of the plots.

2.6. Detection of superoxide anion radical

The nitro blue tetrazolium (NBT)was carried out using 0.2 mMNBT,
0.5 mM NADH and photosensitizer (absorbance 0.3 at Soret band) in
2 mL of DMF/water (9/1) [18,19]. Control experiments were performed
in the absence of NBT, NADH or photosensitizer. Samples were irradiat-
ed in 1 cm path length quartz cells under aerobic condition with the
Cole–Parmer illuminator 41720 source described above through a
2.5 cmglass cuvette filledwithwater (44mW/cm2). The decomposition
of NBT was examined by following the increase of the absorbance at
λ = 560 nm.

2.7. Microorganisms and growth conditions

The microorganisms used in this study were the strains of S. aureus
ATCC 25923, E. coli (EC7) and C. albicans (PC31), which were previously
characterized and identified [20,21]. Microbial cells were grown aerobi-
cally in sterile condition overnight at 37 °C in 4 mL tryptic soy or
Sabouraud (Britania, Buenos Aires, Argentina) broths for cultures of bac-
teria or yeast, respectively. An aliquot (60 μL) of the bacterial culture
was aseptically transferred to 4 mL of fresh tryptic soy broth and incu-
bated at 37 °C to exponential phase of growth (absorbance 0.7 at
660 nm). Cells were centrifuged (3000 rpm for 15 min) and re-
suspended in equal amount of 10 mM phosphate-buffered saline (PBS,
pH = 7.4) solution, corresponding to ~108 colony forming units
(CFU)/mL. After overnight cultures of C. albicans, cells were harvested
by centrifugation (3000 rpm for 15 min) and re-suspended in PBS.
Yeast cells (absorbance 0.5 at 650 nm)were diluted 1:4 in PBS to obtain
~106 CFU/mL. After each assay, cell suspensions were serially diluted
10-fold in PBS. From each dilution 20 μL aliquotswere streaked horizon-
tally on tryptic soy or Sabouraud agar plates in sextuplicate. Also, cell
suspensions were quantified by the spread plate counting method in
triplicate for estimating the survival rate of microorganisms. Both tech-
niques showed no significant difference in the results. Viable microbial
cells were monitored and the number of CFU was determined after
~24 h (bacteria) or ~48 h (C. albicans) incubation at 37 °C in the dark.

2.8. Photosensitizer binding to microbial cells

Photosensitizer was added from a stock solution (~0.5mM) in DMF.
Microbial cell suspensions (2 mL, ~108 CFU/mL bacteria and ~106 CFU/
mL yeast) in PBSwere incubatedwith 5 μMphotosensitizer for different
times (2–30 min) in the dark at 37 °C in Pyrex culture tubes
(13 × 100 mm). Cell suspensions were centrifuged at 3000 rpm for
10min. Pelletswere re-suspended in 2mLof 2% aqueous SDS, incubated
overnight at 4 °C and sonicated for 30 min. The concentration of photo-
sensitizer in the supernatant was determined by spectrofluorimetry
(TAPC: λexc = 420 nm, λem = 660 nm; TAPP: λexc = 420 nm, λem =
650 nm). The fluorescence intensities of each sample were referred to



Table 1
Spectroscopic and photodynamic properties of TAPP and TAPC in DMF.

Photosensitizer εSoreta εQIa Es (eV)b ΦF
c kobs

DMA (s−1)d ΦΔ
e

TAPP 1.64 × 105 2.9 × 103 1.90 0.15 ± 0.02 (3.1 ± 0.1) × 10−4 0.53 ± 0.02
TAPC 1.15 × 105 12.5 × 103 1.90 0.15 ± 0.02 (3.2 ± 0.1) × 10−4 0.54 ± 0.02

a Molar absorption coefficient (L mol−1 cm−1).
b Energy levels of the singlet excited stated.
c Fluorescence quantum yield.
d Observed rate constants for the photooxidation reaction of DMA.
e Quantum yield of O2(1Δg) production.
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the total number of cells. The concentration of the photosensitizer in the
solutionwas calculated by comparisonwith a calibration curve obtained
with standard solutions (0.05–0.2 μM) of the photosensitizer in 2% SDS.
Microscopic observations and photographs were performed using a
Zeiss Axiophot (Carl Zeiss, Oberkochen, Germany) fluorescence micro-
scope equipped with a HBO 100 W mercury lamp. Images were cap-
tured using an AxioCam HRc camera and subsequently processed
using AxioVision Rel. 4.3 software. Fluorescence images of TAPC in mi-
crobial cells were observed using a DBP 406/23 + 530/45, DFT
435 + 570, DBP 467/30 + 618/75 filter (Carl Zeiss).

2.9. Photosensitized inactivation of microorganisms

Cell suspensions were previously treated as described above with
different photosensitizer concentrations (1–5 μM) for 30 min in the
dark at 37 °C. Then, 200 μL of each cell suspension was transferred to
the 96-wellmicrotiter plates (Deltalab, Barcelona, Spain). Cells were ex-
posed for different time intervals (2–15 min for S. aureus and 2–30 min
for E. coli and C. albicans) to visible light. Plates were irradiated with a
Novamat 130 AF (Braun Photo Technik, Nürnberg, Germany) slide pro-
jector containing a 150W lamp. A 2.5 cm glass cuvette filled with water
was used to remove the heat from the lamp. A wavelength range be-
tween 350 and 800 nm was selected by optical filters (90 mW/cm2).
Cell viability was determined as described above.

2.10. Controls and statistical analysis

Control experimentswere performed in the presence and absence of
photosensitizer in the dark and in the absence of photosensitizer with
cells irradiated. The amount of DMF (b1% v/v) used in each experiment
was not toxic to microbial cells. Three values were obtained per each
condition and each experiment was repeated separately three times.
The unpaired t-test was used to establish the significance of differences
between groups. Differences between means were tested for
Fig. 3. First-order plots for the photooxidation of DMA photosensitized by TAPC (▲), TAPP
(▼) and TMPP (■) in DMF.
significance by one-way ANOVA. Results were considered statistically
significant with a confidence level of 95% (p b 0.05). Data were repre-
sented as the mean ± standard deviation of each group.

3. Results

3.1. Synthesis of TAPC

A chlorin derivative TAPC was synthesized from the analogous por-
phyrin TAPP, as shown in Scheme 1. TAPP was treated with p-
toluenesulfonhydrazide to produce the reduction of the tetrapyrrolic
macrocycle. This procedure generated a mixture of TAPC and the corre-
sponding bacteriochlorin. The reaction was maintained until the rela-
tionship between the absorbance of the bacteriochlorin band at
740 nm and chlorin Soret band 421 nm remained constant. Fig. 1
shows the absorption changes at the beginning and end of the reaction.
After that, bacteriochlorin derivative was selectively oxidized with o-
chloranil to obtain TAPC. The reactionmixture in chloroformwas stirred
until the disappearance of the bacteriochlorin absorption band at
740 nm. Using this approach, TAPC was obtained in a yield of 87%.
This new synthetic chlorin contains four amino groups linked through
an aliphatic spacer to the macrocycle.

3.2. Absorption and fluorescence spectroscopic characterization

Fig. 2A shows the absorption spectra of TAPC and TAPP in DMF. Both
spectra are characterized by an intense Soret absorption band at 421 nm
and four Q-bands in the visible region between 500 and 700 nm. The
free-base porphyrin has the characteristic spectra of the etio type [16].
In contrast to TAPP, the Q-bands intensities of TAPC follow the sequence
εI N εVI ≅ εIII N εII. Molar absorption coefficient values are summarized in
Fig. 4. Time course of O2
•– generation detected by the NBT method as an increase in the

absorption at 560 nm in DMF. Samples contain: TAPC, NTB and NADH (▲); TAPP, NTB
and NADH (▼); TAPC and NTB (△); TAPP and NBT (▽); TAPC and NADH (□); TAPP and
NADH (○); NADH and NBT (●) in DMF; [NBT] = 0.2 mM and [NADH] = 0.5 mM.



Fig. 5. Amount of TACP (▲) and TAPP (▼) recovered from (A) S. aureus (~108 CFU/mL),
(B) E. coli (~108 CFU/mL) and (C) C. albicans (~106 CFU/mL) treated with 5 μM
photosensitizer for different incubation times at 37 °C in the dark.
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Table 1. Moreover, sharp absorption bands were obtained indicating
that these photosensitizers were mainly dissolved asmonomer in DMF.

The steady-state fluorescence emission spectra of TAPC and TAPP
were studied in DMF. As shown in Fig. 2B, spectra present two bands
around 650 and 725 nm,which are characteristic of chlorin and porphy-
rin derivatives [16,22]. These bands have been assigned to Qx(0–0) and
Qx(0–1) transitions. Stokes shifts were calculated from the intersection
of the absorption and fluorescence spectra of the Qx(0–0) band. Both
photosensitizers exhibited small fluorescence Stokes shifts of 2 and
7 nm for TAPP and TAPC, respectively. Also, taking into account the en-
ergy of the 0–0 electronic transitions the energy levels of the singlet ex-
cited stated (Es) were calculated (Table 1) from the intersection of the
normalized absorption and fluorescence spectra. Fluorescence quantum
yields (ΦF) of these compounds were determined by comparing with
TMPP as a reference (Table 1). The fluorescence emission was used to
determine the amount of photosensitizer bound to microbial cells.
Also, the fluorescence excitation spectra of TAPC and TAPPwere record-
ed in DMF (Fig. 2C), following the emission at 721 nm. Comparing Fig.
2A and C, it can be observed that the excitation spectra of these photo-
sensitizers are similar to the absorption spectra. Therefore, TAPC and
TAPP were mainly dissolved as monomers in this organic solvent.

3.3. Log POW measurements

Partition coefficients of TAPC and TAPP between n-octanol/water
were determined evaluated at 25 °C. This parameter can be used to eval-
uate the interaction of photosensitizers with biological systems [23].
Values of log Pow of 1.13 and 1.67were obtained for TAPC and TAPP, re-
spectively. The lipophilic characterwas slightly larger for TAPP than that
of chlorin analogous.

3.4. Photooxidation of DMA

Photodynamic activitymediated by TAPC and TAPPwas first studied
in the presence of DMAunder aerobic condition in DMF. Photooxidation
of this substratewas observed by the decay in the absorption at 378 nm.
The results showed a first-order kinetic behavior (Fig. 3). From these
plots, the values of the observed rate constant (kobsDMA) were calculated
(Table 1). The kinetic data of DMAdecompositionwere used to estimate
the quantum yield of O2(1Δg) production (ΦΔ) since this compound
quenches O2(1Δg) by chemical reaction [24]. Similar values of ΦΔ were
obtained for TAPC and TAPP in DMF (Table 1). The generation of
O2(1Δg) by TAPC was consistent with those previously reported for
these types of photosensitizers [25].

3.5. Photodecomposition of NBT

The reduction of NBT to diformazanwas examined following the in-
crease in absorption at 560 nm (Fig. 4) [18]. Changes in the absorption
were monitored as a function of time after irradiation of samples with
visible light under different conditions. For both photosensitizers, re-
duction of NBT by O2

•– was negligible in the absence of NADH. An in-
crease in NBT decomposition was found in the presence of TAPC and
NADH with respect to solution without the photosensitizer derivative.
Also, diformazan formation was observed in solution containing TAPP
andNADH. Therefore, there is a contribution of the photodynamic activ-
ity mediated by TAPC or TAPP in the diformazan production in the pres-
ence of NADH.

3.6. Binding of photosensitizers to microbial cells

The ability of TAPC and TAPP to bind to microbial cells was deter-
mined in S. aureus, E. coli and C. albicans suspensions in PBS. Cell densi-
ties of ~108 CFU/mL and ~106 CFU/mLwere used for bacteria and yeast,
respectively. Cells were treated with 5 μM photosensitizer for different
periods in the dark at 37 °C. The photosensitizer bound to the cells
was quantified by fluorescence. The amount of photosensitizer recov-
ered from cells after each incubation time is showed in Fig. 5. TAPC
and TAPP were rapidly bound to cells, reaching high binding values
after 2 min incubation. For S. aureus, the behavior of both macrocycles
was very similar and the amount of recovered molecules was
~0.06 nmol/108 cells. In the case of E. coli, the binding of TAPC was sim-
ilar to that obtained in S. aureus. The uptake of TAPP by E. coli cells was
slightly lower than the chlorin derivative reaching a value of
~0.05 nmol/108 cells. When C. albicans cells were incubated with 5 μM
photosensitizer, the quantity of TAPC recovery was 0.9 nmol/106 cells,
while TAPP achieved a value of 1.1 nmol/106 cells. Moreover, the
amount of cell-bound photosensitizer was not appreciably changed in-
cubating the yeast cells for longer times. These results reflect the high
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affinity between these two photosensitizers and the microbial cells.
Moreover, the cellular localization of TAPC in microbial cells was inves-
tigated byfluorescencemicroscopy (Fig. 6). Images show that cells incu-
bated with 5 μM TAPC in PBS for 30 min in the dark exhibited red
fluorescence typical of chlorin derivatives.

3.7. Photosensitized inactivation of microorganisms

Photosensitized inactivation of S. aureus, E. coli and C. albicans was
investigated in PBS cell suspensions incubated with different photosen-
sitizer concentrations (1 and 5 μM). Survival curves are summarized in
Fig. 7. No toxicity was found for the cells treated with these concentra-
tions of photosensitizer for 30min in the dark (result no shown). More-
over, the viability of microbial cells was not affected by irradiation
without photosensitizer. Photoinactivation of microorganisms was de-
pendent on photosensitizer concentrations and irradiation times.
S. aureus (Fig. 7A)was themost susceptible strain, achieving a complete
eradication after 15 min irradiation with 1 μM photosensitizer. Similar
result was also obtained using 5 μM TAPC and a short irradiation time
of 2 min. The difference between both photosensitizers was mainly
noted at this period of irradiation. Moreover, 5 μM TAPC produced a
photoinactivation of S. aureus similar to those found for TMPP (Fig.
7A). In contrast, E. coli cells were the most difficult to eradicate (Fig.
7B). A concentration of 1 μM photosensitizer produced a reduction of
5 log in the survival after 30min irradiation. It was necessary 5 μMpho-
tosensitizer and 30 min irradiation to obtain complete eradication of
E. coli. Under this condition, the photodynamic activity mediated by
both photosensitizers was very similar. However, photoinactivation
mediated by 5 μMTMPP only induced a 2.5 log decrease in E. coli surviv-
al after 15 min irradiation. On the other hand, Fig. 7C shows the photo-
dynamic activity induced by TAPC and TAPP in C. albicans. At the lowest
concentration used of TAPC (1 μM), the photodynamic effect yielded a ~
5 log decrease in the cell viability after 30min irradiation. For cells treat-
ed with 5 μM TAPC, a fast decrease of C. albicans survival (~5.5 log) was
detected after 2 min irradiation with visible light. At short irradiation
times there was a slightly higher photoinactivation activity of TAPC
than TAPP. In contrast, photocytotoxic effect mediated by 5 μM TMPP
produced a 3.2 log reduction in the survival of the yeast cells afters
15 min irradiation.

4. Discussion

Photosensitizers substituted by cationic groups have attracted sig-
nificant interest because of their notable ability as phototherapeutic
agents against several microorganisms [6]. The chlorin derivative
TAPC was synthetized by reduction of TAPP with diimide followed by
selective oxidation with o-chloranil. These two steps approach were
Fig. 6. Fluorescence microscopic observation of (A) S. aureus, (B) E. coli and (C) C. albicans incu
microscope objective, scala bar 2 μm).
previously used to obtain chlorins from symmetrically substituted por-
phyrins [22,26]. TAPC presents four basic amine groups in the periphery
of the macrocycle [13]. These precursors of cationic centers are spaced
from the chlorin macrocycle by an aliphatic chain, which provides a
higher mobility of these substituents. These basis amine groups in the
periphery can acquire positive charges favoring a better interaction
with microbial cell envelope, depending on the medium in which the
macrocycle is located [14]. Furthermore, the positive charges have a
minimal influence on photophysical properties of the macrocycle due
to the aliphatic spacer.

The chlorin derivative exhibited an increase in absorbance of the
Qx(0–0) band, showing an intense absorption in the phototherapeutic
window [8,22]. Also, TAPC showed two bands of red emission and it
was equally fluorescent than TAPP. The results are consistent with
those previously reported for similar molecular structures [16]. Small
Stokes shift indicated that in TAPC the spectroscopic energy was similar
to the relaxed energies of the singlet state. Thus, only minor structural
changes occur between its ground and excited states, according to the
rigid planar structure of the chlorin macrocycle.

The formation of ROS mediated by a photosensitizer can occur via
two mechanisms [7]. After light activation of the photosensitizer, this
can react with molecules from its direct environment by electron or hy-
drogen transfer, leading to the production of radicals (type I reaction),
or it can transfer its energy to oxygen generating O2(1Δg) (type II reac-
tion). Therefore, one important feature of the photosensitizers is to
present high values of ΦΔ. The production of O2(1Δg) of TAPC was
very similar to that of TAPP in DMF. Also, the ΦΔ of TAPC agrees with
those previously reported for free-base chlorins [25]. On the other
hand, the formation of O2

•– through a type I photoreaction processmedi-
ated by TAPC was observed in DMF. Therefore, whereas O2(1Δg) can be
generated effectively by photoexcited chlorin, it was found that O2

•–was
produced especially in the presence of a physiological concentration of a
reductant, such as NADH. Moreover, the cellular microenvironment
where the photosensitizer is located can produce important modifica-
tions in the photophysics of TAPC determined in solution. Thus, depen-
dent on experimental conditions, both O2(1Δg) and O2

•– must be
involved in the photodynamic activity. Furthermore, even if an excited
photosensitizer reacts with a given substrate by type I photoprocess,
the final result is also the oxidation of essential biomolecules. In a bio-
logical medium, both mechanisms can occur simultaneously and the
ratio between the two processes is influenced by the photosensitizer,
substrates and the nature of the environment [27]. It was previously ob-
served that the killing of C. albicans cells by these cationic porphyrins
and visible light irradiation seem to be mediated mainly by O2(1Δg)
[28]. Although in a minor contribution, the participation of other
active oxygen species could not be neglected particularly for
C. albicans photoinactivated with 5,10,15,20-tetrakis(4-N,N,N-
bated with 5 μM TAPC for 30 min at 37 °C in the dark. Inset: cells under bright field (100×



Fig. 7. Survival curves of (A) S. aureus (~108 CFU/mL), (B) E. coli (~108 CFU/mL) and
(C) C. albicans (~106 CFU/mL) incubated with 1 μM (▼) and 5 μM (▲) TAPC and 1 μM
(▽) and 5 μM (△) TAPP for 30 min at 37 °C in the dark and irradiated with visible light
for different times. Control culture (●) of cells untreated with the photosensitizer and
irradiated (*p b 0.05, compared with TAPP).
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trimethylammoniumphenyl)porphyrin (TMAP4+). Studies in human
red blood cells showed that the photodynamic activity of 5,10,15,20-
tetrakis[3-(N-ethyl-N-methylcarbazoyl)]chlorin (TEMCC) was
mediated by a contribution of type I and type II photooxidative mecha-
nisms [8]. Also, both O2(1Δg) and O2

•– must be involved in the observed
photodynamic activity of 4,5,6,7-tetrahydropyrazolo[1,5-a]pyridine-
fused chlorins in human melanoma cell [29].

In vitro experiments with microorganisms showed that TAPC or
TAPP was rapidly bound to cells at short incubation period of 2 min.
The formation of chlorin derivative produced only small changes in
the lipophilic character of the macrocycle, as indicated by the log Pow
values. It is known that the n-octanol/water systemmimics rather accu-
rately the water/membrane interface. Thus, log P has been extensively
utilized to predict the relative tendency of compounds to interact with
biological membranes [23,30]. However, the cell envelope of microor-
ganisms represents a significant barrier to the binding of the photosen-
sitizer and the number and distribution of charges may play a
predominant role [21]. The cell-bound photosensitizer was very similar
in S. aureus, while slightly higher amount of TAPC with respect to TAPP
was found in E. coli. On the other hand, the quantity of TAPC bound to
both bacteria was very similar. This behavior was also observed using
polycationic conjugates between poly-L-lysine and chlorin e6 (pL-ce6)
[31]. After 30 min incubation, S. aureus and E. coli took up comparable
amounts of conjugates. The uptake of TAPC in C. albicanswas a slightly
lower than TAPP. The amount of these photosensitizers bound to yeast
cells was similar to that found for TMAP4+, which reached 1.4 nmol/
106 cells, when the cell suspensions were incubated with 5 μM porphy-
rin [20]. Also, a similar value of uptake (1.7 nmol/106 cells) was found
using 5,10,15,20-tetrakis(4-N-methylpyridyl)porphyrin (TMPyP4+)
[32]. Thus, the binding of TAPC to C. albicans was comparable to those
obtained for porphyrins with cationic groups directly linked to the
macrocycle. Moreover, fluorescencemicroscopic images provided addi-
tional insight about the uptake of TAPC by cells. Red fluorescence in cells
shows that TAPC has particularly high binding affinity for these micro-
organisms. Similar results were previously found for cationic porphy-
rins bound to C. albicans cells [33].

Photoinactivationofmicroorganismsmediated by TAPC andTAPPwas
compared using different photosensitizer concentrations and irradiation
periods. Bacterial suspensions of S. aureus treated with 5 μM TAPC pro-
duced an over 7 log decrease in the viability after 2 min irradiation.
These results represent a value greater than 99.9999% of cellular inactiva-
tion. Moreover, 1 μM of this chlorin exhibited a photosensitizing activity
of 5 log units (99.999%). A slightly higher photoinactivation was found
using TAPC than TAPP. Under these conditions, complete eradication
was found after 30 min irradiation with both photosensitizers. Direct
comparisons with other photosensitizers already described can be diffi-
cult due to different cell densities and irradiation systems. Under similar
experimental condition, a decrease of 3 log in the survival was found
using 1 μM polyethylenimine-chlorin(e6) conjugates [10]. Moreover, a
pentacationic chlorin was effective to eradicate S. aureus at a concentra-
tion of 1 μM [11]. As expected due to the nature of the envelope of
Gram-negative bacteria, it was more difficult to inactivate E. coli than
S. aureus [6].When the E. coli cellswere incubatedwith 1 μMTAPC, an en-
hancement in the cell inactivation was found increasing the irradiation
times, reaching a decrease of 5 log survival after 30 min irradiation.
Photoinactivation of E. coli treated with 5 μM TAPC or TAPP produced
over 7 log decrease after 30 min irradiation. These results represent a
value greater than 99.9999% of cell inactivation. Also, the cytotoxic activ-
ity remained elevated during a shorter irradiation time of 5min that pro-
duced 5 log decrease. The photocytotoxic effect for E. coli cells treated
with TAPP was very similar to that of TAPC. Also, polycationic conjugates
pL-ce6 was effective in photoinactivation of both Gram-positive and
Gram-negative bacteria [31]. Susceptibility of C. albicanswas intermediate
between Gram-positive and Gram-negative bacteria. C. albicans cells
treated with 1 μM TAPC produced a photoinactivation of 99.997% (~4.5
log decrease) after 30 min irradiation. Using 5 μM TAPC, the
photoinactivation remained elevated (N99.999%) even to a short irradia-
tion time of 5 min. The photocytotoxic affect mediated by TAPC was
higher than those previously found using TMAP4+ and TMPyP4+ [21,32].
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On the other hand, TMPPwas used as a porphyrinmodel to examine
the effect of the basic amine substituents on the macrocycle periphery
of TAPP and TAPC. In S. aureus, photoinactivation induced by TMPP
was very similar to that found for TAPP. Gram-positive bacteria are
more susceptible to PDI and can be photoinactivated by neutral, anionic,
or cationic photosensitizers [6]. However, the photodamage mediated
by TMPP considerably decrease in E. coli. It is known the importance
of positive charges on the photosensitizers to photoinactivate Gram-
negative bacteria due to [7]. The different permeability barriers between
Gram-positive and Gram-negative bacteria are mainly involved in the
observed efficiency of these photosensitizers. Moreover, the difference
in the photoinactivation was evident in C. albicans cells treated with
TMPP. The presence of cationic charges is required for an efficient
photokilling of C. albicans [21]. Fungal cell walls have a relatively thick
layer ofβ-glucan and chitin that leads to a permeability barrier interme-
diate between Gram-positive and Gram-negative bacteria [34]. Thus,
S. aureus cells were more susceptible to the photodynamic activity me-
diated by TAPC, while E. coli required longer irradiation or higher con-
centration to obtain a complete eradication. On the other hand,
photoinactivation of C. albicans mediated by TAPC was possible even
using a short irradiation periods.

5. Conclusions

A new chlorin TAPC substituted at the meso position by amino
groups was synthesized from homologous porphyrin TAPP. Thus, the
presence of four basic amine groups on the chlorinmacrocycle could fa-
cilitate the interaction with the biological membrane. TAPC showed an
increase in the absorption band at 650 nm respect to TAPP. Red fluores-
cence emission and O2(1Δg) production of TAPCwas very similar to that
of TAPP in DMF. Also, TAPC can produce the reduction of NBT to
diformazan, in the presence of NADH. In vitro experiments showed
that TAPC displayed strong binding to the microbial cells after a short
period of incubation. TAPC was efficient photosensitizers to inactivate
microorganisms in PBS suspensions. Although this photosensitizer is a
non-charged agent, the amino groups can acquire a positive charge at
physiological pH. Also, the mobility of cationic groups allows a strong
interaction of the photosensitizer with the microbial cells. The results
indicate that TAPC can contribute to improve the PDI ofmicroorganisms
mainly when penetration of light can be required in the antimicrobial
treatment.
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