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a b s t r a c t

Aggregation phenomena of Neutral Red and a new derivative monobrominated Neutral Red were
examined in different buffer solutions as a function of dye concentration. The dyes were chemically and
photochemically stable and the lipophilicity of the new bromo-compound was characterized by exper-
imental and computer prediction data. In addition, the acid dissociation constant and the singlet mo-
lecular oxygen production were determined spectrophotometrically yielding values of 1.16 and 3.14 for
Neutral Red and the monobrominated derivative, respectively.

The effect of photosensitizer concentration, visible irradiation time and cellular density on lethal
photosensitization against Staphylococcus aureus were investigated. The improved physicochemical and
photophysical properties of monobrominated Neutral Red were accompanied by a significant increase in
the photoantimicrobial action, in conventional-sensitive and -resistant isolates.

Based on these results, the dyes exhibited favorable properties; therefore, the new derivative com-
pound could be a promising sensitizer with applications in the photoinactivation of S. aureus.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Photodynamic Therapy (PDT) and Photodynamic Antimicrobial
Chemotherapy (PACT) are technologies that utilize visible light,
oxygen and photosensitizers (PS) to inactivate cells [1,2].

PDT represents a well-established therapeutic modality, which
was originally developed and approved for the treatment of a va-
riety of solid tumors [3]. The increase in the development of anti-
microbial resistance demands the search of alternative treatment
strategies. PACTemerged as a new treatmentmodality formicrobial
infections because of its efficiency and lower potential for resis-
tance development [4,5]. The photoactivation of a PS at the action
site with light of specific wavelength, results in the destruction of
cells by a complex cascade of chemical, biological and physiological
reactions that occur after the formation of highly reactive oxygen
species such as singlet oxygen [6,7].

An ideal PS should be a single and pure compound with a stable
composition, selective to the target cells; it should be non-toxic,
65x53356; fax: þ54 351
should have high singlet oxygen quantum yield and should not
form aggregates in solution [8].

Neutral Red (NR) is a phenazine-based dye with many applica-
tions in biology, and has been used for various purposes in
cytometry such as a probe in model biological systems, an intra-
cellular pH indicator (pH sensor) in the pH range 6e8 and a specific
lysosomal probe because of its weak base properties [9e11]. Now it
finds application as a probe for neuronal activity [11]. NR is a good
PS in phototherapy and has been reported to interact with several
substrates in a type I reaction [11,12]. This dye has been tested
against Herpes Simplex Virus Type 1 which was inactivated after
irradiation by light at a wavelength of 470 nm [13]. Currently, little
is known about the potential effectiveness of NR as PS against
bacterial species of interest in the clinical setting. Without detailed
studies of its efficacy as PS [14], only minimum lethal concentration
values of NR have been reported in literature so far.

In our earlier work [15], the synthesis of a new compound,
monobrominated Neutral Red (NRBr) was described. Due to the
introduction of a heavy atom into the molecule, the efficiency of a
spin-forbidden electronic transition from a singlet to a triplet state
(intersystem crossing) is increased leading to a greater quantity of
singlet oxygen (1O2) [16,17]. This newly synthesized phenazine dye
has demonstrated potential use as a PS because it presents less
aggregation in different solvents in comparison with the parent
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compound. The chemical structures of NR and NRBr are shown in
Scheme 1.

Since aggregation modifies the absorption spectrum and the
photophysical and photochemical properties of a dye and affects its
ability to act as a PS [18,19], the influence of NRBr concentration in
different buffer solutions on the aggregate formation was exam-
ined, and these results were then compared with NR dye in iden-
tical experimental conditions.

Additionally, the acidebase dissociation constant (pKa), the
stability, photostability and octanolewater partition coefficient
were evaluated [20e25]. Also, a comparison between the experi-
mental log PHPLC and the calculated values using different computer
programs was included. The capacity of NR and NRBr to produce
singlet oxygen (1O2), was determined as well [26,27].

Finally, the photoantimicrobial effect was explored and, in this
context, the efficiency of PACT exhibited by NR and NRBr against
Staphylococcus aureus was determined in a comparative study that
evaluated both sensitive- and resistant-isolates to currently-used
antimicrobial agents.

2. Experimental section

2.1. General

2.1.1. Materials/chemicals
Neutral Red hydrochloride (3 amino-7-dimethylamino-2-

methyl phenazine hydrochloride) was purchased from Sigma
Chemical Co. (St. Louis, MO) (Fluka Chemicals) and its purity was
confirmed by RP-HPLC (>98%). Monobrominated Neutral Red was
synthesized in our laboratory according to the procedure previ-
ously described [15].

Buffer solutions were prepared from hydrochloric acid (37%)/
potassium chloride (pH 1.2), hydrochloric acid (37%)/potassium
hydrogen phthalate (pH 2.5 and 4.0), potassium dihydrophosphate/
sodium hydroxide (pH 5.8, 6.2, 6.7 and 7.4), hydrochloric acid (37%)/
sodium borate (pH 9.0) and sodium hydroxide/sodium bicarbonate
(pH 11.0). The ionic strength of the buffer solutions was adjusted to
0.5 M using sodium chloride (Cicarelli) as a supporting electrolyte
and the pH was determined by a CRISON GLP 21 pH-meter using a
combined glass electrode. Phosphate-buffered saline (PBS, 10 mM
pH 7.4) solution was prepared using sodium chloride, potassium
chloride, sodium hydrogen phosphate dihydrate and potassium
dihydrophosphate. All the high purity grade chemicals were ob-
tained commercially (Cicarelli, Anedra) and the solutions were
prepared using ultrapure water from Milli-Q® purification system
(Millipore Corporation, USA). All the solvents used were of pro-
analysis or HPLC grade quality (Cicarelli, Sintorgan, Anedra).

2.1.2. Instrumentation
Absorption spectra were carried out at room temperature with

an Evolution 300 spectrophotometer between 200 and 700 nm,
using 1 cm path length quartz cells. Stock solutions of dyes were
freshly made in duplicate and then diluted appropriately with the
same media. All experiments were carried out at least twice with
consistent results.
Scheme 1. Molecular structure of Azine dyes.
The RP-HPLC measurements were performed on an Agilent Se-
ries 1100 chromatograph (Agilent Technologies, Waldbronn, Ger-
many) equipped with an autosampler, a column thermostat, an
UVevis detector and a reversed-phase C18 Phenomenex® column
(4.6 mm � 250 mm, 5 mm) with a guard column. The column tem-
peraturewas set at 25 �C and theflow rate at 1.0mL/min. Themobile
phases and the samples prepared in themobile phaseswere filtered
through a Millipore® Type FH filter (0.45 mm pore size). Subse-
quently, the mobile phases were vacuum degassed. Data were pro-
duced by means of a Peak Simple Chromatography Data System®.

The chemical stability of the dyes was evaluated using a ther-
mostatic bath Vicking® Masson D. In the illuminated experiences,
samples were irradiated at 5 cm of distance with a Parathom® lamp
(OSRAM e 5 W). The fluence rate measured with a Tes 1332 Digital
Lux Meter (TES Electrical Electronic Corp.) was 8.4 mW/cm2.

2.2. Evaluation of azine photosensitizers

2.2.1. pKa determination and aggregation behavior in different
buffer solutions

Spectral curves for pKa determinationwere recorded in different
buffer solutions (pH range 1.2e11.0) at 1.39 � 10�5 M and
2.71�10�5M forNRandNRBr respectively, because theabsorbances
of the cationic and nonionic species were in the range of the lowest
spectrophotometric error. The pKa of the dyes was determined from
the second-derivative of absorbance (at the lmax of the cationic
species) against the pH of the solution. Aggregation of NR and NRBr
as a function of dye concentration (10�6M to10�4M)was studied by
means of the spectral curves in buffer solutions at pH1.2, 5.8 and 7.4.

2.2.2. Stability and photostability tests
The chemical stability of the dyes was evaluated in buffer so-

lutions at pH 1.2, 5.8 and 7.4 at 37 �C by UVevisible spectroscopy
and the samples were protected from the light. For all the experi-
ments the concentration of the dyes was 10�5 M and the samples
were withdrawn at 1 h intervals for 32 h.

The photostability of the dyes (10�5 M) in buffer solution (pH
7.4) at room temperature was carried out in quartz cells that were
irradiated (Experimental Section: 2.1.2 Instrumentation) for
120min (total light dose 60.5 J/cm2). The solutions of the dyes were
monitored by UVevisible spectroscopy as a function of time.

Parameters such as selectivity, linearity, accuracy, precision, limit
of detection (LOD) and limit of quantitation (LOQ) for the stability
and photostability studies were also determined (data not shown).

The absence of degradation products was corroborated by RP-
HPLC using methanol: aqueous solution of trimethylammonium
phosphate 83 mM (70:30 v/v) as mobile-phase.

2.2.3. Determination of log P
2.2.3.1. Log PHPLC. The HPLC general procedure consisted of mea-
surement of the retention time under isocratic conditions with
varying amounts of methanol as an organic modifier (4) since it is
the best solvent for the chromatographic determinations [28].

Methanol-buffer pH 7.4 mixtures, with methanol content be-
tween 65% and 90% (v/v) in 5% increments (final pH from 8.9 to 9.5)
were used as mobile phases. The buffer pH 7.4 (10 mM) was pre-
pared with potassium phosphate monobasic (19.7%) and sodium
phosphate dibasic (80.3%) in Milli-Q® water.

A multiwavelength UVevisible detector was fixed at 280 nm
and at the lmax of the reference compounds and NRBr (Table 1),
which were injected in triplicate. Seven structurally related com-
pounds were evaluated as references in order to establish the log
PO/W � log kw relationship. Their partition coefficient (log PO/W)
values covering a wide range of lipophilicity were taken from the
literature (2.83e6.58) (Table 1).



Table 1
Determination of Log PHPLC values.

Compounds lmax (nm) Log PO/Wa 4 S Log kwb r Log PHPLC

References
Cresyl Violet 590 2.83 65e85 �0.031 ± 0.002 2.3 ± 0.1 0.98734 2.9 ± 0.1
Neutral Red (NR) 540 3.20 65e85 �0.033 ± 0.002 2.6 ± 0.1 0.99066 3.2 ± 0.1
Phenanthrene 280 4.52 70e90 �0.044 ± 0.005 4.2 ± 0.4 0.95620 4.5 ± 0.4
Anthracene 250 4.56 70e90 �0.046 ± 0.003 4.4 ± 0.2 0.98614 4.7 ± 0.2
Crystal Violet 590 4.95 65e85 �0.060 ± 0.005 4.8 ± 0.2 0.97428 5.0 ± 0.2
9-bromo-phenanthrene 280 5.45 70e90 �0.052 ± 0.004 5.1 ± 0.3 0.97879 5.3 ± 0.3
Rose Bengal 550 6.58 65e90 �0.083 ± 0.003 6.8 ± 0.2 0.99362 6.7 ± 0.3
Test substance
Neutral Red monobrominated (NRBr) 540 e 65e85 �0.039 ± 0.002 3.3 ± 0.1 0.99293 3.8 ± 0.1

a Literature data.
b n ¼ 3.
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The capacity factor (k0) of all compounds were calculated from
the experimentally determined retention data using eq. (1)

k0 ¼ (tR� t0)/t0 (1)

where tR is the retention time of the solute and t0 is the dead time
that is defined as the retention time of a non-retained compound
which was determined by injection of methanol [28].

The log k0 values for each reference compound and the sub-
stance tested were plotted against the volume percent of methanol
in the eluent (4) based on the established linear relationship (eq.
(2)), where S is the slope.

log k0 ¼ S$4 þ log kw (2)

The log k0 values for each compound (log kw) corresponding to
100% aqueous solution (0% modifier) were obtained by extrapola-
tion. In this case, as k0 is independent of the organic modifier effect,
the polarenon-polar partitioning will be more similar to the shake
measurements and dependent on the solute structure and polar
functionalities [29].

A plot of log kw versus log PO/W (eq. (3)) was generated for the
reference compounds:

log PO/W ¼ a log kw � b (3)

In the next step, coefficients a and b were obtained and the log
kw value of NRBr was used to calculate its partition coefficient (log
PHPLC) using the eq. (4),

log PHPLC ¼ a log kw � b (4)

Regression and correlation analyses were performed with Ori-
ginPro 8 SR0 (OriginLab Corporation).
2.2.3.2. Theoretical calculation of log P (clog P). Different types of
software allowing theoretical calculations of various lipophilicity
descriptors, on the basis of obtained geometry of the molecule [30]
were used. For purposes of comparison, the theoretical partition
coefficients (clog P) of the compounds were calculated by a
fragment-based approach employing commercially available
chemical software ACD/logP program Version 6.0 (Toronto, Canada)
and programs available as a freeware: Molinspiration Chem-
informatics Software (miLogP 2.2) and OSIRIS Property Explorer.

Correlation between the experimental data (log kw) and the
software that predicted lipophilicity (clog P) was compared by
linear regression analysis (eq. (5)) determining the parameters of
the relationship.
clog P ¼ a log kw þ b (5)

2.2.4. Photodynamic properties: singlet oxygen determination
Solutions of NR and NRBr dyes were irradiated (Experimental

Section: 2.1.2 Instrumentation) in quartz cells of 1 cm path length
with 9,10-dimethylanthracene (DMA, absorbance ~0.6) in N,N-
dimethylformamide (DMF). To ensure that in all experiments an
equal number of photons were absorbed per unit time, the con-
centration for each dye was adjusted at an absorbance of ~0.18 at
the lmax. The kinetics of DMA photooxidation were studied by
following the decrease of the absorbance (A) at lmax ¼ 378 nm as a
function of irradiation time. The observed rate constants (kobs) were
obtained by a linear least-squares fit of the semilogarithmic plot of
Ln (A0/A) versus time, and the values of singlet oxygen quantum
yields (FD) relative to methylene blue dye used as reference (MB,
FD ¼ 1) were calculated.

The FD of the NR and NRBr was calculated using eq. (6), where
PS is the photosensitizer, Ref is the reference compound and A is the
initial absorbance at 378 nm.

FPS
D ¼ FRef

D kPSobs A
Ref

kRefobs A
PS (6)

2.2.5. PACT studies
2.2.5.1. Bacterial cultures. The bacteria used in this study were S.
aureus ATCC 25923 and a clinical isolate of S. aureus resistant to
methicillin and fluoroquinolones (MRSA61). Organisms were
maintained byweekly subculture onMüeller-Hinton agar (Britania,
Buenos Aires, Argentina). An overnight culture was suspended in
PBS and adjusted to a bacterial concentration of ~ 5 � 107 CFU/mL
(corresponding to 0.5 Mc Farland scale). In some experiments, cells
were diluted in PBS, corresponding to ~ 5�105 CFU/mL, to compare
cellular density effect.

2.2.5.2. Photodynamic inactivation of bacteria in vitro. Effect of PS
concentration (range 5e200 mM), irradiation time (15, 30, 60 min,
total light dose 7.6; 15.1 and 30.2 J/cm2, respectively) (Experimental
Section: 2.1.2 Instrumentation) and cellular density (105 and
107 CFU/mL) on lethal photosensitization were investigated.

In all the experiments, 1 mL of the cell suspensions in culture
tubes (13�100mm)was used and 1mL of the sensitizerwas added.
Cultures were exposed to visible light at different time intervals.

Bacterial cultures grown under the same conditions with and
without PS kept in the dark as well as illuminated cultures without
sensitizer served as controls.

At the completion of the illumination period, 100 mL aliquots
were removed from illuminated and non-illuminated tubes and
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serially diluted 10-fold into PBS to give concentrations of 10�1e10�5

times of the original concentrations. Viable bacteria were moni-
tored by subculturing 100 mL of the appropriated dilution on
Müeller-Hinton agar plates in duplicate. Then, the number of col-
onies formed after 18e24 h incubation at 37 �C was counted. Data
(CFU/mL) were log-transformed and both PS were compared with
the control cultures.

Each time-dependent killing experiment was performed on
three independent occasions and the data were expressed as the
average of all values obtained.

Statistics values were expressed as the mean ± standard devi-
ation of each group. The difference between two means was
compared by a two-tailed unpaired Student's t test. P values of
<0.05 were considered significant.
3. Results and discussion

3.1. pKa determination

The spectra of NRBr are strongly pH dependent, exhibiting the
cationic form of dye at pH 1.2, 2.5 and 4.0 with lmax approximately
at 530 nm. On the other hand, buffer solutions of NRBr at pH 7.4 are
colorless since the nucleophile OH� ion abstracts the Hþ from the
cationic form generating nonionic aromatic species because the
central nitrogen atom of the dye is electron-deficient [11] (See 3.3
Stability and Photostability tests).

The spectra of NRBr at pH 5.8, 6.2 and 6.8 presented two bands
at l ¼ 530 nm and at approximately l ¼ 470 nm, which was
attributed to the higher order aggregates (See 3.2 Aggregation
behavior in different buffer solutions). The band at 470 nm is not
assigned to the neutral species of the dye because it disappears in
solutions of pH higher than 6.8. However, the NR solutions keep the
color at high pH values because the NR solutions turn yellow and
the NRBr ones colorless at higher pH than that of their pKa.

An interesting observationwasmadewhen a drop of chlorhydric
acid was added to the yellow or colorless solutions of NR and NRBr,
which immediately turned redandviolet respectively. This indicates
that the acidic medium destabilizes the benzenoid forms and re-
generates the ionic species, and suggests that the dyeeOH interac-
tion/H abstraction are weak and reversible. Conversely, these
quinonoid forms (ionic species) of both compounds, upon alkaline
solution, regenerate the nonionic species because OH� abstracts Hþ

and makes the molecule fully aromatic [11].
The pKa value of NRBr was determined from the second deriv-

ative of the absorbance of the dye versus the pH of the buffer
Fig. 1. (Right) Absorbance at the lmax of the cationic species of NRBr dye versus pH of the so
solutions (pKa NRBr ¼ 5.8 ± 0.1). Besides, the pKa of NR was
determined (pKa NR ¼ 7.0 ± 0.8) following the same procedure to
corroborate the value previously reported in the literature [31,32].
Fig. 1 shows the absorbance versus the pH of the solution and the
second derivative of the absorbance of NRBr dye at the lmax of the
cationic species versus the pH of the solution.

The pKa values obtained for both compounds indicate that
these chromophores undergo a protonation/deprotonation reac-
tion. This demonstrates that the nonionic benzenoid species are
acid sensible. Halogenation significantly lowers the pKa value of
the dye in accordance with the electron withdrawing character of
the halogen atoms [27]. This lowering of pKa could be beneficial
because the NRBr would be present in the biological system as a
mixture of neutral and cationic forms. This fact could allow the
dye to be incorporated and accumulated into cells whose lower pH
could facilitate the dye protonation. A marked change in the ab-
sorption spectrum is associated with the deprotonation process
which should be considered during cell photoradiation in-
vestigations. This is particularly relevant for the dyes investigated
in this study because both have pKa values close to the physio-
logical pH [27].
3.2. Aggregation behavior in different buffer solutions

In order to analyze NR and NRBr aggregation behavior, the ab-
sorption spectra in physiological pH conditions (pH 1.2, 5.8 and 7.4)
were studied and compared.

In our earlier work, the monomeric species of NR and NRBr in
different organic solvents at approximately lmax 450 nm were re-
ported. For both dyes in aqueous solution, an absorption band,
assigned to the aggregated form of dyes [15], was determined at
approximately lmax 535 nm.

Accordingly, the absorption spectra of the protonated form of
NR in buffer solution pH 1.2 at different dye concentrations (from
1.39 � 10�6 M to 9.70 � 10�5 M) showed a blue shift of maximum
absorption wavelength (H-band) from lmax 532 nm to lmax 523 nm
when the dye concentration increased (S1 Supporting
information). Besides, an isosbestic point was observed at 587 nm
and the LamberteBeer law was found to be non-linear. The band at
530 nm was assigned to the aggregated form of NR and the blue
shift observed as a function of the dye concentration in that buffer
solution, was attributed to the higher order aggregates (S1 inset
Supporting information). The monomeric species of this dye
could not be seen at pH 1.2, but a similar blue shift was observed in
the pH 5.8 buffer solution.
lution. (Left) Second-derivative of the absorbance of the NRBr versus pH of the solution.



Fig. 3. Normalized absorption spectra of NRBr in buffer pH ¼ 5.8 at maximum ab-
sorption wavelength as a function of dye concentration. [NRBr] (a) 3.25 � 10�5 M, (h)
2.71 � 10�4 M.
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As shown in Fig. 2, the absorption spectra of NR at pH 7.4 suggest
the deprotonation of the cationic species because these spectra
exhibited two absorption bands: a maximum at 528 nm, which
belongs to the cationic form of the aggregated dye, and a shoulder
at approximately 470 nm corresponding to the neutral form of NR
[31e33]. The band attributed to the aggregated cationic form of the
NR presented an isosbestic point at 572 nm and a blue-shift of
16 nm (lmax from 528 nm to 512 nm) as a function of dye
concentration.

Conversely, it is evident from the normalized absorption spectra
(Fig. 2) that the band assigned to the aggregated neutral species of
NR (at approximately 470 nm) showed an increase in the absorp-
tion as a function of dye concentration, in comparison with the
cationic form. This increase was attributed to the formation of the
higher order aggregates of the neutral species. For the first time, we
report the presence of the cationic and neutral forms of the NR dye
at pH 7.4 at concentrations ranging from 6.93 � 10�6 M to
7.62 � 10�5 M.

The new NRBr dye was evaluated at pH ¼ 1.2 and at different
concentrations (1.08 � 10�6 M to 9.49 � 10�5 M) (data not shown).
The absorption spectra of NRBr presented, at the lowest dye con-
centration, a lmax ¼ 541 nm and, at the highest concentration, a
lmax¼ 529 nm. Because of the increase in the NRBr concentration, a
blue shift of 12 nm and an isosbestic point at about 600 nm were
observed. This displacement can be explained in the same terms as
for the NR dye.

The normalized absorption spectra of NRBr at pH 5.8 recorded at
different dye concentrations are shown in Fig. 3. At lower dye
concentrations (<1.39 � 10�4 M), NRBr exhibited a maximum ab-
sorption at 537 nm and a shoulder at about 468 nm. At higher
concentrations, this 468 band became themaximum of the spectral
curve. The band at 537 nmwas attributed to the aggregated form of
NRBr, while the new spectral maximum observed at 468 nm was
assigned to the higher order aggregates. These changes were
marked by the presence of an isosbestic point at 580 nm, sug-
gesting the formation of the aggregated species.

The absorption spectra of NRBr in ultrapure Milli-Q® water (pH
5.76) have been previously discussed [15]. At lower concentrations
of dye, an absorption band at 468 nmwas observed and attributed
to the monomer form of NRBr. The shoulder at 535 nm became the
new spectral maximum with an increase in the dye concentration,
which was attributed to the aggregated form.
Fig. 2. Normalized absorption spectra of NR in buffer pH ¼ 7.4 at maximum absorption
wavelength as a function of dye concentration. [NR] (a) 6.93 � 10�6 M, (k)
7.62 � 10�5 M.
The comparison of the NRBr spectra in buffer solution at pH 5.8
(Fig. 3) and inMilli-Q®water indicated that the difference observed
between them could be explained by the high ionic strength of
buffer at pH 5.8 (0.5 M) which increases the aggregation effect;
therefore, higher order aggregates could be seen in this buffer so-
lution, according to the literature [18,34]. Besides, in buffer solution
at pH 7.4, the neutral form of the NRBr is colorless, so the spectral
curves could not be discussed.

3.3. Stability and photostability tests

The results obtained for NR and NRBr demonstrated a high
chemical stability in the buffer solutions assayed at 37 �C during
32 h (data not shown). The NRBr dye in buffer solutions at pH 5.8
and 7.4 was gradually decolorized as a function of time; however,
this effect was almost completely reversed by the addition of hy-
drochloric acid to the solutions previously analyzed by UVevis
spectroscopy, indicating an equilibrium between cationic form and
nonionic species. (See 3.1 pKa determination).

This dye was studied in Milli-Q® water (pH 5.76) to evaluate if
the composition of the buffer solutions was involved in the NRBr
discoloration process. After the experiment, a similar discoloration
of the solution was observed, so the buffer composition is not
involved in this effect.

According to these results, the NRBr discoloration at pH 5.8 and
7.4 is due to the presence of neutral species of the dye, which
showed its typical acid-based equilibrium.

On the other hand, NR and NRBr presented high photostability
during 120 min of irradiation (data not shown), which was evi-
denced by the overlapping of the spectral curves as a function of
time and the absence of the degradation products analyzed by RP-
HPLC.

3.4. Determination of log P

3.4.1. Log PHPLC
Correlation between the log k0 values and the composition of the

mobile phase (4 between 65% and 90%) for the reference com-
pounds (eq. (2)) showed a linear relationship (Table 1). It is possible
to note that the slope is always negative when it is related to the



Fig. 4. First-order plots for the photooxidation of DMA photosensitized by MB (-), NR
(C) and NRBr (:) in DMF.
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hydrophobic surface of the molecule which interacts with the non-
polar stationary phase [28]. The log kw values for all compounds
were calculated and the correlation between these data and log PO/
W for the reference compounds was expressed by eq. (7) with
excellent fit.

log PO/W¼ (0.84 ± 0.03) log kwþ (1.0 ± 0.1) (7)

n ¼ 7; r ¼ 0.99576; r2 ¼ 0.99154; s ¼ 9.86457; F ¼ 704.35

For all compounds, log PHPLC was calculated according to the eq.
(8). The values are shown in Table 1.

log PHPLC¼ (0.84 ± 0.03) log kwþ (1.0 ± 0.1) (8)

Lipophilicity for solutes increased due to electron-withdrawing
bromine-substituents, as can be seen when log PHPLC obtained for
NR and NRBr was compared.

The penetration of PS molecules into the cell depends on their
size, charge, solubility and also on the cell type. They may accu-
mulate at particular subcellular locations or be associated with the
most hydrophobic regions of membranous organelles [26]. The
lipophilic parameter of a drug candidate seems to be the most
important physicochemical parameter in the structureeactivity
relationship studies [35] because it showed that an increase in
lipophilicity leads to a higher cellular uptake which is usually
correlated with an increased biological activity [36].

3.4.2. Theoretical calculation of log P (clog P)
Comparison between the experimentally measured log kw and

computer estimated lipophilicity parameters revealed a good linear
correlation for the set of evaluated compounds (eq. (5)). Parameters
and statistical data of correlation between log kw and clog P values
are shown in Table 2.

The highest correlation obtained by OSIRIS program was satis-
factory. Two good linear correlations were also obtained using
miLogP and ACD/logP. The three correlations showed “r” values
from 0.913 to 0.870, according to the accepted criteria from the
literature [37].

3.5. Photodynamic properties: singlet oxygen determination

Fig. 4 shows the semilogarithmic plots describing the progress
of reaction for DMA in DMF photosensitized by MB, NR and NRBr.
The values of the observed rate constant (kobs) were obtained and
FD was calculated according to eq. (6) (Table 3).

A higher efficiency in the 1O2 production was determined for
NRBr, which was about 2.7 fold higher than the lead compound.
This could be explained in terms of heavy-atom effect.

A value of FD ¼ 1.16 for NR was determined in experimental
conditions at which the lmax of the dye was of 450 nm, while
Phoenix et al. reported a value of FD ¼ 0.18 for the same compound
at lmax at 536 nm [38]. According to our previous work, the bands
at 450 nm and 536 nm correspond to themonomeric and aggregate
forms of NR respectively [15]. Taking into account that the values of
Table 2
Parameters and statistical data of correlation between log kw and clog P values.

a b r s F

OSIRIS 1.6 ± 0.2 �2.1 ± 0.8 0.913 2.925 74.053
miLogP 1.4 ± 0.2 �1.4 ± 0.8 0.892 3.164 58.775
ACD/logP 1.8 ± 0.3 �2 ± 1 0.870 5.681 47.887

a: slope; b: intercept; r: r-square; s: residual sum of squares; F: value of the Fisher
test of significance.
1O2 can diminish when the PS is partially aggregated [39], the low
FD value reported earlier for this dye compared to our determi-
nation can be explained because under the present experimental
conditions, the dye existed only as monomer species; consequently,
FD was even higher than the reference MB value.
3.6. Antimicrobial PACT

Several parameters were checked in order to assess the PACT of
bacterial cells of the newly synthesizedmonobromo derivative, and
the results were compared to that exhibited by NR. Both PS were
initially dissolved in a mixture of DMF: aqueous solution (1:9 v/v)
and then diluted with PBS, assessing the photoantimicrobial action
at different concentrations of the dye. The final concentration of
DMF present in such dilutions did not alter cell viability (data not
shown).

No significant variation in the number of viable cells was
observed in S. aureus cultures illuminated for up to 60 min when
they were compared with the control groups (P > 0.05) (data not
shown).

Fig. 5 shows the survival of S. aureus ATCC 25923 exposed to a
wide range of (A) NRBr and (B) NR concentrations at different
irradiation times and incubated in dark. Both PS assayed were not
toxic for this species in the dark at a concentration up to 200 mM.
This indicates that the death of the cell obtained after irradiation of
cultures treated with NRBr or NR is due to the effect of the pho-
tosensitizing agents produced by the visible light. The phototoxicity
of NRBr toward this bacteriumwas higher than that of NR (compare
Fig. 5A and B), and displayed a dependent effect on both time-
exposure and concentration. The viable count for the three expo-
sure times substantially decreased, yielding �4 log10 reduction in
Table 3
Kinetic parameters for the photooxidation of DMA in DMF sensitized by MB, NR and
NRBr and singlet oxygen quantum yield (FD).

Compound kobs (s�1) FD
a

Methylene Blue (MB) (166 ± 2) � 10�5 1.00
Neutral Red (NR) (19 ± 1) � 10�4 1.16
Neutral Red monobrominated (NRBr) (515 ± 5) � 10�5 3.14

a Relative to Methylene Blue.



Fig. 5. Photodynamic inactivation of S. aureus ATCC 25923 (105 CFU/mL) treated with a
range of concentrations of NRBr (A) or NR (B) and exposed to visible light for different
irradiation times: (-) 15 min, (C) 30 min and (:) 60 min. Open symbols are controls
exposed to the PS without irradiation. Values represent mean ± standard deviation of
three separate experiments.

Fig. 6. Photoinactivation of S. aureus ATCC 25923 at 107 CFU/mL (:,▵) and 105 CFU/
mL (C, B). Cells were incubated with the specified concentration of NRBr and illu-
minated for 30 min. The values are the mean of three independent experiments. Open
symbols are cultures maintained in dark.
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the presence of 50 mM NRBr after 30 min exposure. Under these
experimental conditions the detection limit of the method was
reached. Furthermore, no viable bacterium was detected after
60 min exposure in the whole range of the NRBr concentrations
assayed (5e200 mM). By contrast, none of the tested concentrations
of NR was sufficient to produce full photoinactivation of this
microorganism (Fig. 5B), even at longer irradiation times (60 min).
The greatest effect exhibited by this PS (~3.2 log10 decrease in cell
survival) was observed when the culture was treated with 50 mMof
sensitizer and irradiated for 60 min; however, there was no sig-
nificant change in microbial photoinactivation when the concen-
tration of this PS increased. Similar level of viability reduction of
this Gram-positive bacteriumwas obtained when the cultures were
exposed to 25 mM NRBr and only to 30 min of irradiation. This
demonstrates the superior performance of NRBr derivative for
photodynamic inactivation of S. aureus.

In view of the performance exhibited by the new NRBr deriva-
tive, 30 min of irradiation was selected for the following studies.

The effect of cell density on the PACT was evaluated by
comparing 105 and 107 CFU/mL. This condition was selected ac-
cording to the guidelines for the determination of susceptibility to
antimicrobial agents used in current therapies [40]. Fig. 6 shows
that the light-mediated killing of S. aureus incubated with NRBr
reached ~5 log10 at cell density of 107 CFU/mL. At the same time,
S. aureus showed �4 log10 killing which is equivalent to eradication
in this experimental conditions when the lowest cell concentration
was used.

Therefore, the log10 reduction achieved under both experi-
mental conditions was similar. Since in each experiment different
starting inocula were assayed, the detection limit was reached only
with the lowest inoculum, while in the other experiment some
surviving bacteria were recovered.

In general, previous reports suggest that the effectiveness of the
PACT for other PS increases with the decrease in cell density.
However, differences attributed to the degree of binding of PS to
microbes were observed [41]. In particular, a lack of dependence on
cell density was described for Rose Bengal against S. aureus. This
behavior of Rose Bengal, among others tested, was attributed to the
entrance of PS by a diffusion controlled process.

Fig. 7 shows the antibacterial efficacy of NRBr and NR in the
clinical isolate MRSA61 under both dark and light conditions.
Application of visible light in the absence of PS showed no signif-
icant difference compared to the control groups (P > 0.05). The
viability of this isolate was not affected by dark incubation with
both PS for 30 min.

After illumination, NRBr showed a much higher level of killing
than NR. NRBr also exhibited a significant concentration-
dependent effect until 50 mM (~3.7 log10 killing) against MRSA61.
However, the concentration dependence for NR was not observed.



Fig. 7. Photodynamic inactivation of MRSA61 (107 CFU/mL) treated with a range of
concentrations of photosensitizers. (▫) and (▵) are controls non-irradiated and
exposed to NR and NRBr, respectively. (-) and (:) are cultures treated with NR and
NRBr, respectively, exposed to visible light for 30 min. Values represent
mean ± standard deviation of two separate experiments. *, P < 0.05, compared with
previous concentration assayed.
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Only significant differences were observed when 100 mM NR was
evaluated.

The performance exhibited by NRBr for PACT of the isolates
assayed was compared to sensitive S. aureus (Fig. 6) and resistant
isolate to current antimicrobial therapeutic use (Fig. 7) under the
same conditions of bacterial density, PS concentration and irradi-
ation time. This comparison demonstrated that S. aureus ATCC
25923 was more likely to be killed than the clinical MRSA. NRBr at
25 mM and 50 mM led to 4.2 and 5.0 log10 killing, respectively, for
S. aureus ATCC 25923, while the same concentrations led to 3.3 and
3.7 log10 killing, respectively for MRSA61.

The results available in the literature on PS structurally related
to those evaluated in this study do not allow any definitive
conclusion when comparing the efficiency of photoinactivation of
susceptible and antimicrobial-resistant strains. The performance
exhibited by NRBr against methicillin-sensible and -resistant S.
aureus was similar to that reported by Kashef et al. for Toluidine
Blue O [42], while other researchers came up with opposite results
[43].

NRBr concentrations greater than 50 mM exhibited reduction of
the PACT against both isolates at a bacterial density of 107 CFU/mL
(Figs. 6 and 7). This behavior was confirmed by other experiments
that evaluated the effect of NRBr at concentrations of 50, 100 and
200 mM (data not shown). However, this effect was not observed
when an inoculum of 105 CFU/mL was evaluated (Fig. 5A).

Our results are in agreement with a previous study on MB and
Toluidine Blue O, which showed reduction of the PACT at high
concentration of the dyes. This behavior was attributed to an ag-
gregation effect [44]. An additional dimerization of MB and Tolui-
dine Blue O induced by increasing concentrations of bacteria has
also been reported [45]. Therefore, the significant reduction of the
PACT observed in this work at high NRBr concentrations and
107 CFU/mL could be attributed to the aggregation effect.

NR has been used for a long time in different assays for esti-
mation of viable cells in a culture [46,47]. Several reports showed
that the brominated derivatives present low to nondeterminable
toxicity in different cells [48,49]. In addition, brominated thiazine
derivatives exhibit decreased phototoxicity in culture cell
compared to the starting reagent [50]. These studies suggest that
NR and NRBr would be safe antimicrobial treatments for infections
without damaging effects on human cells.

4. Conclusions

Many products can behave as PS and new ones are regularly
discovered; however, very few have made it to clinical trial and
even fewer are readily commercially available. Each of the currently
commercially available PS has specific characteristics, but neither is
an ideal agent.

The current work is the first report on initial antimicrobial
testing of the newNRBr azine dye and gives an insight into the PACT
properties of NR.

The improved photoproperties exhibited by NRBr were accom-
panied by significant increases in the photoantimicrobial action,
showing significant improvements compared to NR. This increase
was observed in both isolates, sensitive and resistant to conven-
tional antimicrobial agents. In addition, the improved lipophilicity
of NRBr could be another factor that contributes to the observed
performance. Thus, it is possible that NRBr concentration in bac-
teria is significantly higher than that of NR and enough to kill or-
ganisms after light irradiation. Additional studies will be needed to
confirm this hypothesis.

Furthermore, although both PS showed aggregation under the
conditions evaluated, the bacterial photoinactivation exhibited by
themonobrominated derivative was affected to a lesser extent than
that of NR.

Although PACT against MRSA clinical isolate was slightly lower
than that observed for the collection strain sensitive to antimicro-
bials, more isolates should be evaluated to reach definitive con-
clusions in this regard.

In conclusion, the new compound NRBr showed striking prop-
erties, which are important outcomes for PDT and PACT. It also
exhibited higher in vitro photoantimicrobial effect against S. aureus
than the starting reagent. These preliminary results suggest that
the new compound could be a promising PS to be used in photo-
dynamic therapeutic applications.
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