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Summary  The  effect  of  divalent  cations,  EDTA  and  chitosan  (CS)  on  the  uptake
and photoinactivation  of  Escherichia  coli  produced  by  5,10,15,20-tetrakis(4-N,N,N-
trimethylammoniumphenyl)porphyrin  (TMAP4+),  5,10-di(4-methylphenyl)-15,20-di(4-N,N,N-tri-
methylammoniumphenyl)porphyrin  (MPAP2+)  and  5,10,15,20-tetra(4-sulphonatophenyl)-
porphyrin  (TPPS4−)  were  examined  under  different  conditions.  These  porphyrins  were  rapidly
bound to  E.  coli  cells  (<2.5  min)  and  the  uptake  of  photosensitizers  was  not  dependent  on
incubation  temperature,  reaching  values  of  0.61,  0.18  and  0.08  nmol/108 cells  for  TMAP4+,
MPAP2+ and  TPPS4−,  respectively.  The  addition  of  Ca2+ or  Mg2+ to  the  cultures  enhanced  the
uptake of  MPAP2+ and  TPPS4− by  cells.  In  contrast,  the  amount  of  TMAP4+ bound  to  cells  was
decreased.  The  presence  of  EDTA  produced  an  increase  in  the  uptake  of  porphyrins  by  cells,
while CS  mainly  enhanced  the  amount  of  TPPS4− bound  to  E.  coli.  The  photoinactivation  of
E. coli  cells  mediated  by  TMAP4+ was  highly  effective  even  at  low  concentration  (1  �M)  and
short irradiation  period  (5  min).  However,  a  reduction  in  the  phototoxicity  was  found  for  TMAP4+
in  presence  of  Ca2+ and  Mg2+.  In  contrast,  the  phototoxic  activity  mediated  by  MPAP2+ and
TPPS4− was  increased.  Addition  of  EDTA  did  not  show  effect  on  the  photoinactivation  induced
by cationic  porphyrins,  while  a  small  enhance  was  found  for  TPPS4−.  Moreover,  inactivation
of E.  coli  cells  was  achieved  in  the  presence  CS.  This  cationic  polymer  was  antimicrobial  by
itself in  the  dark.  Using  a  slightly  toxic  CS  concentration,  the  phototoxic  activity  induced  by
4+ 4+
TMAP was  diminished.  This  effect  was  mainly  observed  at  lower  concentration  of  TMAP
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(0.5—1  �M).  In  contrast,  an  increase  in  E.  coli  photoinactivation  was  obtained  for  MPAP2+ and
TPPS4− in  presence  of  CS.  Thus,  this  natural  polymeric  destabilizer  agent  mainly  benefited  the
photoinactivation  mediated  by  TPPS4−.
© 2014  Elsevier  B.V.  All  rights  reserved.
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he  emergence  of  antibiotic  resistance  amongst  pathogenic
acteria  has  led  to  a  major  research  effort  to  find  alterna-
ive  antibacterial  therapies  [1].  In  this  sense,  photodynamic
nactivation  (PDI)  of  microorganisms  has  been  proposed
s  an  alternative  to  controlling  bacterial  infections  [2].
his  methodology  involves  a  photosensitizer,  visible  light
nd  oxygen  to  yield  highly  reactive  oxygen  species  (ROS),
hich  specifically  produces  cell  damages  that  inactivate  the
icroorganisms  [3].
The  studies  have  shown  that  Gram-positive  bacteria

re  efficiently  photoinactivated  by  a  variety  of  photosen-
itizers,  whereas  Gram-negative  bacteria  are  unaffected
y  the  action  of  negatively  charged  or  neutral  agents  [2].
he  resistance  of  Gram-negative  bacteria  to  the  action  of
hotosensitizers  has  been  ascribed  to  the  presence  of  highly
rganized  outer  membrane  (OM),  which  hinders  the  interac-
ion  of  the  photosensitizer  with  the  cytoplasmic  membrane
nd  intercepts  the  ROS  [4,5].  The  bacterial  envelope  is  a
ighly  complex  multilayered  structure  that  consists  of  a  pla-
ar  peptidoglycan  sheet  to  which  the  OM  is  anchored  [6].
he  additional  membrane  layer  in  the  cell  wall  architecture,
hich  is  located  outside  the  peptidoglycan  layer,  shows  an
symmetric  lipid  structure  composed  by  negatively  charged
ipopolysaccharides  (LPS),  lipoproteins  and  proteins  with
orin  function.  Therefore,  LPS  molecules  provide  a  polyan-
onic  external  surface  that  is  partly  neutralized  by  divalent
ations  Mg2+ and  Ca2+ [7].

Photosensitization  of  Gram-negative  bacteria  can  be
ncreased  by  the  addition  of  biological  or  chemical
olecules,  which  modify  the  native  consistence  of  the  OM

4,8].  These  changes  enhance  its  permeability  facilitat-
ng  the  penetration  of  photosensitizers  to  the  cytoplasmic
embrane.  Photodynamic  studies  were  performed  destabi-

izing  the  bacterial  OM  by  the  addition  of  Tris—EDTA  [9]  or
olymyxin  B  nonapeptide  (PMNP)  [10].  EDTA  removes  Mg2+

nd  Ca2+ avoiding  the  neutralization  of  negative  charges
nd  producing  electrostatic  repulsion  between  the  LPS.
hus,  the  molecules  can  penetrate  into  the  inner  cytoplas-
ic  membrane.  Photoinactivation  of  Escherichia  coli  and
lebsiella  pneumoniae  by  hematoporphyrin  or  zinc  phthalo-
yanine  was  effective  using  Tris—EDTA  before  treatment  [9].
urthermore,  PMNP  displaces  cationic  counterions  reduc-
ng  the  barrier  properties  of  the  OM  [11].  It  was  found
hat  deuteroporphyrin  works  much  better  in  concert  with
MNP  than  other  photosensitizers,  including  porphyrins,
hthalocyanines  and  merocyanine  540,  to  photoinactive  a
ulti-antibiotic  resistant  of  Acinetobacter  baumannii  [12].

lso,  PDI  of  bacteria  was  performed  using  chitosan  (CS),

 natural  linear  polycationic  biopolymer  [13,14].  CS  has
 wide  range  of  applications  in  the  fields  of  biomedicine
nd  food  industries,  agriculture  and  environmental  science S
15,16].  CS  exhibits  a  broad  range  of  antibacterial  and  anti-
ungal  activity  [17,18]. The  key  considerations  that  justify
his  interest  are  that  CS  is  biocompatible  and  biodegradable
15].

In  the  present  study,  we  investigated  the  cellu-
ar  uptake  and  photodynamic  activity  of  5,10,15,20-
etrakis(4-N,N,N-trimethylammoniumphenyl)porphyrin  (T-
AP4+),  5,10-di(4-methylphenyl)-15,20-di(4-N,N,N-trimeth-
lammoniumphenyl)porphyrin  (MPAP2+)  and  5,10,15,20-
etra(4-sulphonatophenyl)porphyrin  (TPPS4−)  (Scheme  1)
n  E.  coli  cells.  In  particular,  TMAP4+ and  TPPS4− were
elected  as  recognized  cationic  and  anionic  photosensi-
izers  evaluated  in  PDI  [19].  In  contrast  to  TMAP4+,  it
s  known  that  TPPS4− is  not  an  effective  photosensitizer
o  eradicate  Gram  negative  bacteria,  although  both  por-
hyrins  exhibit  a  similar  subcellular  distribution  pattern,
eing  mainly  localized  in  the  protoplasts  or  spheroplasts
20]. Therefore,  the  goal  of  this  study  was  to  evalu-
te  experimental  conditions  that  favoring  the  inactivation
ainly  mediated  by  TPPS4−. Thus,  the  amount  of  por-
hyrin  bound  to  E.  coli  cells  was  examined  under  different
onditions,  such  as  incubation  times,  effect  of  tem-
erature,  addition  of  divalent  cations,  Ca2+ and  Mg2+,
nfluence  of  EDTA  and  CS.  Also,  eradication  of  E.  coli
ediated  by  these  photosensitizers  was  compared  under
ifferent  treatments  to  establish  the  best  conditions  of
DI.
cheme  1  Structure  of  the  cationic  and  anionic  porphyrins.
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DMF.  Cell  suspensions  were  kept  at  4 ◦C  or  37 ◦C  for  10  min
in  dark  and  then  centrifuged  (3000  rpm  for  10  min).  Pellets
were  re-suspended  in  2  mL  of  2%  aqueous  SDS,  incubated
overnight  at  4 ◦C  and  sonicated  for  30  min.  The  concen-
tration  of  porphyrins  in  the  supernatant  was  determined
by  spectrofluorimetry  (TMAP4+:  �exc =  415  nm,  �em =  651  nm;
MPAP2+: �exc =  417  nm,  �em =  654  nm;  TPPS4−:  �exc =  412  nm,
�em =  644  nm).  The  fluorescence  intensities  of  each  sample
were  referred  to  the  total  number  of  cells.  The  concen-
tration  of  the  porphyrin  in  the  solution  was  calculated  by
comparison  with  a  calibration  curve  obtained  with  standard
solutions  of  the  photosensitizer  in  2%  SDS,  varying  [por-
phyrin]  between  0.05  and  1.0  �M.  Binding  experiments  were
achieved  incubating  the  cells  with  the  appropriated  concen-
tration  of  the  agent  for  10  min  in  dark  and  then  treating  the
cell  suspensions  with  the  porphyrin  as  described  below  at
37 ◦C.  Divalent  cations,  CaCl2 and  MgCl2,  and  the  chelating
agent,  EDTA,  were  added  from  2 M  stock  solutions  in  water
to  obtain  50  mM  in  the  cell  suspensions.  CS  stock  solution
(10  mg/mL)  was  prepared  in  1%  (v/v)  acetic  acid  aqueous
solution.  From  this  solution,  different  concentrations  of  CS
(0.12—1  mg/mL)  were  added  to  the  cells.

Photosensitized  inactivation  of  E.  coli  cells

E.  coli  cells  were  previously  treated  as  described  above.
In  all  the  experiments,  200  �L of  the  cell  suspensions
(∼108 CFU/mL)  were  transferred  to  96-well  microtiter
plates  (Deltalab,  Barcelona,  Spain).  Then  the  cells  were
exposed  for  different  time  intervals  (5  and  10  min)  to  visi-
ble  light.  Photodynamic  experiments  in  presence  of  divalent
cations,  EDTA  or  chitosan  were  achieved  incubating  the  cells
with  the  appropriated  concentration  of  the  agent  for  10  min
in  dark  and  then  treating  the  cell  suspensions  with  the  por-
phyrin  as  described  above  at  37 ◦C.
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Figure  1  Amount  of  porphyrins  recovered  from  E.  coli  cells
(∼108 CFU/mL)  in  PBS  treated  with  5  �M  TMAP4+ (�),  MPAP2+ (�)
Photodynamic  inactivation  of  Escherichia  coli  

Materials and methods

General

Absorption  spectra  were  recorded  on  a  Shimadzu  UV-2401PC
spectrometer  (Shimadzu  Corporation,  Tokyo,  Japan).  Flu-
orescence  measurements  were  performed  on  a  Spex
FluoroMax  spectrofluorometer  (Horiba  Jobin  Yvon  Inc.,  Edi-
son,  NJ,  USA).  Quartz  cells  of  1  cm  path  length  were  used
at  room  temperature.  The  cell  suspensions  were  irradiated
with  a  Novamat  130  AF  slide  projector  (Braun  Photo  Tech-
nik,  Nürnberg,  Germany)  equipped  with  a  150  W  lamp.  A
wavelength  range  between  350  and  800  nm  was  selected
by  optical  filters.  The  light  was  filtered  through  a  2.5  cm
glass  cuvette  filled  with  water  to  absorb  heat.  Experiments
were  performed  at  room  temperature  with  a  fluence  rate
of  90  mW/cm2 (Radiometer  Laser  Mate-Q,  Coherent,  Santa
Clara,  CA,  USA).  Chemicals  from  Aldrich  (Milwaukee,  WI,
USA)  were  used  without  further  purification.  CS  from  shrimp
shells  with  a  deacetylated  degree  ≥85%  was  purchased  from
Sigma  (St.  Louis,  MO,  USA).  Ultrapure  water  was  obtained
from  Labconco  (Kansas,  MO,  USA)  equipment  model  90901-
01.

Photosensitizers

5,10,15,20-Tetrakis(4-N,N,N-trimethylammoniumphenyl)p-
orphyrin  p-tosylate  (TMAP4+)  and  5,10,15,20-tetra(4-
sulphonatophenyl)porphyrin  (TPPS4−)  sodium  salt  were
purchased  from  Aldrich.  5,10-di(4-Methylphenyl)-15,20-
di(4-N,N,N-trimethylammoniumphenyl)porphyrin  iodide
(MPAP2+)  was  synthesized  as  previously  described  [21].
Stock  solutions  (0.5  mM)  of  porphyrins  were  prepared  by
dissolution  in  1  mL  of  N,N-dimethylformamide  (DMF).

Bacterial  culture  conditions

The  strain  of  E.  coli  (EC7)  was  previously  characterized
and  identified  [19].  Microbial  cells  were  grown  aerobically
overnight  at  37 ◦C  in  tryptic  soy  (TS,  Britania,  Buenos  Aires,
Argentina)  broth.  Aliquots  (∼40  �L)  of  this  culture  was  asep-
tically  transferred  to  4  mL  of  fresh  TS  broth  and  incubated  at
37 ◦C  to  mid  logarithmic  phase  (absorbance  ∼0.6  at  660  nm).
Cell  growth  was  measured  with  a  Turner  SP-830  spec-
trophotometer  (Dubuque,  IA,  USA).  Cells  were  centrifuged
(3000  rpm  for  15  min)  and  re-suspended  in  equal  amount  of
10  mM  phosphate-buffered  saline  (PBS,  pH  =  7.0)  solution,
corresponding  to  ∼108 colony  forming  units  (CFU)/mL.  After
treatments,  cell  suspensions  were  serially  diluted  with  PBS
and  each  solution  was  quantified  by  using  the  spread  plate
technique  in  triplicate.  Viable  bacteria  were  monitored  and
the  number  of  CFU  was  determined  on  TS  agar  plates  after
∼24  h  incubation  at  37 ◦C.

Porphyrin  binding  to  E.  coli  cells
E.  coli  cells  suspensions  (2  mL,  ∼108 CFU/mL)  in  PBS
were  incubated  with  5  �M  porphyrin  for  different  times
(2.5—15  min)  in  Pyrex  culture  tubes  (13  ×  100  mm).  Photo-
sensitizer  was  added  from  a  stock  solution  (∼0.5  mM)  in

and TPPS4− (�)  at  37 ◦C  and  with  5  �M  TMAP4+ (�),  MPAP2+ (©)
and TPPS4− (�)  at  4 ◦C  in  dark  for  different  incubation  times.
Values represent  mean  ±  standard  deviation  of  two  separate
experiments.
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Figure  2  Amount  of  (A)  TMAP4+,  (B)  MPAP2+ and  (C)  TPPS4−

recovered  from  E.  coli  cells  (∼108 CFU/mL)  in  PBS  treated  with
CaCl2 (50  mM),  MgCl2 (50  mM),  EDTA  (50  mM)  or  CS  (0.25  mg/mL)
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Figure  3  Survival  curves  of  E.  coli  cells  (∼108 CFU/mL)
treated  with  1  �M  TMAP4+ (�),  MPAP2+ (�)  and  TPPS4− (�)  and
5 �M  TMAP4+ (�),  MPAP2+ (�)  and  TPPS4− (�)  for  10  min  at  37 ◦C
in dark  and  exposed  to  visible  light  (90  mW/cm2)  for  different
irradiation  periods.  Control  culture  untreated  with  photosen-
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ontrols  and  statistical  analysis

ontrol  experiments  were  performed  in  presence  and
bsence  of  porphyrin  in  the  dark  and  in  the  absence  of  por-
hyrin  with  cells  irradiated.  The  amount  of  DMF  (<1%,  v/v)
sed  in  each  experiment  was  not  toxic  to  E.  coli  cells.  Three
alues  were  obtained  per  each  condition  and  each  experi-
ent  was  repeated  separately  three  times.  The  unpaired

-test  was  used  to  establish  the  significance  of  differences
etween  groups.  Differences  were  considered  statistically
ignificant  with  a  confidence  level  of  95%  (p  <  0.05).  Data
ere  represented  as  the  mean  ±  standard  deviation  of  each
roup.

esults

inding  of  porphyrins  to  E.  coli  cells

he  capacity  of  TMAP4+,  MPAP2+ and  TPPS4− porphyrins
o  bind  to  E.  coli  was  evaluated  in  cell  suspensions
∼108 cells/mL)  in  PBS.  Thus,  E.  coli  cells  were  treated  with

 �M  porphyrin  for  different  times  (2.5,  5,  10  and  15  min)
n  the  dark.  Also,  to  determine  the  effect  of  temperature,
he  experiments  were  compared  at  37 ◦C  and  4 ◦C.  Fig.  1
hows  the  amount  of  porphyrins  recovered  after  each  incu-

ation  period.  The  results  indicated  that  binding  of  TMAP4+

o  microbial  cells  was  the  most  effective  of  the  studied  por-
hyrins  at  both  temperatures.  This  porphyrin  was  rapidly
ound  to  E.  coli  cells  (2.5  min),  reaching  the  highest  value

or 10 min at 37 ◦C in dark and then incubated with 5 �M photosensi-
izer for 10 min at 37 ◦C in dark. Values represent mean ± standard
eviation of three separate experiments (*p < 0.05, compared to
hotosensitizer alone).
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Figure  4  Survival  of  E.  coli  cells  mediated  by  (A)  TMAP4+,  (B)
MPAP2+ and  (C)  TPPS4−.  The  cell  suspensions  (∼108 CFU/mL)
were treated  with  50  mM  CaCl2,  MgCl2 or  EDTA  for  10  min  at

of  cell-bound  photosensitizer.  An  addition  in  the  incuba-
tion  time  (15  min)  did  not  produce  changes  in  the  amount
of  photosensitizer.  Also,  no  significant  difference  was  found
incubating  the  cells  at  37 ◦C  or  4 ◦C.  Therefore,  binding  of
porphyrins  reached  values  of  ∼0.61,  0.18  and  0.08  nmol/108

cells  for  TMAP4+,  MPAP2+ and  TPPS4−,  respectively.
Cell  suspensions  were  incubated  with  50  mM  Ca2+,  Mg2+

or  EDTA  for  10  min  at  37 ◦C  in  dark  and  then  treated  with
5  �M  porphyrin.  Fig.  2  shows  the  effect  of  these  agents  on
the  uptake  of  porphyrins  by  E.  coli. As  can  be  observed,  a
decrease  in  the  recovered  amount  of  TMAP4+ was  obtained  in
presence  of  Ca2+ and  Mg2+ (Fig.  2A).  In  contrast,  these  diva-
lent  cations  produced  an  enhancement  in  cell-bound  MPAP2+

(Fig.  2B)  and  TPPS4− (Fig.  2C).  Also,  the  presence  of  EDTA
facilitated  the  uptake  of  the  anionic  porphyrin.  Moreover,
E.  coli  cells  were  treated  with  0.25  mg/mL  CS  for  10  min  in
dark  at  37 ◦C  previous  to  the  incubation  with  5  �M  porphyrin.
This  procedure  did  not  yield  significant  effect  on  the  recov-
ered  amount  of  cationic  porphyrins.  However,  the  quantity
of  cell-bound  TPPS4− was  about  four  times  higher  in  cells
preincubated  with  CS  than  those  untreated.

Photosensitized  inactivation  of  E.  coli

Photodynamic  activity  mediated  by  TMAP4+,  MPAP2+ and
TPPS4− was  investigated  in  cell  suspensions  of  E.  coli  in  PBS.
Cells  were  treated  with  different  photosensitizer  concen-
trations  (1  and  5  �M)  for  10  min  in  the  dark  at  37 ◦C.  These
concentrations  of  porphyrins  were  not  toxic  in  dark.  Also,
control  experiments  indicated  that  the  viability  of  E.  coli
was  not  modified  by  irradiation  with  visible  light  for  10  min
(Fig.  3),  demonstrating  that  the  cell  inactivation  was  due  to
the  photosensitization  effect  of  the  porphyrin.

After  irradiation,  the  viability  of  E.  coli  cells  was  depend-
ent  on  porphyrin  structure  and  concentrations  used  in  the
treatment  (Fig.  3).  An  increase  in  the  porphyrin  concentra-
tion  produced  an  enhancement  in  the  PDI  efficiency.  E.  coli
cells  were  rapidly  photoinactivated  in  presence  of  TMAP4+.
This  porphyrin  produced  ∼7  log  decrease  of  cell  survival,
when  cells  were  incubated  with  5  �M  TMAP4+ and  irradiated
for  5  min.  The  photoinactivation  was  similar  using  1  or  5  �M
TMAP4+ at  longer  irradiation  time  used  (10  min).  Photosen-
sitization  of  cells  mediated  by  dicationic  MPAP2+ induced  a
low  diminishing  in  the  cell  viability  (∼1.5  log)  using  5  �M
after  10  min  irradiation.  Moreover,  no  significant  inactivation
activity  was  observed  for  E.  coli  treated  with  5  �M TPPS4−

under  the  same  conditions.

Effect  of  divalent  cations  on  PDI  of  E.  coli

PDI  of  E.  coli  was  investigated  in  presence  of  50  mM  of
CaCl2 or  MgCl2.  This  concentration  of  cations  was  not  toxic
in  the  dark  or  under  irradiation  without  porphyrin  (result
not  shown).  A  similar  behavior  was  found  for  Ca2+ or  Mg2+.
The  addition  of  divalent  cations  produced  a  reduction  in  the

37 ◦C in dark and then incubated with 5 �M photosensitizer for
10 min at 37 ◦C in dark and exposed to visible light (90 mW/cm2)
for 10 min. Values represent mean ± standard deviation of three
separate experiments (*p < 0.05, compared to control).
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Figure  5  Survival  of  E.  coli  cells  (∼108 CFU/mL)  treated
with different  concentration  (0.12,  0.25,  0.75,  1.00  mg/mL)  of
CS for  10  min  at  37 ◦C  in  dark  and  then  incubated  with  5  �M
porphyrin  for  10  min  at  37 ◦C  in  dark  and  exposed  to  visible
light (90  mW/cm2)  for  10  min.  Values  represent  mean  ±  standard
deviation  of  three  separate  experiments  (*p  <  0.05,  compared  to
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Figure  6  Survival  of  E.  coli  cells  (∼108 CFU/mL)  treated  with
0.25 mg/mL  CS  for  10  min  at  37 ◦C  in  dark  and  then  incubated
with different  concentration  (0.5,  1.0  and  5.0  �M)  of  TMAP4+ for
10 min  at  37 ◦C  in  dark  and  exposed  to  visible  light  (90  mW/cm2)
for 10  min.  Values  represent  mean  ±  standard  deviation  of  three
separate  experiments  (*p  <  0.05,  compared  to  TMAP4+ alone).
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ontrol,  **p  <  0.05,  compared  to  0.25  mg/mL  CS  alone).

nactivation  of  E.  coli  induced  by  TMAP4+ (Fig.  4A).  Under
his  condition,  no  more  than  a  4  log  decrease  was  observed
n  the  survival  of  the  bacteria  treated  with  5  �M  TMAP4+

fter  10  min  irradiation.  However,  the  presence  of  Ca2+ or
g2+ produced  an  increase  of  1  log  and  2.5  log  in  the  PDI  of
.  coli  mediated  by  MPAP2+ (Fig.  4B)  and  TPPS4− (Fig.  4C),
espectively.

ffect  of  EDTA  on  PDI  of  E.  coli

hotoinactivation  of  E.  coli  treated  with  5  �M  porphyrin
as  evaluated  in  the  presence  of  50  mM  EDTA.  The  addi-

ion  of  this  amount  of  EDTA  was  not  cytotoxic  in  dark  or
rradiated  without  porphyrin  (result  not  shown).  Under  this
ondition,  no  significant  difference  in  the  photoinactivation
as  observed  for  cells  incubated  with  TMAP4+ and  MPAP2+

Fig.  4A  and  B).  However,  the  presence  of  EDTA  produced
 decrease  of  1  log  in  cell  viability  of  E.  coli  treated  with
PPS4− with  respect  to  that  without  the  chelating  agent
Fig.  4C).

ffect  of  CS  on  PDI  of  E.  coli

nactivation  of  E.  coli  cells  was  first  analyzed  in  the  pres-
nce  of  different  CS  concentrations  (0.12—1.00  mg/mL).  In
ll  cases,  cells  were  incubated  with  CS  for  10  min  in  dark.

s  shown  in  Fig.  5,  0.75  and  1.00  mg/mL  CS  were  toxic  to
he  cell  cultures.  Instead,  no  toxicity  was  observed  using
.12  mg/mL  CS,  while  0.25  mg/mL  showed  1  log  decrease  in
ell  viability.  Therefore,  the  last  concentration  was  used  in

1
w
r

DI  studies  due  to  it  produced  a  partial  destabilization  in
he  cell  structure.

After  treatment  with  0.25  mg/mL  CS  and  incubation  with
 �M  porphyrin,  the  cells  were  irradiated  with  visible  light
or  10  min.  PDI  mediated  by  TMAP4+ was  similar  to  that  found
ithout  CS,  reducing  7  log  of  cell  survival  (Fig.  5).  More-
ver,  the  photoinactivation  was  examined  using  different
MAP4+ concentrations  (0.5—5  �M).  Fig.  6  shows  the  same
esult  1  and  5  �M  TMAP4+ without  CS.  At  the  lowest  TMAP4+

oncentration  used  (0.5  �M),  the  eradication  of  E.  coli  was
lso  effective,  producing  5  log  decrease  in  cell  survival.
he  effect  of  0.25  mg/mL  CS  on  the  photocytotoxic  activ-

ty  was  mainly  observed  in  cells  treated  with  0.5  and  1  �M
MAP4+ (Fig.  6).  In  both  cases,  the  presence  of  CS  produced

 reduction  in  the  photoinactivation  of  E.  coli  induced  by
his  tetracationic  photosensitizer.

On  the  other  hand,  the  photoinactivation  of  E.  coli  using
PAP2+ in  presence  of  0.25  mg/mL  CS  was  more  effective

han  without  the  polymer,  producing  a reduction  of  4  log  in
ell  survival  (Fig.  5).  Also,  TPPS4− induced  3.5  log  decrease  in
ell  survival  in  the  presence  of  CS,  while  photoinactivation
id  not  take  place  in  the  absence  of  polymer.  This  results
ndicate  that  this  destabilizer  agent  affect  the  cell  viabil-
ty  favoring  the  photosensitizer  action  of  TPPS4− against

 Gram-negative  bacterium  (Fig.  5).  Moreover,  PDI  experi-
ents  were  performed  incubating  the  cells  with  a  previously
repared  mixture  of  0.25  mg/mL  CS  and  5  �M  TPPS4− for
0  min  in  dark.  After  10  min  irradiation,  4  log  cell  survivals

as  obtained,  which  was  slightly  more  effective  than  sepa-

ated  incubations  of  CS  and  anionic  porphyrin.
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Photodynamic  inactivation  of  Escherichia  coli  

Discussion

The  uptake  of  photosensitizers  by  microbial  cells  is  an  impor-
tant  feature  for  the  efficacy  of  photoinactivation  [8].  The
OM  acts  as  a  barrier  to  prevent  the  interaction  of  PDI-
induced  cytotoxic  agents  with  vital  targets,  such  as  the
membrane  or  cytoplasmic  components.  Also,  LPS  on  the
surface  of  the  OM  provide  a  density  of  negative  charges,
which  avoid  the  uptake  by  cells  of  neutral  and  anionic
compounds  [6].  Therefore,  it  is  recognized  that  cationic
photosensitizers  are  required  for  effective  inactivation  of
Gram-negative  bacteria  [19,20].  This  condition  indicates  a
charge-dependent  interaction  between  the  photosensitizer
and  the  cells.  According  with  that,  the  photoinactivation
mediated  by  TMAP4+,  MPAP2+ and  TPPS4− could  be  predicted
in  E.  coli  cell.  Thus,  TMAP4+ was  used  as  a  tetracationic
active  photosensitizer  to  eradicate  Gram-negative  bacteria,
while  a  very  low  activity  was  expected  to  TPPS4− [19]. Also,
MPAP2+ represented  an  amphiphilic  photosensitizer  that  con-
tains  two  cationic  charges  and  two  lipophilic  phenyl  groups
in  the  macrocycle  periphery.  Also,  these  porphyrins  showed
high  quantum  yields  of  singlet  molecular  oxygen,  O2(1�g),
production,  with  values  of  0.77  for  TMAP4+ in  water,  0.74  for
TPPS4− in  water  and  0.36  for  MPAP2+ in  DMF  [22—24]. This  is
an  important  photosensitizer  property  because  the  reactions
induced  by  O2(1�g)  can  be  the  mainly  cause  of  cell  damage
photosensitized  by  porphyrins  under  aerobic  conditions  [25].

The  results  in  cell  suspensions  of  E.  coli  (108 cells/mL)
showed  that  the  amount  of  cell-bound  porphyrin  was  not
dependent  on  the  incubation  time  between  2.5  and  15  min
(Fig.  1).  As  expected  by  the  positive  charges,  the  uptake  of
TMAP4+ was  7.6  times  higher  than  that  for  TPPS4−.  A  sim-
ilar  behavior  was  previously  found  for  TMAP4+ and  TPPS4−,
using  106 cells/mL  E.  coli  [19].  Also,  the  recovered  amount  of
TMAP4+ was  higher  than  for  MPAP2+,  indicating  that  the  num-
ber  of  cationic  groups  is  an  important  factor  in  the  binding
of  porphyrin  to  cells  [26].  The  experiments  at  4  and  37 ◦C
showed  that  the  uptake  of  these  porphyrins  was  unaffected
by  temperature.  It  was  suggested  that  the  uptake  of  anionic
photosensitizers  by  bacterial  cells  may  be  mediated  through
a  combination  of  electrostatic  charge  interaction  and  by
protein  transporters,  while  the  uptake  of  cationic  ones  is
mediated  by  electrostatic  interactions  and  self-promoted
uptake  pathways  [8].

Photoinactivation  of  E.  coli  treated  with  5  �M  TMAP4+ pro-
duced  over  7  log  decrease  after  5  min  irradiation  (Fig.  3).
Using  a  lower  TMAP4+ concentration  (1  �M)  no  colony  for-
mation  was  detected  after  10  min  irradiation.  These  results
represent  a  value  greater  than  99.9999%  of  cell  inactiva-
tion.  Moreover,  the  cytotoxic  activity  remained  elevated
during  a  shorter  irradiation  time  of  5  min  that  produced
5  log  decrease.  When  the  cells  were  incubated  with  1  �M
TMAP4+,  an  enhancement  in  the  cell  inactivation  was  found
increasing  the  irradiation  times.  Under  this  condition,  the
photodynamic  effect  was  mainly  associated  with  TMAP4+

that  was  tighter  bound  to  cells.  The  photocytotoxic  effect
for  cells  treated  with  5  �M  MPAP2+ diminished  about  1.5  log
after  10  min  irradiation.  Also,  this  dicationic  porphyrin  was

not  a  highly  effective  photosensitizer  to  inactivate  a  lower
E.  coli  cell  density  of  1  ×  106 cells/mL  [26].  As  expected  due
to  its  low  binding  to  E.  coli  cells,  no  inactivation  effect

t
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as  found  for  cultures  treated  with  5  �M  of  anionic  TPPS4−

till  after  10  min  irradiation.  This  result  is  in  agreement
ith  that  reported  before  for  TPPS4−,  indicating  that  these
oncationic  porphyrins  are  unsuccessful  photosensitizers  for
ram-negative  bacteria  under  these  conditions  [19].  How-
ver,  the  photosensitizing  activity  can  be  influenced  by  the
resence  of  ions  in  the  suspending  medium  that  change  the
lectrolyte  composition  of  the  cell  envelope.

To  evaluate  the  effect  of  OM  destabilization  produced
y  divalent  cations  on  the  photoinactivation  of  E.  coli,
he  PDI  was  performed  in  presence  of  Ca2+ and  Mg2+.  Both
ations  produced  a  decrease  in  the  uptake  of  TMAP4+ by  cells
Fig.  2),  which  was  accompanied  by  a  lower  photoinacti-
ation  (Fig.  4A).  In  previous  studies  the  effect  of  cations
a+ and  Ca2+ on  the  efficacy  of  the  photoinactivation  was

nvestigated  in  Pseudomonas  aeruginosa  and  Staphylococ-
us  aureus,  using  meso-tetra(N-methyl-4-pyridyl)porphyrin
r  meso-mono-phenyl-tri(N-methyl-4-pyridyl)porphyrin  as
hotosensitizer  [4]. Addition  of  cations  strongly  decreased
he  sensitivity  of  both  bacteria  to  photoinactivation.  In
hese  cases,  the  decreased  sensitivity  was  accompanied  by

 reduced  binding  of  the  photosensitizers  to  the  bacte-
ia.  Also,  the  effect  of  divalent  cations  was  examined
n  the  uptake  of  a  cationic  photosensitizer,  methylene
lue  (MB),  and  two  anionic  photosensitizers,  rose  bengal
RB)  and  indocyanine  green  (ICG),  by  Enterococcus  faecalis
nd  Actinobacillus  actinomycetemcomitans  [8].  Divalent
ations  enhanced  the  uptake  and  photodynamic  inactivation
otential  of  both  RB  and  ICG  in  E.  faecalis  and  A.  acti-
omycetemcomitans,  while  they  decreased  the  uptake  and
acterial  killing  by  MB.  In  this  work  an  enhancement  in  the
DI  induced  by  MPAP2+ and  TPPS4− was  observed  in  pres-
nce  of  Ca2+ or  Mg2+.  These  divalent  cations  produced  an
ncrease  in  the  uptake  of  these  porphyrins  by  E.  coli  cells.
he  excessive  binding  of  divalent  cations  to  LPS  can  pro-
uce  OM  cracks,  through  which  macromolecules,  such  as
orphyrins,  can  diffuse.

Moreover,  experiments  were  carried  out  in  the  pres-
nce  of  EDTA  to  evaluate  the  effect  of  a  chelating  agent
n  the  PDI  of  E.  coli. No  significant  changes  were  found
n  the  photoinactivation  mediated  by  cationic  porphyrins
Fig.  4A  and  B),  while  in  presence  of  TPPS4− only  a  slight
ncrease  in  the  cytotoxic  activity  was  observed  (Fig.  4C).  The
ptake  of  TMAP4+ and  MPAP2+ was  slightly  increased  by  EDTA,
owever,  it  was  improved  about  three  times  for  TPPS4− pro-
ucing  a higher  PDI.  Also,  it  was  previously  observed  that
.  coli  was  insensitive  to  the  photosensitizing  action  of  both
ipid-soluble  Zinc-phthalocyanine  (Zn-Pc)  and  water-soluble
inc-mono/disulfonated  phthalocyanine  (Zn-PcS)  [9].  How-
ver,  photosensitivity  was  obtained  by  alteration  of  the
M  by  either  induction  of  competence  or  treatment  with
ris—EDTA.  Both  phthalocyanines  largely  bind  at  the  level
f  the  cytoplasmic  membrane;  however,  Zn-PcS  showed  a
uperior  photosensitizing  activity  as  compared  with  Zn-Pc.
hus,  EDTA  can  produce  effect  on  the  OM  permeability  bar-
ier  of  Gram-negative  bacteria.  The  chelating  agent  can
emove  stabilizing  divalent  cations  from  their  binding  sites
n  LPS  [7].  Therefore,  a  very  short  treatment  can  be  used

o  introduce  macromolecules  and  hydrophobic  compounds
hrough  the  OM  without  affecting  cell  viability.  A  nonlethal
hort  treatment  with  EDTA  sensitizes  E.  coli  to  a  number  of
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ydrophobic  antibiotics.  However,  the  effect  of  EDTA  and
ther  chelators  can  be  poor  in  growth  media  which  contain
ivalent  cations.

On  the  other  hand,  antibacterial  activity  of  CS  was
ssessed  for  a  wide  range  of  Gram-negative  and  Gram-
ositive  bacteria.  It  is  known  that  CS  can  be  used  as
n  antimicrobial  agent  [27].  The  actual  mechanism  of  its
ntimicrobial  activity  is  not  yet  fully  understood,  but  Gram-
egative  bacteria  are  less  susceptible  to  its  action.  However,
revious  investigations  provide  evidence  that  CS  disrupts
he  barrier  properties  of  the  OM  of  Gram-negative  bacte-
ia  [17].  It  was  proposed  that  the  inhibition  activity  of  CS
gainst  E.  coli  was  produced  by  increased  the  permeabil-
ty  of  the  OM  and  inner  membrane  (IM)  of  E.  coli, and
ltimately  disrupted  the  cell  membrane  with  the  release
f  cellular  contents.  The  damage  of  bacterial  cell  mem-
ranes  was  caused  by  the  electrostatic  interaction  between
NH3

+ groups  of  CS  and  carbonyl  and  phosphoryl  groups  of
he  phospholipid  components  of  the  cell  membrane  [18,28].
n  this  work,  CS  demonstrated  strong  inhibition  activity
gainst  E.  coli  (Fig.  5).  No  colony  formation  was  detected
or  E.  coli  cells  incubated  with  0.75  or  1.00  mg/mL  CS.

 treatment  of  the  cells  with  a  0.25  mg/mL  CS  produced
 cytotoxic  activity  of  1  log  decrease  in  E.  coli  viability
n  dark.  This  concentration  of  CS  did  not  affect  the  PDI
nduced  by  5  �M  TMAP4+.  Thus,  the  electrostatic  repulsion
aused  by  the  cationic  polymer  is  not  sufficient  to  avoid
he  effect  of  this  photosensitizer.  However,  at  lower  con-
entrations  of  TMAP4+ (0.5  and  1  �M)  a  reduction  in  the
hotoinactivation  of  E.  coli  was  observed  probably  due  to

 decrease  in  the  interaction  with  the  OM.  Moreover,  the
ddition  of  CS  increased  the  photoinactivation  mediated  by
PAP2+.  The  asymmetric  charge  distribution  at  the  periph-
ral  position  of  this  porphyrin  can  produce  an  increase  in  the
mphiphilic  character  of  the  structure,  which  can  help  a  bet-
er  accumulation  in  cell  membrane  [29].  On  the  other  hand,
his  concentration  of  CS  enhanced  the  amount  of  TPPS4−

ound  to  E.  coli  cells  by  about  four  times  (Fig.  2C).  This
ffect  was  accompanied  by  an  increase  in  the  photoinac-
ivation  induced  by  the  anionic  porphyrin.  This  amount  of
S  alone  produced  a  low  antimicrobial  activity  probably  by

 slight  disruption  of  the  cell  envelope,  while  the  PDI—CS
ombination  induced  by  TPPS4− produced  a  potentiated
DI  effect.  CS  interacts  with  the  membrane  of  the  E.  coli
ells  to  alter  cell  permeability,  increasing  the  photocyto-
oxic  activity  of  the  anionic  porphyrin.  It  was  demonstrated
hat  CS  can  potentiate  the  PDI  efficacy  of  hematoporphyrin
Hp)  against  Gram-positive  (S.  aureus, Staphylococcus  epi-
ermidis,  Streptococcus  pyogenes)  and  Gram-negative  (P.
eruginosa,  A.  baumannii) bacteria,  including  antibiotic-
esistant  strains  [13].  Moreover,  CS  was  used  as  a  carrier  of
hlorophyllin  increasing  its  concentration  at  a  close  vicin-
ty  to  the  cells.  High  local  concentration  of  chlorophyllin
round  cells  could  be  a  crucial  factor  significantly  enhancing
ntibacterial  activity  of  photoactivated  chlorophyllin—CS
omplex  [14,16].  These  results  indicate  that  combined
ith  CS,  an  anionic  porphyrin  and  light  can  efficiently

unction  as  a  microbial  killing  agent.  Thus,  the  combi-

ation  of  PDI  mediated  by  TPPS4− and  CS  was  shown  to
e  a  promising  antimicrobial  approach  against  infectious
isease.

[
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onclusions

n  these  studies,  we  demonstrated  that  Ca2+ or  Mg2+ mainly
roduced  an  increase  in  the  amount  of  TPPS4− bound  to
ells,  enhancing  the  phototoxic  activity  against  E.  coli.  In
ontrast,  high  concentrations  of  these  ions  produced  elec-
rostatic  repulsion  of  the  tetracationic  porphyrin  leading  to

 decrease  in  the  photoinactivating  activity.  The  addition
f  EDTA  did  not  affect  the  photoinactivation  mediated  by
ationic  porphyrins  and  induced  a slight  enhance  in  the  PDI
nduced  by  TPPS4−.  On  the  other  hand,  the  higher  CS  con-
entrations  used  was  toxic  to  E.  coli  by  itself.  This  natural
iopolymer  has  antimicrobial  activity  because  its  positive
harges  can  interfere  with  the  negatively  charged  E.  coli  cell
nvelope,  resulting  in  alteration  of  membrane  permeability.
hus,  a  low  CS  concentration  resulted  in  a  decrease  in  the
hototoxic  activity  induced  by  TMAP4+ probably  due  to  repul-
ion  between  positive  charges.  However,  CS  enhanced  the
hotoinactivation  of  E.  coli  by  TPPS4−. Therefore,  the  com-
ined  cytotoxic  activities  of  CS  and  PDI  mediated  by  TPPS4−

ould  be  beneficial  for  the  eradication  of  E.  coli.
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