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ABSTRACT: A photoactivatable antimicrobial polymeric surface
based on a porphycene derivate was efficiently prepared and
evaluated to kill pathogenic microorganisms. The development of
this self-sterilizing material consisted in the electrochemical
polymerization of a peripherally tetra-substituted porphycene
bearing benzyl-carbazole groups (Pc-Cbz). The latter were used
as electropolymerizable centers, while the porphycene core
triggered the photodynamic action. The electrodeposited photo-
dynamic films (P-Pc-Cbz) were obtained in a reproducible and
controllable manner. Electrochemistry studies combined with
spectroscopic measurements demonstrated that the porphycene
core remains unaffected after the electrodeposition process. Moreover, it retains its spectroscopic and photodynamic properties
within the polymeric matrix. The photoactive layers were photostable and able to produce reactive oxygen species (ROS) by both
photodynamic mechanisms. Also, the antimicrobial efficiency of P-Pc-Cbz was evaluated against two antibiotic-resistant strains
(methicillin-resistant Staphylococcus aureus and Escherichia coli), exhibiting an antimicrobial action higher than 99.998% over these
Gram-positive and Gram-negative bacteria. This work represents the first electropolymerization of a porphycene derivative and the
first porphycene-based photobiocidal surface. P-Pc-Cbz shows great potential as an efficient self-sterilizing coating activated by
visible light.
KEYWORDS: porphycene, antimicrobial, photodynamic inactivation, electropolymerization, carbazole, self-sterilizing surface,
light-activated polymer

1. INTRODUCTION
Bacterial infections generated by clinically resistant strains have
become global threats to human health and environmental
safety.1,2 In fact, it is a severe problem that generates relevant
human and economic losses. The rise of antimicrobial
resistance by microorganisms is expected to be responsible
for the major causes of death worldwide in the near future.3 In
this scenario, considering that surfaces are the most significant
reservoirs of pathogenic microorganisms, there is a need to
improve and develop self-sterilizing and antimicrobial
surfaces.4−6

Aiming to reduce bacterial resistance spread, photodynamic
inactivation (PDI) of microorganisms has emerged as a
promising strategy to assist in the current antibiotic crisis.7−9

This therapy combines molecular oxygen and a photosensitizer
(PS) that generates reactive oxygen species (ROS) after being
activated by light.10 These ROS react with a wide range of
biomacromolecules and organelles of the microbial cell,
producing irreversible damage that leads to the micro-
organisms’ death.10 Thus, the immobilization of different PSs
on solids surfaces is a plausible technology that can be used to

fabricate sanitized and antimicrobial coatings, addressing the
needs mentioned above .4,7,8

An interesting approach to attach PSs to different surfaces is
the electrochemical polymerization of suitable designed
electroactive monomers. In this frame, the organic polymeric
thin films obtained through electrodeposition are a class of
potential materials for preparing highly efficient surfaces able
to generate ROS.11−15 The use of electrochemical polymer-
ization has the advantage that the material and the deposition
as a thin film is obtained in the same step under mild
conditions, covering the entire surface with the desired shape.
Furthermore, the electrodeposition can be performed with fine
control over the film characteristics, such as roughness and
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thickness, two essential parameters in the fabrication of
functional coatings.16,17

Our group has recently shown that electrodeposited films of
dendrimeric porphyrins, bearing carbazole groups as electro-
polymerization centers, exhibited potential applications as self-
disinfecting surfaces.12 PDI treatments demonstrated the
efficiency of these polymers to photokill Gram-positive and
Gram-negative microorganisms after visible light illumination.
In addition, Comuzzi and co-workers informed the electro-
synthesis of photoactive surfaces using dipyrromethanes as
monomers and imprinting a pentaphyrin compound as a PS.18

These thin organic films were also able to inactivate
Staphylococcus aureus suspensions. Moreover, Ballatore et al.
have also proved that a meso-substituted porphyrin monomer
containing four carbazole units could generate electro-
deposited polymers with interesting antimicrobial activity.19

Notwithstanding porphyrins are the most common and
widely studied tetrapyrrolic compounds; they present relatively
low absorption in the red visible region. Therefore, there is an
increasing interest in developing and applying constitutional
isomers of porphyrins with high red absorption, such as the
porphycene derivatives. These macrocycles formed by two
α,α′-bipyrrole moieties linked by two ethylene bridges20 were
first reported by Vogel et al.21 Porphycenes possess
distinguished photochemical properties, such as stronger red
absorption and higher photostability in comparison with
porphyrins.22−25 They also have relatively high fluorescence
quantum yield and efficient singlet oxygen (1O2) gener-
ation.22,26,27 These properties stimulated the design and
synthesis of hundreds of porphycene-based compounds
applied mainly in photodynamic therapy.20,28,29

Even though that porphycenes possess the mentioned
advantages over porphyrins,22−25,28 few works have been
reported using compounds based on the porphycene structure
for PDI.30−33 Furthermore, there are even fewer studies
focusing on incorporating these constitutional isomers into
polymeric materials. Ono et al. recently reported the synthesis
of a meso-tetraalkylporphycene bearing reactive sites and the
formation of porphycene-polydimethylsiloxane hybrid films
with remarkable photophysical properties.34 Abe et al.
informed the oxidative electrochemical polymerization of an
axially bound bithiophene-pyridine complex of ruthenium(III)-
porphycene and the formation of a polymeric film on indium
tin oxide (ITO) electrodes.35 This limited number of
investigations of porphycenes in comparison with porphyrins36

could be understood due to their complex, expensive, and
ineffective synthetic sequences.20 Nevertheless, Ravikanth and

Hisaeda and co-workers have improved the procedures to
synthesize meso-arylporphycenes at gram scale.37,38 Thus, in
view of the advantages of porphycene as PSs, the possibility
that offers the new synthetic process, and the mentioned
versatility of electrochemical deposition technique, we ex-
plored the development of a photoactivable antimicrobial
surface based on an electrodeposited polymer of porphycene.
We hypothesize that the electrosynthesis of a porphycene-
based polymer will produce ROS upon photoexcitation,
inactivating pathogenic microbes.

In this study, we report the development of antibacterial
photodynamic coatings obtained from the electropolymeriza-
tion of a suitably functionalized porphycene. The electroactive
monomer based on a carbazole meso-tetrasubstituted porphy-
cene (Pc-Cbz, Figure 1) was characterized and compared with
its noncarbazole analog (Pc-Ph, Figure 1) using cyclic
voltammetry (CV) and differential pulse voltammetry (DPV)
methods. The electrochemically generated carbazole radical
cation in each meso position of Pc-Cbz underwent the well-
known dimerization coupling to produce a hyperbranched
polymeric structure (P-Pc-Cbz).17,39 Spectroscopic, electro-
chemical, and photoelectrochemical characterization demon-
strated that the tetrapyrrolic macrocyclic ring remains
unaltered after the polymerization procedure, allowing the
preparation of this first example of a carbazole-porphycene
polymeric film. The photosensitizing action of P-Pc-Cbz to
produce 1O2 was investigated and compared with the Pc-Cbz
monomer. The capability to photogenerate O2

·− was also
evaluated. Microbiological testing of the antibacterial coating
using Gram-positive (methicillin-resistant S. aureus, MRSA)
and Gram-negative bacteria (Escherichia coli EC7, resistant to
β-lactam antibiotics) was carried out to evaluate its bactericidal
activity against these antibiotic-resistant pathogens. Our
outcomes showed that this self-sterilizing and light-activated
antimicrobial polymer is potentially helpful to conserve aseptic
environments and control the transmission of pathogens,
limiting the risk of cross-contamination. As far as we know, this
work represents the first application of a porphycene-based
polymeric surface in the photoinactivation of pathogenic
microorganisms.

2. EXPERIMENTAL SECTION
2.1. Electrochemistry and Electrodeposition. The reference

(Pc-Ph) and the electropolymerizable monomer (Pc-Cbz) were
synthesized as previously reported.33 1,2-Dichloroethane (DCE) was
purified by distillation with CaH2 (50 g/L) as a water removal agent.
The ITO-coated glass substrates (Delta Technologies, nominal
resistance 8−12 Ω/ square) were cleaned in an ultrasonic bath with

Figure 1. Molecular structures of porphycenes Pc-Ph and Pc-Cbz.
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acetone-isopropyl alcohol (1:1), ethanol, and deionized water, and
subsequently dried with nitrogen.

Electrochemical studies (CV and DPV) were performed with a
potentiostat-galvanostat PalmSens4 using a three-electrode cell
configuration with a Pt working electrode, a large area Pt counter
electrode, and an Ag wire pseudoreference electrode. In the
electrochemical characterization of Pc-Ph and PC-Cbz, concen-
trations of around 0.5 × 10−3 M were used. Pc-Ph and Pc-Cbz were
dissolved in DCE containing 0.10 M tetrabutylammonium hexa-
fluorophosphate (TBAPF6) as supporting electrolyte. Before each
electrochemical characterization, the solutions of Pc-Ph and Pc-Cbz
were deoxygenated by argon bubbling. P-Pc-Cbz polymeric films
were generated by 10 continuous voltammetric cycles in the 0.0−1.6
V range. The electrochemical responses of the electropolymerized
films were carried out in the same deoxygenated electrolyte solution.
In all the electrochemical measurements, the Pt working electrode was
mechanically cleaned between experiments by polishing with alumina
paste (0.3 μm) followed by solvent rinses. After each voltammetric
experiment, ferrocene was added as an internal standard and the
potential axis was calibrated against the formal potential for the
saturated calomel electrode (SCE). The experimental conditions used
in the generation of films over ITO electrodes were identical to those
used for Pt electrode. The P-Pc-Cbz film thickness was ∼70 nm.
These values were estimated following the methodology reported by
Zhang et al.40 where it is supposed that after electropolymerization,
the change in the absorption coefficient of the porphycene
chromophore was negligible.

2.2. Scanning Electron Microscopy. P-Pc-Cbz polymeric films
deposited on the ITO electrode were coated with a thin chromium
layer (∼3 nm) via sputtering to improve the conductivity. Then, the
surfaces were examined using a scanning electron microscope (SEM).
SEM images were obtained using a field emission SEM (FE-SEM),
Sigma Zeiss (LAMARX facilities). An ITO electrode without
electrodeposited polymer was also analyzed for comparative purposes.

2.3. Atomic Force Microscopy (AFM). AFM experiments were
performed using an Agilent 5500 SPM microscope (Agilent
Technologies, Inc.) working in acoustic AC mode. Commercial
silicon cantilever probes with aluminum backside coating and nominal
tip radius of 10 nm (MikroMasch, NSC15/Al BS/15, spring constant
ranging 20−75 N m−1) were employed just under their fundamental
resonance frequencies of about 325 kHz.

2.4. Spectroscopic and Spectroelectrochemical Studies.
Absorption spectra of Pc-Cbz and P-Pc-Cbz were acquired in diluted
DCE solution and in thin films, respectively. The measurements were
carried out at room temperature in a quartz cuvette (1 cm path
length) for Pc-Cbz, while P-Pc-Cbz films were placed in the
spectrometer cell holder. An ITO electrode without polymer was used
as background correction.

Spectroelectrochemical experiments were carried out in a custom
cell manufactured from a commercial UV−vis cuvette. P-Pc-Cbz films
on ITO, Pt, and an Ag wire were used as working, counter, and
pseudo-reference electrodes, respectively. The cell was placed in the
optical path of the sample light beam. The background correction was
obtained by taking a UV−vis spectrum of a blank cell (an
electrochemical cell with an ITO working electrode without the
film) with identical conditions to those used for the polymer film
experiments. During the measurements, spectra were taken as a
function of time under kinetic control.

2.5. Detection of 1O2. The production of 1O2 photosensitized by
P-Pc-Cbz was assessed by the photooxidation of 1,3-diphenyliso-
benzofuran (DPBF). P-Pc-Cbz surface (0.7 × 2.5 cm) was dipped in
an air-equilibrated solution of DPBF in N,N-dimethylformamide
(DMF), and it was then irradiated with light (wavelength range: 455−
800 nm, 30 mW/cm2).11,12 A solution containing Pc-Cbz and DPBF
was also irradiated under the same conditions to conduct comparative
studies. The kinetic of photodecomposition of DPBF was examined
by following the decrease of its absorption band at λmax = 414 nm as a
function of the irradiation time. The slopes obtained from the linear
fit of the ln(A0/A) vs time represent the observed rate constants
(kobs).33

2.6. Detection of Superoxide Radical Anion. The photo-
generation of superoxide radical anion (O2

·−) was determined by the
nitro blue tetrazolium (NBT) method. To assess the reduction of
NBT, the P-Pc-Cbz surface was dipped in a solution containing 0.2
mM NBT and 0.5 mM reduced nicotinamide adenine dinucleotide
(NADH). Then it was irradiated with light (455−800 nm, 30 mW/
cm2) in aerobiosis. The diformazan production (NBT reduction
product) was monitored by the increase of its absorbance band at λmax
= 560 nm.11,12 Also, a solution containing NBT and NADH was
irradiated as a control experiment.

2.7. Photobleaching. Photobleaching of P-Pc-Cbz surfaces was
evaluated by following the decrease of the absorbance at λmax = 393
nm (Soret band). The P-Pc-Cbz film was placed in a quartz cell
(optical length: 1 cm) containing air-equilibrated phosphate-buffered
saline (PBS, pH = 7) solution. It was then irradiated with visible light
under the same conditions described below for PDI experiments.
Absorption spectra were acquired at regular time intervals. The
observed rate constant of photobleaching (kobs

P) determined from the
slope of the linear fit of the semilogarithmic plot ln (A0/A) vs
irradiation time was used to calculate the half-life time of
photobleaching (τ1/2

P) as indicated in eq S1.11,12

2.8. PDI Treatments. MRSA ATCC 43300 and E. coli EC7 were
used in PDI treatments. These bacteria were previously identified and
characterized.41 Preparation of cultures to afford ∼105 colony-forming
units (CFU)/mL in PBS was achieved as reported in the Supporting
Information.42

For the heterogeneous (solid−liquid) PDI treatments mediated by
the polymeric surfaces, cell suspensions of MRSA and E. coli in PBS
(200 μL, ∼105 CFU/mL) were transferred to 96-well microtiter
plates. Then, two square surfaces of P-Pc-Cbz (0.3 × 0.3 = 0.09 cm2)
were added to the wells. The system was irradiated with visible light
(350−800 nm, 90 mW/cm2) for 30 and 60 min. After treatment, the
viability of MRSA and E. coli was determined by serial 10-fold
dilutions (PBS) and plated on tryptic soy broth (TSA) to count CFU.
Each suspension was plated in triplicate. The plates were incubated
for 24 h at 37 °C in the dark, and the number of CFU was counted.
Irradiated controls (60 min) were carried out with cultures without
surfaces and with an ITO electrode. Also, dark controls (60 min)
using P-Pc-Cbz and ITO were performed. For recycling experiments,
after each photoinactivation treatment, the wells and the surfaces were
washed and cleaned with PBS. Then they were reutilized in two more
experiments. All experiments were repeated separately three times.

3. RESULTS AND DISCUSSION
3.1. Molecular Structures. Two structurally related

porphycenes with different substitution patterns at the meso
position were studied to develop a novel photoactivable
material (Figure 1). Both PSs were synthesized by us as
previously described.33 First, molecular structure of Pc-Ph
possesses four phenyl rings around the porphycene core, while
Pc-Cbz has four benzyl-carbazole moieties on the periphery of
the macrocycle. Pc-Cbz is a combination of Pc-Ph with
peripheral polymerizable carbazole groups. Pc-Ph molecule
was used as a reference and model compound to compare and
facilitate the data interpretation. Pc-Cbz, the electropolymer-
izable monomer, has a methylene group between each
carbazole and phenyl moiety that avoid the conjugation with
the porphycene core, allowing the individual electrochemical
behavior of these polymerizable units. Thus, the carbazole
centers can be used to generate polymeric surfaces containing
photoactive cores of porphycene that can trigger the
photodynamic antimicrobial action.

The polymeric films obtained by the electropolymerization
of Pc-Cbz should generate an effective photocytotoxic effect
against microorganisms due to the capability of the
tetrapyrrolic macrocycle to produce ROS after its irradiation
with visible light. Therefore, electrogenerated films deposited
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on ITO surfaces would prove a promising self-sterilizing
coating with plausible applications in the photoinactivation of
microbial cells. Finally, it is worth highlighting that the
insolubility of porphycene in aqueous media is a disadvantage
for homogenous PDI. Nevertheless, this is an advantage for
heterogenous PDI since it ensures higher stability avoiding the
loss of PS by leaching in aqueous environments.

3.2. Electrochemical Characterization of the Mono-
mers. Electrochemical studies of Pc-Cbz and Pc-Ph were
performed to obtain detailed information about the redox
processes. Pc-Ph was used as a model compound to facilitate
the peak assignments. Figure 2 shows the electrochemical

properties of both monomers characterized using CV in a
conventional three-electrode electrochemical cell at room

temperature in DCE using a Pt working electrode. The
oxidation and reduction potential values for both tetrapyrrolic
macrocycles are gathered in Table S1.
Pc-Ph presents two quasi-reversible reduction waves at

−0.73 and −1.03 V and an irreversible oxidation wave at 1.16
V that could be assigned to the formation of the radical anion,
dianion, and radical cation of the porphycene ring, respectively
(Figure 2a).37,43,44 These results are in full agreement with the
previously reported results for meso-substituted tetra-arylated
porphycenes.37,38,43,44 Pc-Cbz also presents two quasi-
reversible one-electron reduction processes at −0.76 and
−1.06 V, but in the anodic scan, three oxidation peaks at 1.15,
1.31, and 1.53 V are detected (Figure 2b). These oxidation
processes are not totally reversible, and the complementary
reduction peaks are absent or present complex electro-
chemistry.

DPV measurements usually allow better peak discrimination
in multielectronic electrochemical processes. As observed in
Figure S1, DPV potential peaks are in concordance with the
CV studies. Pc-Ph shows one oxidation peak, while Pc-Cbz
exhibits three oxidation waves. Also, both molecules present
two reduction peaks at similar potential values.

According to the CV and DPV studies and comparing both
molecules, it is possible to assign the first oxidation peak to the
formation of porphycene macrocycle radical cation in both
cases. On the other hand, the second and third oxidation peaks
observed in Pc-Cbz are attributed to the complex electro-
chemical-chemical-electrochemical (ECE) processes typically
observed in carbazole-containing derivatives.45 The carbazole
radical cations formation leads to the coupling of two of these
species generating dicarbazole (DCbz), whose first oxidation
process occurs at a lower potential.46 Also, at the applied
potential corresponding to the second oxidation peak, DCbz
dication can be generated. All these processes are affected by
the proximity of oxidizable carbazole groups.45

3.3. Electrosynthesis of Polymeric Films. Once the
redox processes of Pc-Cbz were known and assigned,

Figure 2. Cyclic voltammograms of (a) Pc-Ph and (b) Pc-Cbz in
DCE containing 0.10 M TBAPF6. Pt working electrode, scan rate 100
mV/s.

Figure 3. (a) First (solid line) and second (dotted line) anodic sweep of Pc-Cbz, scan rate 100 mV/s. (b) Ten consecutives cyclic voltammetric
scans of Pc-Cbz, scan rate 100 mV/s. (c) Voltammetric responses of P-Pc-Cbz over Pt electrode at different scan rates. Inset: anodic and cathodic
peak currents vs scan rate of P-Pc-Cbz. All measurements were conducted using a Pt electrode in DCE containing 0.10 M TBAPF6.
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polymeric films were electrosynthesized using CV. As
mentioned before, in the first anodic scan of Pc-Cbz (from
0.00 to 1.65 V), three irreversible peaks were observed. In the
second anodic scan (Figure 3a), a new oxidation process and
also increases in the oxidation currents at slightly lower
potentials than the second and third oxidation waves can be
seen. The formation of new peaks after the first anodic scan
indicates that the generated radical cations are involved in an
ECE reaction generating a product that is oxidized easier than
the monomer.47,48 After 10 continuous cycling in the same
potential range, Pc-Cbz showed progressive increases in the
oxidation and reduction currents (Figure 3b), which is
indicative of the presence of a coupling reaction and the
formation of an electroactive film on the electrode surface. On
the other hand, cycling of Pc-Ph in the same potential window
does not evidence any increase in oxidation/reduction currents
due to the absence of electropolymerizable Cbz moieties.

To confirm the presence of an electroactive species on the
surface of the working electrode, this was carefully removed
from the electrochemical cell, rinsed with DCE, and placed in a
porphycene-free solution containing only supporting electro-
lyte. Figure 3c shows the redox response of Pc-Cbz film (P-Pc-
Cbz) at different scan rates. The observed electrochemical
responses confirm the deposition of an electroactive product
on the electrode surface, which could be generated by coupling
of two carbazole moieties.47,48 P-Pc-Cbz presents an anodic
electrochemical response characterized by two well-defined
bell shape oxidation peaks at 0.97 and 1.31 V (Figure 3c).
Moreover, the anodic and cathodic peak currents for both
couples show a linear relationship with the scan rate (inset
Figure 3c), which is characteristic of a product irreversibly
adsorbed on the electrode surface.48 Additionally, a com-
parable effect was observed (Figure S2a,b) when the
electropolymer was grown cycling to the second oxidation
wave of Pc-Cbz (1.45 V vs SCE instead 1.65 V as in the former
case). As can be seen in Figure S2a, increases in the oxidation/
reduction currents were also detected. Correspondingly, the
electrochemical response of the film presented two redox

systems with peak currents proportional to the scan rate
(Figure S2b). On the contrary, Figure S2c shows that no
oxidation/reduction current increases were detected when the
first peak was repeatedly cycled (applied potential until 1.2 V
vs SCE). This is a logical result since this first process
corresponds to the formation of the radical cation of the
porphycene macrocycle.

It is known that the oxidation of carbazole groups generates
unstable radical cations, which undergo a dimerization reaction
to form DCbz units (Scheme S1). Consequently, electro-
chemical oxidative cycling of molecules containing two or
more carbazole groups usually produces polymers on
conductive substrates.12,17 Pc-Cbz has four carbazole groups
linked to the macrocycle, each one with two positions available
to dimerize (positions 3 and 6). Therefore, during the
continuous anodic cycling of the monomer, the carbazole
units undergo a dimerization process that leads to the growth
of a polymeric film on the Pt electrode.

Furthermore, the electrochemical response of P-Pc-Cbz is
attributed to the generation and permanence of a polymeric
film containing DCbz units as building blocks over the
electrode surface. The electropolymers containing DCbz
residues commonly present two reversible oxidation peaks
(as observed in the P-Pc-Cbz redox responses), which are
associated with the formation of the radical cation and the
dication of DCbz units.45,49 On the other hand, meso-
tetraphenyl porphycenes generally present one oxidation
related to the formation of the radical cation.37,43,44 In this
sense, P-Pc-Cbz polymer is formed by porphycene centers
connected one to the other by DCbz units (Figure S3). This
leads to the formation of a complex three-dimensional polymer
network in which tetrapyrrolic macrocycles are embedded in
the polymer matrix. Figure S3 also shows the idealized
structure obtained from geometric optimization through
molecular mechanic calculations for five units of the monomer.
It is possible to observe the formation of the DCbz units
produced by the coupling of the electrochemically generated
carbazole radical cations. Furthermore, it is also possible to

Figure 4. (a) Ten consecutive cyclic voltammetric scans of Pc-Cbz on ITO electrode, scan rate 100 mV/s. Inset: photographic imagen of the P-Pc-
Cbz electropolymerized film. (b) Voltammetric response of P-Pc-Cbz on ITO electrode, scan rate 100 mV/s. Inset: anodic and cathodic peak
currents vs scan rate for P-Pc-Cbz on ITO electrode. All measurements were conducted in DCE (0.10 M TBAPF6).
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perceive the ramifications of the polymeric structure generating
a three-dimensional dendrimeric type structure.

3.4. Fabrication of Antimicrobial Polymeric Surfaces.
With the aim to study the antimicrobial properties of the
polymeric materials, P-Pc-Cbz films were generated over
semitransparent ITO electrodes. Figure 4a shows 10 repetitive
cyclic voltammograms of Pc-Cbz using an ITO working
electrode. A growth of the oxidation/reduction currents with
each new cycle can also be observed. The electrochemical
response of P-Pc-Cbz in DCE depicts two redox processes
(Figure 4b) that are very similar to those obtained using the Pt
electrode. Additionally, a linear ratio between the oxidation/
reduction peak currents and the scan rate is observed in the
inset of Figure 4b. These results confirm that Pc-Cbz can also
be deposited over ITO electrodes.

3.5. Spectroscopic Properties. The absorption character-
istics of P-Pc-Cbz deposited on ITO electrode were
determined by UV−vis spectroscopy and were compared
with the repetitive unit Pc-Cbz. Figure 5 shows the absorption

spectra of Pc-Cbz in DCE and the electrodeposited P-Pc-Cbz
on ITO. The main spectroscopic properties are grafted in
Table S2. The monomer presents the strong absorption of the
Soret band in the blue region (λmax = 384 nm) and the
characteristic Q bands in the red region of the electromagnetic
spectrum (between 500 and 700 nm).22,37 The high red
absorption of Pc-Cbz compared with related porphyrins
(typical extinction coefficient ∼104 and ∼103 for porphyrin)
permits the use of lower light doses to produce a comparable
concentration of excited states.22,28 On the other hand, the
absorption spectrum of Pc-Cbz (Figure 5a) is essentially the
addition of the spectra of Pc-Ph and phenyl-carbazol moieties,
which indicates the lack of interaction of the two units in the
ground state. The electronic transitions corresponding to the
absorption of carbazole moieties can be observed in the UV
region (between 300 and 350 nm).12,33

Regarding the polymer P-Pc-Cbz, the absorption spectrum
exhibits similar spectroscopic behavior to the monomer,
retaining the spectroscopic properties of the porphycene-
based chromophore (Figure 5b). The Soret and Q bands are
well defined despite the fact that the solid state is an
extensively aggregated system. However, these electronic

transitions corresponding to the porphycene core are slightly
broadened and red-shifted by approximately ∼9 nm compared
to Pc-Cbz in solution. These outcomes suggest a weak
interaction among the porphycene cores embedded in the
polymeric matrix. In addition, an additional characteristic of
this polymeric system is that the DCbz units could act as a
light-harvesting donor and transfer the energy to the
porphycene core, improving ROS photogeneration and,
consequently, the antibacterial performance.12,50−52

Finally, spectroscopic studies not only confirm the presence
of the tetrapyrrolic nucleus in the polymer structure after the
electrodeposition but also demonstrate that the electro-
chemical polymerization process does not alter the structure
of the macrocycle.

3.6. Spectroelectrochemical Characterization of P-Pc-
Cbz. Spectroelectrochemical studies of P-Pc-Cbz on ITO
electrode were performed in order to support that DCbz
centers are present as cross-linkers in the polymer molecular
structure. Absorption spectra of the polymeric films were taken
at different applied potentials. The one obtained at neutral
state (0.00 V) was subtracted from each individual spectrum,
and then the resulting spectra were plotted as ΔAbs (Figure 6).

Positive absorptions correspond to the formation of a new
light-absorbing species, and negative absorptions are due to
species bleached in the oxidation process. At the foot of the
first oxidation wave (0.70 V), a band at 440 nm and another
one that extends from 700 nm to the IR region appear. At
more anodic potentials (0.90 V), these two bands are increased
and, at the same time, the bleaching of the Soret and Q bands
can be seen, indicating that the porphycene macrocycle is
oxidized. When the applied potential reaches the first oxidation
peak (1.10 V), a new broad band develops with a maximum at
around 720 nm, while the band at 440 nm and the bleaching of
the Soret band continue increasing in intensity. At 1.40 V (film
fully oxidized), all the last-mentioned bands reach their
maximum values.

Thus, the electrochemical and spectroelectrochemical
studies are in agreement with the presence of porphycene
and DCbz units in the polymeric structure of P-Pc-Cbz.
Oxidation of the film produces DCbz radical cations, which

Figure 5. Absorption spectra of (a) Pc-Cbz in DCE and (b) P-Pc-
Cbz deposited on ITO electrode.

Figure 6. Difference absorption spectra of P-Pc-Cbz deposited on
ITO electrodes. Anodic scan, DCE, 0.10 M TBAPF6.
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commonly present two bands: one at around 400 nm and a
second one that starts at 700 nm and extends to the IR
zone.12,17,45,49 When the film is more oxidized the bleaching of
the Soret and Q bands is detected, indicating the oxidation of
the macrocycle. At more anodic potentials applied, the
apparition of the new band at 720 nm and the increase of
the band at 420 nm are attributed to the formation of DCbz
dication and porphycene radical cation.53,54 Therefore, the
spectroelectrochemical experiment supports a polymeric
chemical structure where the porphycene cores are connected
by DCbz units. Moreover, a complementary experiment in the
regime of negative applied potentials was also performed.
Absorption spectra of P-Pc-Cbz were taken between 0.00 and
−2.00 V (see Figure S4). The difference spectrum of P-Pc-Cbz
at an applied potential of −1.10 V displays two negative
absorptions at 400 and 650 nm and three positive bands: one
at 380 nm, an absorption wave in the visible region, and lastly a
broadband that extends to the near-infrared. It is clearly
observed that as the applied potential increases (from −1.10 to
−2.00 V), the absorption of the bands at around 400 and 650
nm decreases markedly. Concomitantly, the absorption of the
broadband in the near-infrared (range from 750 to 1000 nm)
and in the near-ultraviolet (region below 380 nm) continues
growing. Four isosbestic points are clearly denoted at 375, 420,
570, and 690 nm, indubitably showing the bleaching of the
porphycene Soret and Q bands. The latter confirms that the
new species created by applying an electrical potential was
generated from the transformation of the original material (i.e.,
the neutral porphycene). The spectroelectrochemical data fully
agree with the formation of the porphycene radical anion
during the cathodic voltammetric cycle of P-Pc-Cbz. Similar
results were previously reported, in which the transient
absorption spectrum of the π radical anion of tetraphenylpor-
phycenes was obtained by photoinduced electron transfer from
tetramethyl-phenylenediamine to the triplet state of the
porphycenes in benzonitrile.53 Furthermore, analogous bands
were also observed for the π radical anion of unsubstituted and
tetraalkylporphycenes.22,55 These results also demonstrate that
the porphycene nucleus remained in the polymer after the
electrochemical polymerization process.

3.7. Morphological Properties of P-Pc-Cbz. The
morphology of organic polymeric films is an essential
parameter when they are planned to be used as functional
materials. Usually, the active area involved in superficial
chemical and/or physical processes depends not only on the
chemical structure of the material but also on the
morphological properties of the surface, which is strongly
influenced by the film synthesis and deposition procedures,
especially when electrochemical synthesis is used.16,56

Furthermore, the existence of cracks or pinholes on the
surface can induce physicochemical processes that affect the
performance and reproducibility of the materials under study
and development. The surface morphology of the P-Pc-Cbz
films was analyzed by SEM, and the obtained images are
shown in Figure 7a,b. As can be observed in Figure 7a, the
complete coverage of the ITO surface by the polymeric film
without large grains, islands, cracks, or pinholes could be
achieved after the electrodeposition process. The surface is
highly rough in comparison with the bare ITO (see Figure S5)
and some structures compatible with polymeric dendrites
emerging from the surface are detected, which are more
evident in Figure 7b. These fused agglomerations were
observed by us in the cases of other structural related
electropolymers and were associated with the dendrimeric
nature of the constituent monomers.12,56

The surface morphologies of the obtained polymer films
were also examined with AFM. Figure S6 shows a typical
acoustic AC mode AFM height mode image from the
electrodeposited film of P-Pc-Cbz on ITO. As it was
previously reported for structurally related electrogenerated
polymers, globular-like microstructures are observed in the
analyzed films.57 The observed microstructure must be a
consequence of the nucleation and further growing process
itself and not just a homogeneous decoration of the ITO
surface. This conclusion is confirmed by comparing the
average surface RMS roughness measured over an area of 5.5
× 5.5 μm for the electrodeposited films, being 4.75 nm a much
rougher surface than the ITO (1.32 nm).57

3.8. Photosensitization of ROS by P-Pc-Cbz Surface.
The ROS produced by sensitization can be generated via two
photodynamic pathways known as type I and type II. In the
type I mechanism, the triplet excited state of the PS (3PS*)
achieved after photon absorption transfers electrons to
surrounding biological substrates leading to the formation of
free radicals. In the presence of oxygen, these ones generate
O2

·−, which can dismute into H2O2, the precursor of hydroxyl
radicals (OH·). On the other hand, in the type II photo-
mechanism, the 3PS* transfers energy to molecular oxygen
producing 1O2.58

A crucial aspect to be considered in the design of
antimicrobial coatings is their capability to photogenerate
1O2. This ROS produced by a type II pathway58 is a desired
bactericidal agent that plays a key role in the inactivation of
microorganisms. With high oxidative power and reactivity, this
ROS can nonspecifically damage an extensive range of
biomolecules, such as proteins, lipids, nucleic acids, etc.59

Hence, the evaluation of the photodynamic properties of P-Pc-
Cbz was first studied considering its ability to produce 1O2

Figure 7. SEM images of P-Pc-Cbz films with different magnification deposited over ITO substrate (a) 1500× and (b) 3500×.
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under light irradiation. This assessment was carried out
through an indirect method using DPBF as a chemical trap
of 1O2. The scavenger reacts with 1O2 to produce the
endoperoxide derivative, which decomposes spontaneously
(see Figure S7). Thus, the formation of 1O2 can be monitored
by following the decrease of the absorption band of DPBF at
414 nm.60

The polymeric film P-Pc-Cbz was dipped in an air-
equilibrated solution of DPBF in DMF, and it was then
exposed to visible light irradiation (455−800 nm). In addition,
the photooxidation reaction of the trapping reagent was also
assessed and compared using a solution of Pc-Cbz in DMF.
The spectroscopic changes corresponding to the consumption
of DPBF photosensitized P-Pc-Cbz are shown in Figure S7.
The absorption band of DPBF exhibited a gradual decrease for
both systems, evidencing that they can generate 1O2 after light
irradiation. Both materials were photostable along the kinetic
measurements.

The spectroscopy decay of DPBF induced by the photo-
sensitizing action of Pc-Cbz and P-Pc-Cbz at different
irradiation times follows a pseudo-first-order kinetic (Figure
8a). As can be appreciated in the semilogarithmic plot, DPBF
photooxidation shows different rates for these materials as
demonstrated by the values of the kobs, which were obtained
from the slope of the linear fit and are grafted in Table S2. The
photogeneration of 1O2 by P-Pc-Cbz is one order of
magnitude slower than the monomer in solution. This value
is reasonable because 1O2 production photosensitized by P-Pc-
Cbz occurs only on the surface of the light-activable material.
It is worth mentioning that porphycene-based polymeric
surfaces may be a more efficient antimicrobial material than
those holding porphyrin as light absorber. This is because the
higher molar extinction coefficients of porphycenes (typical
extinction coefficient ∼104 and ∼103 for porphyrin)
compensate for their lower 1O2 production yields in relation
to porphyrins. These outcomes not only demonstrated that P-
Pc-Cbz undergoes a type II photoprocess under light
irradiation but also it is a promising preliminary indication
that the P-Pc-Cbz would act as an effective photoactivable
bactericidal surface.

The capability of materials to photogenerate 1O2 is
considered a key factor for their application in antimicrobial
systems; however, it is not the only ROS capable of producing
damages in the cellular compartments. To evaluate the

presence of other types of ROS generated by a type I
mechanism,58 the formation of O2

·− was determined using the
NBT method (see Figure S8). Here, NBT reacts with O2

·− to
produce diformazan, which can be spectroscopically monitored
by following its absorption band at 560 nm. This reaction is
favored by polar solvents and the presence of reducing agents
like NADH.61,62

P-Pc-Cbz surface dipped in a solution containing NBT and
NADH was irradiated with visible light (455−800 nm) under
aerobic conditions. Absorption spectra acquired at different
irradiation times showed a slight gradual increase of the
absorption band of diformazan, indicating that O2

·− is
generated by the electrodeposited polymer. Figure S8 shows
representative results using P-Pc-Cbz as photosensitizing
material.

Figure 8b shows the reduction of NBT induced by P-Pc-
Cbz as a function of the irradiation time. NADH-mediated
O2

·− formation did not take place in control experiments: the
absence of NADH or P-Pc-Cbz in the dark. However, the
reduction of NBT photomediated by P-Pc-Cbz shows an
increase in the diformazan production compared to the NBT +
NADH control. This outcome is in agreement with the
capability of the Pc-Cbz monomer to photogenerate ROS
through a type I photodynamic mechanism.33

By comparing the values obtained for the polymer and the
control, it can be inferred that the generation capacity of O2

·−

by P-Pc-Cbz is not efficient, indicating that the polymeric
surface presents a low capacity to accept electrons. It is known
that PSs with the ability to accept electrons produce ROS
species mainly by type I pathway; otherwise, the favored
mechanism will be type II (generation of 1O2).63 In addition,
tetrapyrrolic macrocycles demonstrate a type II mechanism
predominantly.64

Nevertheless, despite the low result obtained from this
photoinduced reaction, the irradiation of P-Pc-Cbz films also
leads to the formation of O2

·− (type I pathway). This ROS is
the significant importance since it can be converted to the
highly reactive hydroxyl radical in the cellular environment,
which is known as Fenton chemistry.65 Photodynamic studies
demonstrate that the porphycene-based antimicrobial surface
produces ROS by both type I and type II photoprocess after
light irradiation although P-Pc-Cbz is mainly efficient
sensitizer of 1O2.

Figure 8. (a) Pseudo-first-order kinetic data fitting for the oxidation of DPBF with 1O2 photosensitized by P-Pc-Cbz (black up-pointing triangle)
and Pc-Cbz (blue circle) in DMF. (b) Photogeneration of O2

·− detected by NBT reduction monitored by following the increase in the absorbance
at λ = 560 nm in function of time. Samples contain P-Pc-Cbz, NBT, and NADH (blue down-pointing triangle); and NBT and NADH (black
square). [NBT] = 0.2 mM and [NADH] = 0.5 mM. λirr = 455−800 nm.
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3.9. Photostability. The photostability of antimicrobial
surfaces is a crucial parameter to be considered in order to
determine the real practical applications of these materials. The
coating must be sufficiently resistant to photobleaching to
completely eradicate the pathogens and allow its reutilization.
P-Pc-Pcz photodegradation was measured by acquiring UV−
visible spectra of the polymeric films dipped in air-equilibrated
PBS solution after visible light irradiation, monitoring the
decrease of the Soret band intensity (λ = 393 nm). Irradiation
conditions were the same used for PDI assessments. Figure S9
shows the spectroscopic changes of P-Pc-Pcz induced by the
photooxidation processes as a function of the irradiation time.
After 3 h, a photodegradation of 22% was observed for P-Pc-
Cbz, evidencing substantial photostability for reusability and
practical uses, which is crucial in view of the antimicrobial
applications envisaged.

The photodecomposition of the self-sterilizing surface in
PBS was observed to follow a first-order kinetic model (Figure
S10). The observed rate constant of photobleaching (kobs

P)
obtained from the slope (kobs

P = (139 ± 2) × 10−5 min−1) was
employed to calculate the photobleaching half-life time (τ1/2)
using eq S1. Under these experimental conditions, a τ1/2 value
of 500 min was determined for P-Pc-Pcz. Even though τ1/2
values cannot be directly compared due to the different
experimental conditions, we hoped that these films were more
photostable than the electrogenerated films based on
previously reported porphyrins since porphycenes are more
difficult to oxidize than their porphyrin counterparts.22,24

However, porphycene-based film showed similar photostability
that electrodeposited porphyrins measured under similar
conditions.12 It is noteworthy that the photoactive porphycene
units are immersed in the polymeric matrix, which could give
them some protective effect against the damaging effect of the
ROS.
P-Pc-Cbz polymer was not dissolved or released to the

medium throughout the entire kinetic experiment, which was
proved by the absence of its characteristic absorption bands in
the acquired spectra. Furthermore, as a most sensitive
technique, fluorescence measurements confirmed that PS
desorption to the environment does not occur. Thus, these
experiments disclose the irreversible adsorption of the polymer
on the surface without PS desorption processes.

3.10. Antimicrobial Action of P-Pc-Cbz. Encouraged by
the results obtained from the photodynamic and photo-
bleaching studies, we decided to evaluate the ability of this
porphycene-based material to act as an antimicrobial surface.
The photoinactivation ability of this light-activated polymeric
film was assessed in vitro against MRSA and E. coli bacterial
suspensions. These strains were chosen since they are
responsible for nosocomial infections. They are considered a
severe threat to human health care and have acquired
resistance to the available antibiotics. Moreover, these
microorganisms can form biofilms on a wide range of medical
instruments and hospital-associated facilities, increasing the
risk of transmitting resistant strains.

PDI treatments were investigated by dipping two square
surfaces of P-Pc-Cbz (0.09 cm2) into 200 μL of bacterial
suspension (∼105 CFU/mL), which were irradiated with
visible light for 30 and 60 min. Therapy results are shown in
Figure 9. First, Figure 9a shows the survival of MRSA after
different irradiation times. Control assessments showed that
the viability of MRSA was not affected by keeping the bacterial
suspension in the dark for 60 min in the presence of ITO and
P-Pc-Cbz (Figure 9a, Treatments 2 and 3). A slight
inactivation (<1 log) was observed for MRSA cells after 60
min of irradiation on the ITO electrode (Figure 9a, Treatment
4). Similar reductions in cell viability were found in the
literature.11,12 In addition, no toxicity was found for untreated
cells and irradiated for 60 min (Figure 9a, Treatment 1). On
the other hand, pathogenic microorganisms were inactivated
by the polymeric material after visible light irradiation. All
these results prove that MRSA mortality is due to the
photosensitizing effect of P-Pc-Cbz. The efficiency of the
photokilling was dependent on the irradiation time. The
photodynamic action of the polymeric surface generates almost
3 log decrease in bacterial survival after 30 min of exposure to
visible light. This outcome signifies a photoinactivation of
MRSA higher than 99.85% (Figure 9a, Treatment 5).
Moreover, no colony formation was observed after 60 min of
irradiation (Figure 9a, Treatment 6). This reduction represents
a value higher than 99,998% cell viability, demonstrating that
P-Pc-Cbz is a promising photoactivable antimicrobial surface
to treat this strain.

Figure 9. Survival curves of (a) MRSA and (b) E. coli cell suspensions (∼105 CFU/mL) in PBS. Treatment: (1) initial control. Untreated cells
irradiated for 60 min. (2) Cells deposited on P-Pc-Cbz and kept in the dark for 60 min. (3) Cells deposited on ITO and kept in the dark for 60
min. (4) Cells deposited on ITO and irradiated 60 min. (5) Cells deposited on P-Pc-Cbz and irradiated 30 min. (6) Cells deposited on P-Pc-Cbz
and irradiated 60 min. (7) Second PDI cycle, cells deposited on P-Pc-Cbz and irradiated 60 min. Samples were irradiated with visible light (350−
800 nm).
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Motivated by these findings, we decided to extend the work
by studying the photoinactivation of the Gram-negative E. coli
bacteria. As shown in Figure 9b, control experiments showed
similar behavior to MRSA in the dark treatments (Figure 9b,
Treatments 2 and 3). In addition, the survival of E. coli was
unaffected by irradiation for 60 min (Figure 9b, Treatment 1),
and a slight photokilling (<0.5 log) was produced after 60 min
of irradiation in the presence of an ITO electrode (Figure 9b,
Treatment 4). However, a remarkable decrease in the viability
of E. coli cells was observed in the presence of the polymeric
surfaces. After 30 min of irradiation with visible light, the
photodynamic activity of P-Pc-Cbz produces a ∼1.4 log
decrease in E. coli survival, representing a photoinactivation
higher than 96% (Figure 9b, Treatment 5). This result
indicates a lower antimicrobial action than that achieved over
MRSA, and it can be explained considering that Gram-negative
bacteria are more challenging to kill than Gram-positive due to
the nature of the bacterial cell envelope.66 The outer cell wall
of Gram-negative bacteria constituted by a complex multilayer
structure with porin-acting proteins works as a permeability
barrier that impedes ROS penetration. Nevertheless, complete
bacterial inactivation (>99.998%) was achieved after 60 min of
irradiation (Figure 9b, Treatment 6).

The complete elimination of both bacteria strains (MRSA
and E. coli) was achieved by the photosensitization of P-Pc-
Cbz after 60 min. Thus, our polymeric material can be
considered antimicrobial since the American Society of
Microbiology proposed that this term be used when the new
material reaches a decrease of at least 3 log in CFU, i.e. cell
death higher than 99.9%.67 PDI outcomes demonstrate that P-
Pc-Cbz polymeric films are efficient self-sterilizing and
antimicrobial surfaces with potential application in the design
of medical devices, coating of healthcare surfaces, and water
decontamination, among other ROS-mediated applications.
Up to date, there is no evidence of porphycene-based polymers
activated by visible light in the PDI of microorganisms. Thus,
we are starting to pave the way for the preparation of
promising antimicrobial materials.

The comparison of the antimicrobial activity of P-Pc-Cbz
with other electrodeposited surfaces is problematic mainly due
to the different experimental conditions, such as bacterial
strains, bacterial density, wavelength irradiation, treatment
procedure, nature and concentration of the PS, light dosage,
etc. Table 1 compares the PDI treatments of previously

published works using electrodeposited polymeric surfaces. A
detailed analysis of Table 1 reveals that the PDI of bacteria
sensitized by an electrodeposited PEDOT-fullerene C60
(PEDOT-C60) polymeric film was less effective to inactive S.
aureus.11 P-Pc-Cbz produced a higher inactivation at similar
times. Furthermore, P-Pc-Cbz presented better antimicrobial
performance than previous reports of electropolymers obtained
from triphenylamine-porphyrin (TFA-Po) and carbazol-
porphyrin-fullerene C60 (Cbz-Po-C60) monomers.12,19,68 Also,
P-Pc-Cbz showed a better performance than our previously
reported carbazole-dendrimeric porphyrin (Cbz-Den-Po) to
photokill E. coli. The higher absorption of porphycene in the
visible region compared to porphyrins and fullerenes could be
responsible for this outstanding bactericidal action.

On the other hand, metal phthalocyanine complexes, which
are tetrapyrrolic macrocycles with high red absorption, were
also electrodeposited on ITO electrodes and evaluated in
vitro.69,70 Blacha-Grzechnik and co-workers prepared a photo-
active biocidal layer by an electrochemical oxidative process of
a zinc (tetraamino)phthalocyanine (Zn-Porph-NH2), which
produced an inhibition of 99.8% S. aureus after visible light
irradiation.69 Finally, Durantini and co-workers evaluated two
electrodeposited polymers using two metal phthalocyanine
complexes (PEDOT-Zn-Porph and PEDOT-Cu-Porph); con-
trary to what was expected, they exhibited lower antimicrobial
capacity. Even more, the PDI treatments had to be potentiated
with an inorganic salt (KI) to improve their efficiency and
reach similar antimicrobial properties to our system.70 Thus, P-
Pc-Cbz light-activated coating not only has promising biocidal
action but also a higher performance on both strains than the
above-mentioned electropolymers.

Inspired by these findings and having in mind to study the
stability and reusability of P-Pc-Cbz, the reuse of surfaces was
assessed for both antibiotic-resistant strains in new PDI
treatments. After removing and washing the polymeric films,
these were dipped in a fresh bacterial suspension and irradiated
with visible light for 60 min. Cell survivals corresponding to
the second PDI cycle are shown in Figure 9a (Treatment 7)
and Figure 9b (Treatment 7) for MRSA and E. coli,
respectively. As can be observed, the photoinactivation in
both strains was similar to the first treatment without a
significant difference in cell survival (photokilling activity
>99.998). Thus, P-Pc-Cbz can be removed, recovered, and
reused in a new treatment, conserving its photoactivity and

Table 1. Electrodeposited Polymers Applied in Antimicrobial Photodynamic Therapy

electropolymers bacterial strain bacterial density (CFU/mL) fluent energy (J/cm2)a inactivation % ref

PEDOT-C60 S. aureus ∼104 324 >99.9 11
TFA-Po E. coli ∼106 162 >99.9 68

C. albicans 162 >99.7
Cbz-Po-C60 S. aureus ∼104 162 >99.96 19

E. coli 324 >99.98
Cbz-Den-Po S. aureus ∼104 162 >99.9998 12

E. coli 162 >99.4%
PEDOT-Zn-Porph + KI S. aureus ∼104 108 >99.98 70

E. coli 162 >99.98
PEDOT-Cu-Porph + KI S. aureus ∼104 108 >99.98 70

E. coli 162 >95
Zn-Porph-NH2 S. aureus >99.8 69
P-Pc-Cbz MRSA ∼105 324 >99.998 this work

E. coli 324 >99.998
aVisible light.
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antimicrobial action. After each PDI assay, absorption and
fluorescence spectra disclosed that the bacterial suspensions
were not contaminated with porphycene.

Based on the in vitro studies, it can be stated that the
designed polymeric surface could act as a promising material to
maintain asepsis in clinical settings. Thus, the alternatives to
the orthodox and practically exclusive methodology of applying
disinfectants to sterilize surfaces are diversified. This is vital in
the current microbiological crisis since there is a relationship
between the sterilization of surfaces using disinfectants and the
appearance of resistant bacteria.

4. CONCLUSIONS
An appropriate and straightforward approach to fabricate light-
activated antimicrobial surfaces was developed. This method
was based on the electrochemical polymerization of a dual-
functional monomer. The controllable and facile electro-
deposition process through carbazole moieties led to the
formation of films with porphycene nuclei fixed in the P-Pc-
Cbz polymer structure. The material was obtained as
homogenous thin films over Pt and ITO surfaces. Spectro-
scopic, electrochemical, and spectroelectrochemical studies
demonstrated that the porphycene structure is not modified
throughout the electropolymerization procedure, retaining its
photophysical and photodynamic features. Thus, the photo-
activable films can produce ROS by type I and type II
photoreactions after visible light irradiation. On the other
hand, the photodynamic polymer was highly resistant to
photobleaching, thanks to the high photostability of this kind
of tetrapyrrolic macrocycle.

The antimicrobial action of the porphycene-based polymer
was assessed in vitro against Gram-positive and Gram-negative
bacteria models. PDI treatments showed a complete photo-
killing of S. aureus and E. coli bacterial suspensions after 60 min
of visible light irradiation. Therefore, P-Pc-Cbz polymeric
surfaces can be considered as antimicrobial/antibacterial
photoactivable coating. Consequently, our investigations
provide the first report of a porphycene-based polymeric
material with highly efficient antimicrobial activity.

We hope this photoactive self-sterilizing coating produces a
great impulse in the development of antimicrobial films using
porphycenes. Finally, P-Pc-Cbz is a potential polymer that can
be used to control microbial proliferation, conserving aseptic
conditions. In addition, it could be applied in other ROS-
mediated applications like disinfection of contaminated water
suspension. P-Pc-Cbz could be dipped in microbiologically-
contaminated water, irradiated, and then easily recovered/
removed and reused. Finally, considering that P-Pc-Cbz
presents a high absorption in the red region of the
electromagnetic spectrum, it could be more efficient to capture
light in turbid/contaminated suspensions.
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