
ORIGINAL PAPER

Photofunctional Polyurethane Nanofabrics Doped by Zinc
Tetraphenylporphyrin and Zinc Phthalocyanine
Photosensitizers

Jiří Mosinger & Kamil Lang & Pavel Kubát & Jan Sýkora &

Martin Hof & Lukáš Plíštil & Bedřich Mosinger Jr.

Received: 26 September 2008 /Accepted: 16 January 2009 /Published online: 29 January 2009
# Springer Science + Business Media, LLC 2009

Abstract Polymeric polyurethane nanofabrics doped by
zinc tetraphenylporphyrin (ZnTPP) and/or zinc phthalocy-
anine (ZnPc) photosensitizers were prepared by the electro-
spinning method and characterized by microscopic
methods, steady-state and time-resolved fluorescence, and
absorption spectroscopy. Nanofabrics doped by both
ZnTPP and ZnPc efficiently harvest visible light to generate
triplet states and singlet oxygen O2(

1Δg) with a lifetime of
about 15 μs in air atmosphere. The energy transfer between
the excited singlet states of ZnTPP and ground states of
ZnPc is described in details. All nanofabrics have bacteri-
cidal surfaces and photooxidize inorganic and organic

substrates. ZnTPP and ZnPc in the polyurethane nano-
fabrics are less photostable than incorporated free-base
tetraphenylporphyrin (TPP).

Keywords Nanofabric . Singlet oxygen . Energy transfer .

Bactericidal . Photooxidation

Introduction

New antibacterial strategies are required in view of the
increasing resistance of bacteria to antibiotics. Photody-
namic killing of bacteria utilizes light in the combination
with a photosensitizer (drug) to induce phototoxic reactions
[1] identical to the use of photodynamic therapy of cancer
[2]. The general mechanism of phototoxic reaction starts by
absorption of photon(s) by a photosensitizer followed by
intersystem crossing from the excited singlet state to the
low-lying triplet state [3, 4]. A triplet photosensitizer can
attack target species directly (redox or free radical reaction,
type I mechanism) or transfer its energy to an oxygen
molecule. The lowest excited state of singlet oxygen,
O2(

1Δg), formed is very reactive and can oxidize target
species especially containing C=C bonds (type II mecha-
nism) [5–7].

Recently, new polymeric materials with photodynamic
activity were applied for fabrication of the intraocular
lenses having the bactericidal surface [8, 9]. In our previous
study we have prepared polymeric nanofabrics doped by
the 5,10,15,20-tetraphenylporphyrin photosensitizer (TPP,
Fig. 1) [10]. Such self-disinfecting nanofabrics are promis-
ing materials for the preparation of wound dressing or
filters for water treatment. TPP and other porphyrins have a
strong blue absorption band, however, the absorption in
other parts of the visible spectra is limited. To overcome
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these difficulties in light harvesting we have prepared and
characterized a set of nanofabrics doped by two photo-
sensitizers: zinc(II) 5,10,15,20-tetraphenylporphyrin (ZnTPP)
and/or zinc(II) phthalocyanine (ZnPc) (Fig. 1). Porphyrin
ZnTPP has the strongest absorption in the Soret band around
420 nm, whereas ZnPc absorbs strongly up to 670 nm (Q-
band). Thus, a broad range of the solar spectrum or white
light is absorbed by mixed ZnTPP and ZnPc compounds.

In nonpolar solvents, both ZnTPP and ZnPc are
efficiently excited to the triplet states and produce O2

(1Δg) with the quantum yields of the singlet oxygen
formation, ΦΔ, above 0.5 [11]. The presence of central
zinc atom prevents protonation of the pyrrole nitrogens, the
process that affects ΦΔ [12]. The photophysical data are
valid for monomeric species. The aggregation of porphyrins
and phthalocyanines is not desirable since their phototoxicity
decreases as a result of the poor or absent ability of dimers
and higher aggregates to produce O2 (1Δg) [4, 13]. The
inherent photophysical and photochemical properties can be
altered because the photosensitizers are constrained within
the environment of a polymeric matrix and, therefore, the
photoactivity of the resulting material cannot be directly
extrapolated from the known behavior in a solution [4].

In this paper we present the preparation of novel
polyurethane (PUR) nanofabrics doped by ZnTPP and
ZnPc and the properties based on steady-state and time-
resolved fluorescence and absorption measurements. We
demonstrate the ability of the nanofabrics to photooxidize
organic and inorganic compounds and their antibacterial
activity. The results are compared with those of nanofabrics
doped by TPP [10].

Materials and methods

Chemicals

Zinc(II) 5,10,15,20-tetraphenylporphyrin (ZnTPP) (Porphy-
rin Systems, Germany), zinc(II) pthtalocyanine (ZnPc),
5,10,15,20-tetraphenylporphyrin (TPP) (Sigma-Aldrich),
2-dodecyloxyethanol (Slovasol S), toluene (all Penta,

Czech Republic), 5-bromo-4-chloro-3-indolyl-β-D-galacto-
pyranoside (X-gal, Invitrogen, CA, USA); Escherichia col
iDH5α (Invitrogen, CA, USA); Plasmid pGEM11Z (Prom-
ega, WI, USA); sodium salt of uric acid, N,N-dimethylfor-
mamide (DMF), KI, and other inorganic salts (all Aldrich)
were used as received. Polyurethane Larithane LS 1086
(Mw≈50000, 30% solution in DMF) purchased from
Novotex (COIM SpA) is an aliphatic elastomer based on
linear polycarbonated diol, isophorone diisocyanate, and
extended isophorone diamine. The composition of polymer
solutions used for the polyurethane nanofiber (PUR)
preparation is as follows: 15% Larithane in DMF, 0.6%
Slovasol S, 0.1% TPP, ZnTPP, or ZnPc in DMF by the
polymer weight.

Preparation of nanofabrics

Nanofibrous layers were produced using the NanospiderTM

electrospinning technology (Fig. 2a) [14]. A cylindrical-
shape spinning electrode connected with a high voltage
source rotated in a polymer solution. A highly charged thin
layer of the solution on the electrode surface was then
transformed into nanofibers, which were collected on a
linearly moving grounded polypropylene spunbond textile.
The distance between the electrodes varied from 15 to
19 cm and the input voltage varied from 70 kV to 80 kV.
The area weight of obtained nanofibrous layers was kept at
2 g/m2 with a thickness of 0.03 mm and the fiber diameter
varying between 200 and 500 nm (Fig. 2b).

Steady-state absorption and fluorescence spectroscopy

The UV/VIS absorption spectra were recorded using a
Perkin Elmer Lambda 19, Perkin Elmer Lambda 35, and
Unicam 340 spectrometers. The fluorescence spectra were
measured on a Perkin–Elmer LS 50B luminescence
spectrophotometer. All fluorescence emission spectra were
corrected for the characteristics of the detection monochro-
mator and photomultiplier using the fluorescence standards.
The samples were excited at the band maxima of ZnPc
(671 nm) and ZnTPP (427 nm).
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Fig. 1 Structure of TPP, ZnTPP,
and ZnPc
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Time correlated single photon counting (TCSPC)

The fluorescence lifetimes were measured on a 5,000 U
Single Photon Counting instrument (IBH, U.K.) using
PicoQuant laser diodes LDH-P-C-405 (405 nm peak
wavelength, pulse width <100 ps, 2.5 MHz repetition rate)
and LDH-P-635 (635 nm peak wavelength, pulse width
<150 ps, 2.5 MHz repetition rate) (PicoQuant, Germany),
and a cooled Hamamatsu R3809U-50 microchannel plate
photomultiplier. Decay curves were recorded at the maxima
of the steady-state fluorescence spectra of the individual
systems. The fluorescence wavelengths were selected by a
monochromator. Additionally, two filters were used to
eliminate scattered light of a blue (a 550 nm cut off filter)
and a red (a 650 nm cut off filter) laser diode. The data
were collected in 4,096 channels (0.028 ns per channel) till
the peak value reached 5,000 counts. The decay curves
were fitted to multiexponential functions performing the
iterative reconvolution procedure of the IBH DAS6
software. The resolution time is about 50 ps.

Confocal fluorescence and fluorescence lifetime imaging
microscopy (FLIM)

The measurements were carried out on an inverted epifluor-
escence confocal microscope MicroTime 200 (PicoQuant,
Germany). We used configuration containing a pulsed diode
laser (LDH-P-C-405, 405 nm, PicoQuant) providing 80 ps
pulses at 40 MHz repetition rate, dichroic mirror 505DRLP,
long-pass filter LP500 (Omega Optical), water immersion
objective (1.2 NA, 60x) (Olympus), and detector PDM SPAD
(MPD, USA). A module Picoharp 300 (PicoQuant, Ger-
many) recorded the photon events in a TTTR mode enabling

the reconstruction of the lifetime histogram for each pixel
[15]. In order to minimize the pile-up effects low power of
1.5 μW at the back aperture of the objective was chosen.

Transient absorption measurements

Laser flash photolysis experiments were performed using a
Lambda Physik COMPEX102 excimer (308 nm) and an FL
3002 dye laser (425 nm for excitation of ZnTPP, 658 nm
for excitation of ZnPc, output 0.05–3 mJ/pulse, pulse width
28 ns). Transient absorption spectra (300–800 nm) were
recorded using a laser kinetic spectrometer LKS 20
(Applied Photophysics, UK). The time profiles of the
triplet state decay were recorded at 460–500 nm using a
250 W Xe lamp equipped with a pulse unit and a R928
photomultiplier (Hamamatsu). The lifetimes of the ZnPc
and ZnTPP triplet states (τT) were obtained by a single
exponential fitting to the decay curves measured in argon-
saturated solutions and averaged from at least five measure-
ments. The quenching rate constants of the triplet states by
oxygen (kq) were calculated using a least-square linear fit to
the rate constants of the triplet states deactivation in argon,
air, and oxygen atmosphere.

Phosphorescence of O2(
1Δg)

Time-resolved near-infrared phosphorescence of O2 (1Δg)
at 1,270 nm was observed at the right angle to an excitation
pulse (the same lasers as for transient absorption measure-
ments) using a homemade detector unit (interference filter,
Ge diode Judson J16-8SP-R05M-HS). The samples were
placed in a 10 mm quartz cell saturated with oxygen, air, or
argon. Used incident energy is within the energy region
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Fig. 2 NanospiderTM electro-
spinning technology (a) and
scanning electron microscopy
image of the resulting nanofib-
ers doped by ZnTPP (b)
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where the intensity of a phosphorescence signal is directly
proportional to the incident energy (less than 1 mJ).

Continuous irradiation

A piece of the nanofabric was peeled off from a
polypropylene supporting textile, coiled around a quartz
plate (10×40×1 mm), and put into a thermostated 10 mm
quartz cell (22 °C) containing a substrate aqueous solution
(0.1 M I− or 10−4 M sodium salt of uric acid). The cell was
irradiated by a 300 W stabilized halogen lamp with or
without an attenuator under continuous stirring. The UV/
VIS absorbance changes due to the formation of oxidized
products were recorded in regular time intervals and
compared with those of a blank solution of the same
composition kept in the dark.

Biological experiments

A piece of the photosensitizer-doped nanofabric was placed
on X-gal (80 μg/ml) bacterial agar LB plates and inoculated
with one or two drops of bacteria Escherichia coli DH5α
containing plasmid pGEM11Z producing β-galactosidase.
The bacterial concentration was typically chosen such that
10 μl contained approximately several hundred bacteria
able to form colonies. 5 to 25 μl of the bacterial suspension
was pipetted on the nanofabrics. The agar plates were either
illuminated with cold white light of a 150 W halogen bulb
for 30 min, or kept in the dark. The plates were then
incubated overnight in the dark at 37 °C to allow individual
bacteria to grow into visible blue-green colonies. Blue-
green color of the colonies is due to an indol dye produced
from X-gal substrate (5-bromo-4-chloro-3-indolyl-β-D gal-
actopyranoside) by bacterial β-galactosidase.

Results and discussion

We have studied four PUR nanofabrics containing 0.1%
ZnPc (1), 0.1% ZnTPP (2), and the mixture of 0.1% ZnPc
and 0.1% ZnTPP (3), while 4 consists of two independent
layers of nanofibres, one layer is doped by 0.1% ZnPc and
second layer by 0.1% ZnTPP. A control PUR nanofabric
without photosensitizers was used in biological experiments.

UV/Vis absorption spectra

The UV/VIS spectrum of nanofabric 1 shows the charac-
teristic Q absorption bands of ZnPc at 672, 641, and
605 nm (Fig. 3a). Nanofabric 2 with ZnTPP has the Soret
band at 427 nm and the two Q bands at 560 and 601 nm
(Fig. 3b). The bands are red shifted by several nm when
compared with those recorded in nonpolar solvents. It has

been recognized that solvent-dependent red shifts in the
absorption spectra of zinc porphyrins arise from the axial
ligation by solvent molecules to form five-coordinate zinc
complexes [16, 17]. Similar red shifts were observed for
zinc porphyrin attached covalently to polyamide dendrimer
whereas no shifts were found for free-base porphyrin [18].
Thus, the red shifts of approximately 7 nm in the Soret and
Q-band regions of ZnTPP in 2 can be attributed to an
interaction of lone pair electrons of the polymer imide or
carbonyl groups with porphyrin zinc atoms. The explana-
tion is supported by the fact that the TPP absorption bands
do not shift upon the encapsulation in PUR nanofabrics
[10]. The effects of the ligation can be also responsible for a
small shift of ZnPc absorption bands in different solvents
[19] and in the PUR matrix of 1.

The absorption spectra of nanofabrics 3 (Fig. 3c) and 4
are the pure superpositions of the respective spectra of 1
and 2 suggesting negligible interaction between the
porphyrin and phthalocyanine moieties in the ground state.
Similarly to the spectra of porphyrin - phthalocyanine
composites [20] there are no shifts and broadening of the
bands when compared to the spectra of 1 and 2.

Aggregation of porphyrins and phthalocyanines is
characterized by a splitting and/or broadening of the bands
in UV/Vis spectra [21]. Our observations (Fig. 3a–c)
indicate that ZnPc and ZnTPP incorporated in PUR nano-
fibers 1–4 remain in the monomeric state and interact with
polymer via the ligation of zinc atoms with the imide or
carbonyl groups of the PUR matrix.

Steady-state and time-resolved fluorescence spectra

Similarly to the absorption spectra, the steady-state fluo-
rescence emission bands are red shifted by 8–10 nm when
compared with the measurements in nonpolar solvents. The
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Fig. 3 Absorption spectra of nanofabric 1 (a), 2 (b), and 3 (c).
Corrected fluorescence emission spectra of 1 (d), 2 (f), and 3 (g)
excited at the Soret band maximum of ZnTPP (427 nm) and 1 (e)
excited at the band of ZnPc (671 nm). Spectra are offset
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bands maxima are at 685, 746 nm and 606, 658 nm for
ZnPc in nanofabric 1 (Fig. 3e) and ZnTPP in nanofabric 2
(Fig. 3f), respectively. Since the absorption Q-band of ZnPc
(672 nm) overlaps the fluorescence emission band of
ZnTPP, fluorescence resonance energy transfer from the
porphyrin excited singlet states to phthalocyanine can occur
in nanofabrics 3 (Fig. 3g) and 4.

The time evolution of fluorescence was investigated by
TCSPC. As shown above ZnTPP is the dominant absorber at
427 nm with dominant fluorescence at 606 and 658 nm
whereas ZnPc is the dominant absorber at 672 nm with
dominant fluorescence above 680 nm (Fig. 3). Therefore, the
decay curves obtained after 405 nm excitation were recorded
at the emission wavelengths set to 600 (ZnTPP fluorescence)
or 700 nm (ZnPc fluorescence). All fluorescence decay
curves were fitted to a one- or two-exponential decay model
using a nonlinear least-squares curve-fitting algorithm.

The fluorescence emission of ZnTPP in nanofabric 2 is
characterized by a fast increase followed by two exponen-

tial decay process with lifetimes of 2.9 (40%) and 6.9 ns
(60%) (Fig. 4a). Strong quenching of ZnTPP fluorescence
by ZnPc was observed in nanofabrics 3 and 4 (Fig. 4b, c).
To quantify differences in fluorescence quenching, the
average fluorescence lifetimes were calculated as tF ¼P

i
Ait2i

�
P

i
Ait i, where τi are the lifetimes and Ai the

corresponding amplitudes [22].
Fluorescence resonance energy transfer occurs when the

electronic excitation energy of a donor chromophore is
transferred to an acceptor molecule nearby via a dipole–
dipole interaction within a donor–acceptor pair. Fig. 3
shows a sufficient overlap between the emission band of
ZnTPP and the absorption band of ZnPc. As a result,
effective energy transfer between ZnTPP and ZnPc occurs
with an estimated efficiency of about 70% in nanofabric 3.
Since the efficiency is higher than 50% the distance
between both chromophores is closer than 5 nm on average,
the value of the Förster distance calculated for a zinc
porphyrin-phthalocyanine pair [20]. The efficiency of the
energy transfer becomes significantly lower in nanofabric 4
(cf. Fig. 4b, c) with the decay curves indicating two
populations of donor ZnTPP molecules (Fig. 4c). The
long-lived component can be attributed to the molecules,
which do not undergo energy transfer, and thus are
separated by a significantly higher distance than the Förster
radius. The other fraction of the ZnTPP molecules shows a
shortening of the lifetime due to FRET. These molecules
are located probably in the nodes, where the nanofibers
labeled with ZnPc and ZnTPP are in the close contact.

Fluorescence emission of ZnPc in nanofabric 1 decays
monoexponentially with a lifetime of 3.6 ns (Fig. 4d). The
slower kinetics of the ZnPc fluorescence decay in 3 and 4
reflect energy transfer from ZnTPP excited singlet states
(Fig. 4e, f).

Confocal fluorescence and fluorescence lifetime imaging
microscopy

The recorded intensity image of ZnTPP emission in
nanofabric 2 is shown in Fig. 5a depicting the labeling of
the individual fibers. The incorporation of ZnTPP and ZnPc
in the PUR nanofibres was also investigated by FLIM. To
characterize fluorescence decays recorded for each pixel,
the average lifetimes are calculated as tav ¼

P
Iiti=

P
Ii,

where Ii and ti are the intensity and time corresponding to
the i-th channel in the time-correlated single photon
counting histogram, respectively. The average lifetime
distribution fulfills the Gaussian model, yielding a mean
lifetime as shown in the right panel of Fig. 5. Nanofabric 3
(Fig. 5d) doped with the mixture of ZnTPP and ZnPc has
the average lifetime significantly reduced compared to
nanofabric 2 (Fig. 5c), nevertheless its value is higher than
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that of nanofabric 1 containing only ZnPc (Fig. 5b). These
results correlate with the lifetimes evaluated from TCSPC
measurements (see above) and also prove energy transfer
occurring between the excited ZnTPP singlet states and the
ZnPc chromophore.

Triplet–triplet absorption spectra

The transient absorption spectra of ZnPc in 1 (Fig. 6a) and
ZnTPP in 2 (Fig. 6b) show typical broad absorption
maxima at 460–500 nm not affected by the interaction
with the PUR matrix. These spectral features are indicative
of the ZnTPP and ZnPc triplet states [23]. In air atmosphere
the triplet states of ZnTPP and ZnPc are quenched by
oxygen monoexponentially with a lifetime of 29±5 μs. The
increase of the triplet lifetimes when compared to a
solution (~ 2 μs) can be attributed to a combination of
several factors including changes in the ZnTPP and ZnPc
microenvironment due to the sensitizer accommodation
within the non-polar matrix and in the reduced exposure
of the triplet states to oxygen [4]. The lifetime of the
triplet states, τT, in argon atmosphere, and the quenching
rate constants of the triplet states by oxygen, kq, are
summarized in Table 1. The comparable values of kq
indicate the similar diffusivity of oxygen in all prepared
PUR nanofabrics.

The triplet states of ZnPc and ZnTPP in nanofabrics 3 and
4 cannot be differentiated due to the similar transient
absorption spectra (Fig. 6a, b) and the photophysical
behavior (Table 1). We suppose that the ZnPc singlet
states, the predecessor of the triplet states, are created partly
by direct excitation of ZnPc and partly by energy transfer
from the ZnTPP excited singlet states. Also the formation
of the ZnPc triplet states (Etriplet=1.12 eV) by energy
transfer from the ZnTPP triplets (Etriplet=1.53 eV) cannot
be excluded [24].

Singlet oxygen O2(
1Δg)

The recorded phosphorescence at 1,270 nm belongs to
O2(

1Δg) on the basis of the observed wavelength, the signal
disappearance after purging the sample with argon, and the
signal reappearance after the addition of air or oxygen. The
fast signal at the beginning of the curve (0–1 μs) remains
even in argon atmosphere and belongs to sensitizer
fluorescence and light scattering of the excitation laser
pulse. The formation of O2(

1Δg) reflects the kinetics of the
triplet states quenching by ground state O2

3
P

g

� �
. Kinetic

traces were fitted using Eq. (1) where the lifetime of
O2(

1Δg), τΔ, and the amplitude A are free parameters

S tð Þ ¼ A
tΔ

tT � tΔ
exp �t=tTð Þ� exp �t=tΔð Þð Þ; ð1Þ

and τT is the lifetime of the triplet states obtained from
transient absorption measurements.
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An example of the singlet oxygen luminescence signal is
depicted in Fig. 7. The results of the fitting procedures
(Table 1) indicate the similar lifetimes of O2 (1Δg) in all
nanofabrics 1–4. The values of τΔ are slightly lower than
those of TPP in the PUR matrix (τΔ=21.2 μs) [10].

Photooxidation of inorganic and organic compounds

The photophysical measurements described above proved
the ability of porphyrin or phthalocyanine sensitizers in
nanofibers to form the triplet states and O2(

1Δg). Singlet
oxygen O2(

1Δg) is a short-lived species especially in polar
media having a lifetime τΔ~3.5 μs in water [11]. The mean
radial diffusion length of O2(

1Δg), lr, can be estimated
using the equation lr ¼ 6D0tΔð Þ1=2, where D0 is the
diffusion coefficient for oxygen in water (2.07×10−5 cm2

s−1) [25, 26]. The low value of about 210 nm in water over
the period of the singlet oxygen lifetime indicates that the
adsorption on the surface or the close contact of target
molecules with nanofibers is a fundamental prerequisite for
the effective course of photooxidation reactions. Hence,
electrostatic and hydrophobic forces between photosensi-
tizer and the PUR matrix can play an important role in
photooxidation and photodynamic processes.

The photooxidation ability of doped nanofibers was tested
by the sensitive method based on the photooxidation of I− to
I3
−. The photoproduced concentration of I3

− is proportional
to the concentration of O2(

1Δg) [27]. The relative photo-
oxidation efficacy (PE) of nanofabrics 1–4 was calcu-
lated as A I�3

� ��P
I0 1�10�Ai
� �

, where A(I3
−) is the

absorbance of photoproduced I3
− at 351 nm after 10 min

of irradiation and
P

I0 1�10�Ai
� �

is the sum of absorbed
light intensities at all wavelengths λi., and was compared
with the nanofabric doped by TPP (Table 2) [10].

The PE values increase in D2O because the effective
lifetime of O2(

1Δg) increases about ten times when
compared to that in H2O. In addition, the efficacy is nearly
zero in the presence of NaN3 (>0.01 mol l−1), an effective
quencher of O2(

1Δg). As follows from Table 2, the PE
values are proportional to the intensity of incident light

indicating that the photoxidation is not directed by the actual
concentration of oxygen in the polymer matrix, but it is
governed by the intensity of absorbed light. No photooxi-
dation was observed in the dark, upon irradiation in the
absence of dissolved oxygen, or upon irradiation of the
photosensitizer-free nanofabrics. All these results confirm
the importance of the photoactive molecules imbedded in
the PUR matrix. Nanofabric containing TPP appears to be
more effective photosensitizing material compared with 1 or
2, although all used sensitizers have similar quantum yields
of the O2(

1Δg) formation in solutions [11]. Nanofabrics 3
and 4 exhibit a mean photooxidation efficacy (Table 2).
Similar PE values were obtained for the photooxidation of
sodium salt of uric acid (not shown).

The photostability of imbedded sensitizers is an impor-
tant factor for nanofabrics applications. Therefore, the
kinetics of ZnPc and ZnTPP photodegradation was evalu-
ated using decreasing absorption bands of the photosensi-
tizers during the irradiation in air or N2 atmosphere. The
corresponding rate constants of photodegradation were
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Fig. 7 Phosphorescence of O2(
1Δg) and the least-square fit of Eq. (1)

to the experimental data (grey line): ZnPc in nanofabric 1 was excited
at 658 nm and emitted phosphorescence was collected at 1,270 nm as
a difference between the measurement in air and in argon atmosphere

Table 1 Average fluorescence lifetimes (τF) of ZnTPP, lifetimes of the triplet states (τT) in argon atmosphere, rate constants for quenching of the
triplet states by oxygen (kq), and lifetime of O2(

1Δg) (τΔ) in nanofabrics 1–4

Nanofabric Singlet states Triplet states O2 (
1Δg)

No. Photosensitizer τF (ns) τT (μs)a kq (s
−1Pa−1) τΔ (μs) b

1 ZnPc – 540±50 1.4±0.1 12.9±3
2 ZnTPP 5.29 430±30 1.3±0.1 15.4±3
3 Mixture of ZnPc, ZnTPP 1.79 480±50 1.3±0.1 15.2±3
4 ZnPc, ZnTPP in two layers 3.07 530±60 1.4±0.1 17.0±4

a ZnTPP was excited at 425 or 308 nm with the detection of the triplet states at 460 nm, ZnPc was excited at 658 and 308 nm and the triplet states
were detected at 500 nm
bCalculated using Eq. (1) in air and oxygen atmosphere, τT was fixed to the values obtained from transient absorption measurements
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calculated using the monoexponential equation At=A0×exp
(-kP t), where At and A0 are the absorbance of the
photosensitizer at time t and before irradiation, respectively.
Both ZnPc and ZnTPP photodecompose faster in air
atmosphere than TPP (Table 2). The observation correlates
with the fact that zinc porphyrinoids are sensitive to
photooxidation by O2(

1Δg) [28]. While ZnPc in 1, 3 and
4 appears to be photostable in oxygen-free atmosphere,
ZnTPP encapsulated in 2–4 photodegrades (Fig. 8) doc-
umenting the presence of a further photodegradation
channel based probably on electron transfer between
excited ZnTPP and PUR polymer. It is likely that electron
transfer to polymer competes with the O2(

1Δg) formation in

1, 3, and 4 and cause a lower photooxidation efficacy and
photostability when compared with the TPP-based nano-
fabric (Table 2).

The stability of the pthtalocyanine/porphyrin photo-
sensitizers might be increased by a useful structural
modification e.g. the replacement of the C–H bonds with
C–F bonds increases the robustness of the overall ring but
immune to attack by singlet oxygen [29].

Photodynamic effects to bacteria on nanofabric surfaces

To evaluate the bactericidal effects of O2(
1Δg) at the

surface of nanofabrics 1–4 the modified method developed
recently was used [10]. Two pieces of nanofabrics were
placed on bacterial agar plates: photosenzitizer-doped
nanofabric and control nanofabric without photosensitizer.
Both pieces were inoculated with drops containing bacteria
Escherichia coli in a suspension. Two identical agar plates
with nanofabrics and bacteria were prepared for each
experiment (Fig. 9). One plate was illuminated with cold
white light for 30 min (plate A), while the second (plate B)
was kept in the dark. After overnight incubation, bacteria
grew only on the control nanofabric on the illuminated
plate A. In contrast on the plate B kept in the dark, bacterial
colonies grew in the inoculated spots on both nanofabrics.
Each experiment was repeated at least six times. Similar
results were obtained with nanofabrics 1, 2 and 4 (data not
shown). We conclude that photosensitizer-doped nano-
fabrics produce enough O2(

1Δg) to kill bacteria on their
surfaces when exposed to white light.

Conclusions

The PUR nanofabrics containing ZnPc and ZnTPP are
efficient light-harvesting systems, in which both chromo-
phores absorb a wide range of visible light with large
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Fig. 8 UV/Vis spectra of 3 in nitrogen atmosphere before (a) and
after 60 min of irradiation by a stabilized 300 W halogen lamp (b,
grey line). The arrows show changes in the UV/Vis spectrum that
document the photodegradation of ZnTPP

Fig. 9 Photodynamic effect of the nanofabric 3 on bacteria E. coli:
Agar plates with pieces of 3 and a control nanofabric without
photosensitizer inoculated with E. coli exposed to light (a), and kept
in the dark (b)

Table 2 Relative light intensity (Irel), relative photooxidation efficacy
(PE) of I− to I3

− photooxidation in aqueous solutions, and photo-
stability of nanofabrics 1–4 in air atmosphere expressed by the rate
constant of photodegradation (kP)

No. Nanofabric Irel
(a.u.)

PEa

(a.u.)
kP

a (min−1)
Photosensitizer

1 ZnPc 1 0.58 0.013
1 ZnPc 1 0.79b –
1 ZnPc 1 0.06c –
1 ZnPc 0.5 0.3 –
1 ZnPc 0.2 0.12 –
1 ZnPc 0.02 0.01 –
2 ZnTPP 1 0.33 0.028
3 ZnPc,ZnTPP

in one layer
1 0.49 0.027 (ZnTPP) 0.012 (ZnPc)

4 ZnPc,ZnTPP
in two layers

1 0.41 0.027 (ZnTPP) 0.012 (ZnPc)

TPP 1 1 0.0008

a Estimated error 20%
b In 50% D2O
cNaN3 (0.01 mol l−1 )
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extinction coefficients. Both ZnPc and ZnTPP are stabilized
by the ligation of Zn atoms with the imide or carbonyl
groups of the PUR polymer and stay monomeric in the
PUR matrices. The photoexcitation of nanofabrics leads to
efficient energy transfer from the ZnTPP singlet states to
ZnPc followed by intersystem crossing to the triplet states
and by the generation of singlet oxygen. The PUR nano-
fabrics doped by ZnPc and ZnTPP readily photooxidize
inorganic and organic substrates and have bactericidal
effects on their surfaces, however, these nanofabrics are
less efficient and photostable than nanofabrics doped by
free-base porphyrin TPP.
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