
Vol.:(0123456789)1 3

Photochemical & Photobiological Sciences (2022) 21:1387–1398 
https://doi.org/10.1007/s43630-022-00229-9

ORIGINAL PAPERS

Influence of photosensitizer concentration and polymer 
composition on photoinduced antimicrobial activity of PVA‑ 
and PVA‑chitosan‑based electrospun nanomaterials cross‑linked 
with tailor‑made silicon(IV) phthalocyanine

Anzhela Galstyan1,2 · Konstantin Strokov2

Received: 3 January 2022 / Accepted: 4 April 2022 / Published online: 5 May 2022 
© The Author(s) 2022

Abstract
The ongoing effort to eradicate pathogenic bacteria and viruses is a major endeavor that requires development of new and 
innovative materials. Materials based on photodynamic action represent an emerging and attractive area of research, and 
therefore, a broad understanding of chemical design principles is required. In the present study, we investigated the antibacte-
rial and antiviral activities of five different nanofibrous membranes composed of poly(vinyl alcohol) or poly(vinyl alcohol)-
chitosan mixture cross-linked through silicon(IV)phthalocyanine derivative with the aim to identify the role of the carrier 
polymer and photosensitizers concentration on its efficacy. A straightforward cross-linking process was adopted to create a 
water-stable material with an almost uniform distribution of the fiber structure, as revealed by scanning electron microscopy. 
The results of the antimicrobial studies showed that the increase in the amount of chitosan in the polymer mixture, rather than 
the increase in the photosensitizer concentration, enhanced the activity of the material. Due to their visible light-triggered 
antimicrobial activity, the resulting materials provide valuable opportunities for both topical antimicrobial photodynamic 
therapy and the area of environmental remediation.
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1 Introduction

The rise of antibiotic-resistant bacteria has called for the 
development of alternative antibacterial therapeutics [1]. 
In fact, most antibiotics have only one specific target, 
and therefore, it is only a matter of time until pathogens 
develop resistance to common antimicrobial agents [2]. In 
this regard, antimicrobial photodynamic therapy (aPDT) 
has gained increasing attention as a promising alternative 
for the treatment of resistant infections [3–5]. This method 
is based on the principle of activating photosensitizers 
(PS) by visible or near-infrared light to generate reactive 
oxygen species (ROS) that can attack and kill various 
microorganisms without causing resistance [6–8]. (Bio)
materials bearing photoactive dyes expand the applications 
of aPDT and have great potential for improving the topical 
treatment of antibiotic-resistant and recurrent infections 
[9, 10]. Every day, resistant microorganisms are released 
into the environment, posing an increasing threat to public 
health. In this regard, materials capable of disinfecting 
water and eliminating pathogens responsible for water-
borne diseases have a high potential for environmental 
remediation and are of particular interest [11, 12].

Combining aPDT with the outstanding potential of 
nanotechnology advanced, structurally controlled materi-
als could be developed [13]. One of the best-known meth-
ods for nanofabrication is electrospinning [14, 15]. It is a 
versatile and promising technique for producing ultrafine 
nanoscale fibers generated by applying a high voltage to 
the tip of the polymer solution or melt. Nanofiber scaffolds 
have high porosity (above 80%), which provides high per-
meability, and submicron pore size, making them suitable 
for applications in different fields, such as microfiltration, 
tissue engineering, nanocatalysis, sensors, etc. Moreover, 
the ease of integrating special functions makes them an 
excellent candidate for the development of novel and effi-
cient materials that can combine multiple properties in a 
single unit. For instance, Zhang et al. used nanocompos-
ite fibers for one-step treatment of infections, where pho-
todynamic sterilization of superbacteria and subsequent 
collagen regeneration reduced wound healing time from 
24 to 16 days [16]. For the treatment of bacteria-infected 
wounds, recently, electrospun membrane consisting of two 
layers was reported [17]. While the first layer composed of 
poly(lactic-co-glycolic) acid and black phosphorus-grafted 
chitosan showed high antibacterial efficacy, the second 
layer composed of gelatin and ginsenoside could facili-
tate the migration and tube formation of human umbilical 
vein endothelial cells. In another study nanofiber materials 
containing ClIn(III) octacarboxy phthalocyanine alone or 
conjugated to magnetic nanoparticles were successfully 
used in aPDT and for photodegradation of methyl red [18].

Poly(vinyl alcohol) (PVA) is one of the most widely used 
polymers for the production of electrospun materials that 
are employed in various biomedical applications, ultrafine 
filters, or protective clothing [19]. PVA-based materials are 
non-toxic, biodegradable, have excellent mechanical proper-
ties and good flexibility [20, 21]. However, many hydroxyl 
groups of the PVA polymer make it very soluble in water, 
thus, an additional step, such as cross-linking with glutaric 
acid, is required in their production to obtain water-resistant 
materials [22, 23]. Recently, we reported the one-pot fab-
rication of electrospun nanomaterials based on PVA and 
polyethylene glycol functionalized silicon(IV) phthalocya-
nine where both components were thermally cross-linked 
by esterification using sebacic acid as a cross-linking agent 
[24]. The fabricated nanomaterials were found to reduce the 
viability of Gram-positive bacteria upon irradiation while 
having low cytotoxic effects on human fibroblasts and being 
effective against bacterial fouling.

Despite the good processability of petro-based polymers 
in recent years, the utilization of biomaterials obtained from 
renewable raw sources (e.g. chitin/chitosan, starch, cellulose, 
lignin, etc.) has experienced rapid growth [25, 26]. The ani-
mal or plant origin of the polymers is not only an environ-
mentally friendly alternative to synthetic polymers but also 
offers highly advantageous material properties, especially 
high biocompatibility, biodegradability, and in some cases, 
antimicrobial properties. Yet, these materials also present 
many inherent challenges, such as low spinnability poten-
tial and the need for post-cross-linking treatment to achieve 
the desired water resistance. Chitosan (CS) is widely used 
biomaterial, which is gaining increasing interest due to its 
inherent antibacterial activity [27]. It could be obtained from 
chitin, which can be extracted from shellfish like shrimp, 
lobster, and crab. Since it is a natural macromolecule, the 
materials made from it are considered sustainable and envi-
ronmentally friendly [28]. The poor mechanical properties 
of CS could be improved using a synthetic biodegradable 
polymer such as PVA as a supplement. Hybrid nanoma-
terials based on PVA and CS have a very important fea-
ture: hydrogen bonds between two polymers stabilize their 
structure. These types of composite materials, particularly 
in the form of nanostructures, have novel functionalities 
and are widely used for certain biomedical applications, 
as well as for the removal of hazardous pollutants such as 
carbon monoxide from the air [29] or selected toxic ions 
such as Pb(II) and Cd(II) from wastewaters [30]. In recent 
years, PVA-CS composite nanofibers exhibiting antibacte-
rial activity upon addition of various antibacterial reagents 
have been developed. Using a mixture of PVA-CS 7:3 and 
Cu-based MOF composite fibers for wound dressing mate-
rial has been recently reported [31]. In another study, nanofi-
brous PVA-CS was used as a dual drug delivery system for 
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lidocaine hydrochloride and erythromycin-loaded gelatin 
nanoparticles as an antibiotic [32]. The authors showed that 
the best bead-free morphology for nanofiber materials was 
obtained when the weight ratio of PVA to CS solution was 
96:4. PVA-CS composite nanofibers were also used for the 
delivery of photosensitizers such as indocyanine green. The 
nanofibrous material, obtained from an optimized electro-
spinning solution consisting of 7% (w/v) PVA and 2% (w/v) 
CS, showed obvious inhibition effects on antibiotic-resist-
ant bacteria [33]. In that study, the antimicrobial effect was 
due to the released PS, which was initially delivered to the 
media very rapidly and then steadily. In the systems where 
PS is covalently bound, the antimicrobial effect depends on 
the close contact between the material and the microorgan-
ism. Recently, we investigated the antimicrobial properties 
of nanofiber materials based on different types of polymers 
containing entrapped or covalently bound PS and showed 
that the molecular and physical properties of the carrier 
polymers play a more important role in the overall activity 
of the materials than the concentration and binding mode of 
PS. However, further studies are needed to better understand 
the interplay between the composition of the material and 
the effectiveness of photo-triggered inactivation.

In this study, we used only PVA or PVA-CS mixture 
together with water-soluble silicon(IV) phthalocyanine-
based PS with four carboxyl groups to prepare electrospun 

nanofibers in which all components were linked by PS 
without the need for an additional cross-linker. The anti-
microbial activity against Gram-positive B. subtilis and 
Gram-negative E. coli bacteria and bacteriophages MS2 
and phi6 as model organisms were investigated to find out 
whether an increase in PS or CS load affects the activity 
of the material to a greater extent. Several important prop-
erties of the obtained electrospun fiber membranes were 
characterized (Fig. 1).

2  Materials and methods

2.1  General

All solvents, chemicals, buffer salts, and nutrient broths 
were purchased from Fisher Scientific, TCI, Sigma-
Aldrich, Acros Organics, or Alfa Aesar and used as 
received. Ultrapure deionized water used for all media and 
buffers was provided by Thermo Scientific Barnstead Gen-
Pure UV/UF Systems. Steady-state absorption and emis-
sion spectra were recorded in an Infinite 200 Pro M Plex 
multi-mode microplate reader (Tecan Group Ltd., Zürich, 
Switzerland). SiPc(COOH)4 was synthesized using previ-
ously published methods [7, 34].

Fig. 1  Schematic representation of the composition of the nanofiber materials used in this study
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2.2  Electrospinning

Membranes were electrospun using two 5 mL syringes with 
metal needles 20G, a distance of 15 cm, and a rotation speed 
of the collector 500 rpm. For PVA-based NFs, PVA solu-
tion (10 w% MW = 146–186 kDa, 98.0–99.8% degree of 
hydrolysis) was prepared by dissolving PVA in  H2O and 
stirring at 90 °C overnight. After cooling to RT the cor-
responding amount of SiPc(COOH)4 (18, 36, or 72 mg pre-
dissolved in 1 mL DMF) was added to 19 mL PVA solution. 
The obtained mixture was stirred at rt for 3 h, cooled, and 
then electrospun (15 kV, flow rate 1.2 mL/min). After elec-
trospinning NFs were heated at 120 °C for 1 h. For PVA-CS 
nanofibers first PVA and chitosan mixtures were prepared 
in a 9:1 or 4:1 ratio. Subsequently, SiPc(COOH)4 (18 mg, 
pre-dissolved in 1 mL DMF) was added to the 19 mL PVA-
CS mixture, which was stirred at rt for 3 h and electrospun 
(20 kV for SiPc-PVA-CS-1 and 25 kV for SiPc-PVA-CS-2, 
flow rate 0.6 mL/min). Electrospinning was done using elec-
trospinner NFES-100 (Micro&Nano Tools, Niagara Falls, 
Canada). FT-IR spectra were measured on a Bruker IFS 55 
Fourier transform infrared spectrometer (Bruker Corpora-
tion, Billerica, Massachusetts, USA).

2.3  Scanning electron microscopy measurements

SEM images were taken by HITACHI SU8230 scanning 
electron microscope (Hitachi Ltd. Corporation, Tokyo, 
Japan). To perform SEM measurements, the samples were 
sputter-coated with Ag and imaged with an accelerating 
voltage using Zeiss SmartSEM software. Image j (NIH) 
(Bethesda, MD) was used to determine the diameter of the 
fibers in the NFs.

2.4  Contact angle measurements

The degree of wettability of NFs was assessed and compared 
through measurement of the contact angle by allowing a sin-
gle drop of distilled water to stand and spread on the surface 
for the 30 s. A pendant drop tensiometer DSA100 (Krüss, 
Hamburg, Germany) was used.

2.5  In vitro swelling study

Water absorption capacities of the prepared scaffolds were 
determined by immersing a square piece (12 mm diameter) 
of NF in water at room temperature. Once the equilibrium 
was reached (~ 1 h), the samples were removed and the sur-
face wetness was removed using filter paper. The following 
equation is used to calculate the equilibrium-swelling ratio.

where Wi and Wf are the initial and final weight of the scaf-
fold, respectively.

2.6  Determination of photosensitizers 
concentration in materials

UV–Vis spectroscopy was used to determine the PS load-
ing. To obtain a constant area of approximately 113  mm2, 
samples were randomly cut from the mat at different loca-
tions using a 12 mm diameter hole punch. The samples 
were washed with 70% ethanol solution (1 × 1 mL) and 
water (3 × 1 mL) to remove unbound PS and then heated 
at 100 °C for 1 h in a 1 mL DMF-H2O 1:1 mixture.

2.7  Bacterial strains and culture conditions

Bacillus subtilis strain DB104 and E. coli strain Nissle 
1917 were grown on lysogeny broth (LB) agar and kept 
at 4 °C. A single isolated colony was picked from this 
plate, transferred to 3 mL LB broth, and incubated aerobi-
cally overnight at 37 °C in a shaker incubator at 180 rpm 
(rotations per minute). The following day, bacteria were 
suspended in 10 mL of fresh LB medium to an optical 
density OD600 = 0.1 and grown in a flask to attenuation 
of approximately OD600 = 0.4. Thereafter, the bacterial 
suspensions were centrifuged at 4000  rpm for 5 min, 
resuspended in a buffer solution to the final bacterial con-
centration of approximately 1 ×  10–7 cells per mL, and 
used for the experiments.

2.8  Photoinactivation of bacteria

Before irradiation experiments, nanomaterials were 
treated with 70% aqueous ethanol solution for 1 h and 
then washed with a sufficient amount of PBS to disin-
fect them and remove unbound PSs. Each Ø12 mm mem-
brane was incubated with approximately 200 μL bacte-
rial suspension for 15 min and irradiated with an LED 
lamp (660 ± 24 nm) for a certain duration. A power meter 
(Solar Meter from Solartech) was used to measure fluence 
rates regularly. After irradiation, viable bacterial cells 
were determined by serial dilutions of the bacterial sus-
pension plated on Luria–Bertani agar plates. The number 
of CFU/mL was calculated using a ProtoCOL automatic 
colony counter from Synbiosis.

Swellin (%) = Wi −Wf∕Wi × 100,
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2.9  Quantification of bacteria adherent 
on membranes

Ø12 mm pre-sterilized and washed membranes were 
immersed in the 200 µL bacterial suspension (ca. 
1 ×  10–8 cells per mL) in a 24-well plate under static 
conditions at 37 °C for 1 h and were washed carefully 
with PBS afterwards. The XTT assay which is based 
on the reduction of 2,3-bis-(2-methoxy-4-nitro-5-
sulfophenyl)-5-[(phenylamino)carbonyl]-2H-tetrazolium 
hydroxide (XTT) in the metabolically active microbial 
cells to a water-soluble formazan was used to determine 
the viable cells attached to the nanomaterial. 200 µL 
of XTT-menadione solution was prepared as described 
previously [7] and added to electrospun membranes. 
After incubation for 7 h an aliquot of 100 µL was then 
taken, transferred to a 96-well plate and absorbance was 
recorded at 492 nm with a microplate reader (Tecan, 
Switzerland). The results are expressed as the relative 
viability (% control).

2.9.1  Virus strains and methods.

Stocks of bacteriophages phi6 DSM 21518 and MS2 DSM 
13767 and the corresponding host cells Pseudomonas 
syringae van Hall 1902 DSM-21482 and Escherichia coli 
DSM-5695 were purchased from DSMZ Germany. The 
stocks were each rehydrated in 500 µL of sterile PBS. 
Propagation was carried out according to the specifica-
tions provided by the Leibniz Institute DSMZ–German 
Collection of Microorganisms and Cell Cultures GmbH 
(Braunschweig, Germany). 50 mL of exponential phase 
growth culture of Pseudomonas syringae van Hall or E. 
coli host cell LB broth was infected with 50 µL of phi6 or 
MS2, correspondingly, and incubated at 25 °C (phi6) or 
37 °C (MS2) with gentle shaking at 80 rpm for 48 h until 
E. coli cells were completely lysed. The lysate was then 
filtered using 0.22 µm pore size filter unit (Millipore) to 
remove the bacterial cell debris. The infectivity and titer 
of the filtrate was then determined to know the concentra-
tion of the virus. Photodynamic inactivation of bacterio-
phages phi6 and MS2 was investigated using prewashed 
and sterilized nanofiber membranes. Double-layer agar 
plaque assays were carried out before and after irradiation 
to determine the extension of phage inactivation.

2.10  Statistical analysis

Data are expressed as mean ± standard deviation. Student’s 
t test and one-way analysis of variance within groups were 
used to compare the treatment effects. p < 0.05 was consid-
ered to represent a significant difference.

3  Results and discussion

3.1  Fabrication and morphology of materials

The PVA and PVA-CS mats containing SiPc(COOH)4 as 
photosensitizers were prepared by a well-established elec-
trospinning technique. Based on data from previous work 
[24], an optimum concentration for PVA suitable for elec-
trospinning was determined to be 10% (w/v). Different 
amounts of PS (0.9, 1.8, or 3.6 mg/mL) were suspended 
in the PVA solution, electrospun, and subsequently cross-
linked by heating the membranes at 120 °C for 1 h. PVA-
CS nanocomposite fibers were prepared in the same way 
from the solution containing different ratios of polymers 
but the same amount of SiPc(COOH)4 (0.9 mg/mL PVA-
CS solution). In SiPc-PVA-CS-1, weight ratio of PVA 
and Chitosan was fixed to 9:1 and in SiPc-PVA-CS-2 at 
4:1. Since changing the solution composition changes the 
viscosity and conductivity, the electrospinning parameters 
were optimized with each mixture to obtain bead-free 
mats. While a voltage of 15 kV was sufficient for the 
successful formation of PVA-based mats, the addition of 
CS under the same conditions resulted in discontinuous 
fibers and the appearance of beads, due to the increase of 
repulsive forces between the ionic groups of the polymers. 
This could be remedied by increasing the voltage to 20 kV 
for SiPc-PVA-CS-1 or 25 kV for SiPc-PVA-CS-2.

The morphology of the cross-linked nanofiber films 
was analyzed with SEM and is presented in Fig. 2 and 
Fig. S1 in the Supporting Information. In all cases, a net-
work of continuous, relatively homogenous nanosized 
fibers was formed, but the diameters of the fibers were 
different. The rising concentration of SiPc(COOH)4 lead 
to the gradual increase of the nanofiber diameter in the 
PVA-based mats. The average diameter of SiPc-PVA-1, 
SiPc-PVA-2, and SiPc-PVA-3 mats increased corre-
spondingly from about 396 ± 146 nm to 479 ± 181 nm to 
608 ± 180 nm. The reason for the larger fiber diameters is 
most likely the higher viscosity of the solution [35, 36]. 
Increasing the voltage and the ratio between chitosan and 
PVA in the solution leads to a decrease in the average 
fiber diameter from 546 ± 207 nm for SiPc-PVA-CS-1 to 
373 ± 146 nm for SiPc-PVA-CS-2. For PVA-CS-2 without 
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photosensitizer, which was prepared for control experi-
ments, the fiber diameter of about 459 ± 179 nm is only 
slightly different from that of SiPc-PVA-CS-2. This is in 
agreement with the results of Karimi et al. whose studies 
revealed that the thickness of the fibers increases with an 

increase in the applied voltage and with a decrease in the 
chitosan/PVA ratio [37].

Fig. 2  SEM images and fiber diameter distribution of nanofiber materials
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3.2  Characterization of materials

Measurement by FT-IR was performed to characterize the 
functional groups involved in the formation of the nano-
composite fibers. Figure 3a and 3b show FT-IR spectra of 
PVA and PVA-CS-based nanofibers before and after thermal 
cross-linking. All spectra display characteristic broadband 
of OH and  NH2 groups in the range of 3700–3000  cm−1, 
which decreases when the mats undergo thermal treatment. 
Moreover, in the spectra of the heated films, the band at 
1653  cm−1 ascribed to the C=O valence vibration of the car-
boxylic acids almost completely disappeared, while the peak 
at 1141  cm−1 corresponding to the C–O stretching vibration 
increased, suggesting that cross-linking of the SiPc(COOH)4 
and PVA or PVA-CS occurred upon heating. In contrast, the 
peak at 1656  cm−1 in PVA-CS-2 showed no considerable 
difference before and after thermal treatment.

The wettability and water absorption capacity are con-
sidered to be important properties of interfaces that are 
supposed to be used in aqueous media and are commonly 
determined by both the chemical composition and the over-
all geometric microstructure of the interfaces. The contact 
angles of the cross-linked nanofiber mats were measured to 
investigate their interaction with aqueous media. By varying 
the SiPc(COOH)4 amount, the hydrophilicity of PVA-based 
mats was not affected too much; an increase from 22° ± 2° to 
33° ± 2° degree was observed. The addition of CS was found 

to influence the surface wettability to a higher extend. As 
shown in Fig. 3c, the water contact angle of SiPc-PVA-CS-1 
after thermal treatment is about 40°, while increasing the CS 
ratio resulted in a much higher value for SiPc-PVA-CS-2, 
which is about 90°. The change in wetting dynamics could 
be associated with the relatively hydrophobic chitosan back-
bone, but the small fiber diameter and small voids of SiPc-
PVA-CS-2 also have a critical impact on the water contact 
angle. This is consistent with previous studies showing that 
the water contact angle of the electrospun chitosan mem-
brane was above 120° [38, 39].

Nevertheless, the presence of hydrophilic groups such 
as OH,  NH2, and COOH in both PVA and CS endow the 
nanofiber membranes with a high swelling degree in water. 
Figure  3d shows water uptake of the membranes after 
1 h incubation in aqueous media. PVA-based membranes 
showed identical water uptake, ranging from 573 to 634% 
while increasing chitosan concentration in the electrospin-
ning solution led to a slight decrease in the values. There-
fore, the SiPc-PVA-CS-1 could absorb 489% and SiPc-
PVA-CS-2 435% water. Not only composition but also 
other factors, such as the porosity of the scaffold, affect the 
water absorption capability of the membranes; higher poros-
ity increases the ability of the material to absorb a greater 
amount of water.

UV spectroscopy was used to determine the amount of 
PS in the nanofiber mats after washing to remove unbound 

Fig. 3  Characterization of nanofiber materials; a FT-IR spectra of PVA-based materials, b FT-IR spectra of PVA-CS-based materials, c water 
contact angle, d water uptake ability, and e amount of PS in membranes determined using UV–Vis spectroscopy
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PS (1 × 70% ethanol solution and 3 × water). The materials 
were dissolved in N,N-dimethylformamide: water 1:1 mix-
ture when heated at 100 °C for 1 h, and the amount of PS 
was calculated from the calibration curve of SiPc(COOH)4 
obtained in the same solvent mixture (Fig. S3, Supporting 
Information). As expected, the PS content increases in the 
SiPc-PVA1 to SiPc-PVA-3 series. Despite the same initial 
concentration, the amount of PS was found to be higher in 
the CS-containing materials, which is probably due to the 
additional cross-linking and other non-covalent interactions 
of PS with CS (Fig. 3e).

3.3  Antibacterial performance of the membranes

The antibacterial activity of the membranes was evalu-
ated against two typical generic bacteria Gram-positive 
B.°subtilis strain DB 104 and Gram-negative E.°coli strain 
Nissle 1917. Studies were performed by counting the num-
ber of colony-forming units (CFUs) on LB plates seeded 
with the bacterial suspension after being irradiated for a 
specified time in the presence of the corresponding mem-
brane. The control groups (nanomaterials containing PS in 
the dark or nanomaterials without PS) showed no bacterial 
inactivation under the same conditions—light dose or time, 
indicating that neither NIR light nor the PS in the absence 
of illumination is lethal to bacteria. This is consistent with 
previously published studies in which CS was used in com-
bination with various PS in photodynamic inactivation stud-
ies [40–42]. Although chitosan itself is known to possess 
antimicrobial properties and can be used in agricultural, 
food, and biomedical applications [43], its intrinsic anti-
bacterial activity is not suitable for applications requiring 
rapid and drastic reduction of microbial populations. The 
mode of action of CS is mainly related to its ability to bind 
to cell membrane components, chelate ions or nutrients, and 
affect the synthesis of DNA/RNA or proteins when taken 
up by cells.

As shown in Fig. 4, independent of the content of PS, 
all PVA-based membranes did not exhibit any antibacte-
rial activity. However, there was a noticeable increase in 
antimicrobial activity of CS-containing samples against 
both Gram-positive and Gram-negative strains when irra-
diated with light doses of 63 J/cm2. As could be seen from 
Fig. 4a the viability of B.°subtilis DB104 was reduced by 
95.64%, 1.36  log10, and 99.90%, 2.98  log10 in the pres-
ence of SiPc-PVA-CS-1 and SiPc-PVA-CS-2, respec-
tively. aPDT activity against E. coli Nissle 1917 was 
comparable; 96.02%, 1.40  log10 reduction was observed 
in the case of SiPc-PVA-CS-1 and 98.56%, 1.84  log10 for 
SiPc-PVA-CS-2 (Fig. 4b). The similarity in inactivation 
efficacy is somewhat unexpected, as the difficulties in 
killing Gram-negative bacteria are well known and have 
been studied in detail [44]. Indeed, in our recent study, 

we showed that PVA-based electrospun nanomaterials 
cross-linked via axially functionalized silicon(IV)phth-
alocyanine derivative was very efficient in inactivation of 
Gram-positive S. aureus 3150/12, S. warneri 3930/16, and 
B. subtilis DB104 [24]. In another study, we have used 
zinc(II)phthalocyanine derivatives as PS and three differ-
ent polymers, PVA, polyacrylonitrile (PAN), and poly(δ-
caprolactone) (PCL), for the fabrication of nanomaterials. 
Although among the three different polymers, PAN- and 
PCL-based scaffolds exhibited the highest antimicrobial 
activity due to dominant dipole–dipole or hydropho-
bic interactions, PVA-based scaffolds were also able to 
achieve >  5log10 reduction of Gram-positive B.°subtilis 
upon prolonged irradiation [45]. In their recent study, 
group of Ghiladi have used UV-photocrosslinkable poly-
mer N-methyl-4(4′-formyl-styryl)pyridinium methosul-
fate acetal poly(vinyl alcohol) and different PSs to coat 
commercially available materials. Upon illumination, the 
coated materials were able to inactivate Gram-positive 
S.°aureus ATCC-29213 by 97–99.999% [46]. In general, 

Fig. 4  Antibacterial photodynamic inactivation efficacy of PVA and 
PVA-CS electrospun materials for a Gram-positive B.°subtilis DB104 
and b Gram-negative E.°coli Nissle 1917. Error bars correspond to 
the standard deviation (n = 3)
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two main factors can contribute massively to the aPDT 
activity of PVA-based membranes: (1) a tightly bound 
hydration layer can prevent a close interaction between 
microorganisms and nanomaterial, and (2) diffusion of 
oxygen into the material and subsequent diffusion range 
of the generated ROS. The considerable increase in activ-
ity for PVA-CS composites despite the lower amount of PS 
could be due to the stronger interaction between bacteria 
and material surface due to the additional surface function-
ality and increased hydrophobicity as evidenced by con-
tact angle measurements. Recent research has shown that 
both superhydrophobic and superhydrophilic surfaces can 
inhibit the close association of bacteria with a surface on 
which ROS can reach cells, so only materials that are nei-
ther too hydrophilic nor too hydrophobic can be efficient in 
photodynamic inactivation [47]. To show the differences in 
the interactions between the nanomaterial and the bacteria, 
we estimated amount of adherent bacteria after 1 h of incu-
bation using the XTT assay. Although the results showed 
that the amount of metabolically active bacteria was higher 
on CS-containing materials, as expected (Fig. S5, Sup-
porting Information), the differences did not correlate well 
with the differences in contact angle. This could be due 
to the long (7 h) incubation of the bacteria-bound mem-
branes with 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-5-
[(phenylamino)carbonyl]-2H-tetrazolium hydroxide (XTT) 
to convert it to a water-soluble formazan, in which the 
intrinsic antimicrobial activity of CS may play a role.

Gas mobility in the nanomaterial also plays a key role in 
assessing the activity of the material, since the access of the 
oxygen molecule to the excited photosensitizer is required 
for ROS generation and, on the other hand, the generated 
ROS should diffuse to react to its target. The type of poly-
mer can play a significant role in this regard. For exam-
ple, to demonstrate the differences in  O2 permeability in 
the different polymer matrices, Mosinger et al. performed 
time-resolved single-point phosphorescence measurements 
at 1270 nm using a polystyrene and gelatin nanofiber mate-
rials containing a tetraphenylporphyrin as PS [48]. Gelatin 
nanofiber material produced significantly less 1O2 in this 
case, which was attributed the lower oxygen permeability of 
gelatin. Considering that among the different types of ROS, 
 OH⋅ has the shortest diffusion range and the bacterial mem-
brane permeability of  O2

⋅− is rather low, one could assume 
that 1O2 with a diffusion range of ca. 200 nm is most likely 
the preferred ROS for photoactive nanomaterials [49, 50]. 
Using 9,10-anthracenediyl-bis(methylene)dimalonic acid as 
a chemical trap for 1O2 and 2′,7′-dichlorofluorescein diac-
etate as a general ROS probe, we showed in our previous 
study that SiPc(COOH)4 does not generate 1O2 but rather 
generates other types of ROS [24, 34]. The complete lack 
of activity of PVA-based materials against bacteria is most 
likely due to the inability of SiPc(COOH)4 to generate 1O2. 

This is also feasible considering the highly aggregated state 
of PS, as evident from the UV–Vis reflectance spectra (Fig. 
S2, Supporting Information).

3.4  Antiviral performance of the membranes

Although viruses cannot replicate independently without a 
host cell, they can survive on surfaces for a long time [51]. 
Among various strategies used to decontaminate interfaces, 
the development of broadly applicable self-cleaning materi-
als is highly desirable. Visible light-responsive triplet photo-
sensitizer nanofiber membranes are particularly well suited 
for virus inactivation due to their rapid action and lack of 
resistance induction and could be used in personal protective 
equipment, air filters, and membrane-based water filters [52, 
53]. Because bacteriophages are known to respond to pho-
todynamic action in a manner similar to mammalian viruses 
[54], antiviral photodynamic inactivation studies were per-
formed using bacteriophages MS2 as a model system for 
human non-enveloped RNA viruses and phi6 as a surrogate 
for enveloped RNA viruses. In contrast to the antibacterial 
results, both PVA- and PVA-CS-based materials were able 
to induce complete photodynamic inactivation of MS2 and 
phi6 upon irradiation with 63 J/cm2 light doses. Under low 
light irradiation (18 J/cm2), PVA-based membranes were 
able to induce approximately 1.5  log10 titer reduction of 
MS2. The activity of PVA-CS-based materials was 3–4-fold 
higher. In the case of phi6, only SiPc-PVA-CS-2 showed 
99.67%, 2.48  log10 PFU (plaque-forming units) reduction 
when irradiated with the 18 J/cm2 light doses. These results 
were somewhat unexpected since the viral envelope is con-
sidered the main target of ROS and enveloped viruses are 
usually more susceptible to photodynamic inactivation due 
to the easy destruction of the phospholipid bilayer [55]. Nev-
ertheless, studies on the targets of antiviral PDI have shown 
that the viral genome could be an equally valid target for 
photoinactivation [56]. Yet, it is challenging to pinpoint the 
specific viral target responsible for lethality, and it is cer-
tainly feasible that a combination of damages takes place. 
It should be considered that the activity of the membranes 
depends not only on the ROS-induced damage but also on 
electrostatic and hydrophobic interactions occurring on the 
surfaces of the materials, which can cause morphological 
and conformational changes that affect the overall activity 
of the material (Fig. 5).

4  Conclusions

Killing microorganisms by visible light using photodynamic 
action is one of the most promising strategies for rapid 
and effective decontamination. The range of applications 
could be expanded by developing nanoscale materials with 
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effective photodynamic efficacy. In this study, we success-
fully used PVA or a PVA-CS mixture and four-armed water-
soluble silicon(IV) phthalocyanine derivative to prepare 
water-stable red light-sensitive antibacterial and antiviral 
nanofibers. Silicon(IV) phthalocyanine served not only as 
a triplet photosensitizer but also as a cross-linking agent, 
due to the presence of four carboxyl groups at the periph-
ery of the macrocycle. Our results showed that the addition 
of CS is crucial for the inactivation of sufficient numbers 
of bacteria, but it is clear that the type of generated ROS 
and gas mobility also play an important role. Inactivation of 
bacteriophages used as surrogates for mammalian viruses 
was more efficient, possibly due to the generation of ROS 
in the vicinity of the microorganism that correlates with a 
mechanism of action involving short-lived radicals. Due to 
the simplicity of modulating their activity, low cost of the 
components and high biocidal efficacy, these electrospun 
nanomaterials can find application in medicine and water 
treatment systems. The strategic expansion of this family 
of materials will promote the development of intelligent 

next-generation self-disinfecting and environmentally 
friendly systems. Detailed biological studies need to be con-
ducted to understand why certain microorganisms are more 
sensitive than others.
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